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Abstract

A consistent set of Miedema-parameters has been developed for the elements of the chalcogen
group (Group 16 of the periodic table of the elements: 0, S, Se, Te, Po) from ab-initio
quantum-mechanical calculations as well as empirical correlations.
Using this parameter set thermochernical properties such as enthalples of formation of solid
metal chalcogenides, partial molar enthalpies of solution of chalcogens in liquid and solid
metals, partial molar enthalples of evaporation of the chalcogens from liquid metal solution
into the monoatomic gaseous state, partial molar enthalpies of adsorption of chalcogenides on
metal surfaces at zero coverage and partial molar enthalpies of segregation of the chalcogens
in trace amounts within solid metal matrices have been calculated. These properties are
compared with available experimental data and discussed with an emphasis on the periodic
behaviour of the elements.
The model calculations show that a description of the then-nochemical properties of the
chalcogens using the semi-empirical Medema approach is possible. The calculated properties
can serve as a basis for the prediction of the chemical interactions for metal-chalcogen
combinations that have not bee studied experimentally so far.
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1. Introduction

Liquid metal targets used in nuclear technology constitute extremely complex heterogeneous
multi-component systems from a physicochemical point of view. The characterization of such
a system, including nuclear reaction products and construction materials, is a tremendous
task. Problems, which have to be solved, and questions to be answered deal with:

-Solubility of components in the liquid metal
-Deposition of materials in the temperature gradient
-Fon-nation of insoluble solid phases, possibly with high erosive effects
-Evaporation of volatile species (e.g. Hg, TI, Po, Noble Gases, volatile chemical
compounds) during operation, accidents, drainage

-Separation of long-lived x-emitters before permanent disposal
-Specific adsorption of radiotoxic products on Getter materials

All of these problems are directly related to the interactions between the different chemical
species present in the system. With respect to the complexity of such a system, the choice of a
model used to describe or predict these interactions is restricted to semi-empirical methods.
Even with this restriction, as a first step, only binary interactions are considered.

Miedema's Macroscopic Atom Model has proven to be a very valuable too] to predict the
enthalpic effects occurring in liquid and solid binary alloys /Boer88/. It allows the calculation
of physicochernical properties for a large number of combinations of elements in a reasonable
time frame. Thus, we propose the use of the Miedema model for the prediction of enthalpic
effects of metal interactions in liquid metal targets.

One of the problems with respect to the operation of liquid lead-bismuth spallation targets
such as the MEGAPIE target planned to be operated at SINQ is the release of radioactive
nuclear reaction products. As follows from expected yields of spoliation products /PerrO2/,
Polonium, due to its high radiotoxicity, imposes the most serious risk. The release of
Poloniurn from such a complex system is influenced by several factors such as interaction
with the components of the target melt, corrosion products, spallation and fission products as
well as reactions with solved oxides, hydrogen or oxygen and water vapour. Using the
Miedema model the interaction of polonium with metallic components can be predicted based
on a few element and group specific parameters. However, for the elements of the chalcogen
group, including polonium, no well founded set of parameters currently exist. First
investigations on the stabilities of solid tellurides /Eich9O/ and the adsorption enthalpies of
polonium on metal surfaces /E1ch85/ indicate that the model should be applicable at least to
the heavier members of the chalcogen group, i.e. tellurium and polonium. Therefore, we
undertook a systematic study to prove the applicability of the model to the chalcogen group.
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1.1. Fundamental Thermochemical Relations

Figure I shows a schematic enthalpy diagram of the processes involved in the evaporation of
polonium. In pnciple, two different states have to be discussed for polonium in the gaseous
state, i.e. monoatomic polonium and polonium in form of diatomic Po,-molecules. While for
the gas phase above pure polonlum the fort-nation of diatomic molecules can be expected, at
low concentrations, e.g. Po as a nuclear reaction product in a liquid metal target, the
formation of diatomic molecules is unlikely. A measure for the volatility of polonium in the
pure solid metallic state is the enthalpy of formation of gaseous Po-,-molecules. For the
evaporation into the monoatomic state the enthalpy of formation of gaseous atomic Po is of
relevance. Higher positive enthalpy values indicate lower volatility. The evaporation
processes of pure polonium have been discussed in detail in /EichO2/, where a consistent set
of enthalpy and entropy values are denved for polonium.

Furthermore, from figure I it becomes clear that the partial molar enthalpy of solution and the
forination enthalpies of solid polonides are important quantities, which influence the release
of Poloniurn from a target. In case of strong interaction of Po with the liquid metal (strongly
necative values of the partial molar enthalpy of solution) the volatility is decreased compared
to the pure substance. The enthalpy of evaporation into the monoatomic gaseous state is then
given by:

AH' Po in (1 = AHPo (g - AH P. i m

Similarly, the volatility can be strongly decreased by the formation of stable compounds. For
an evaluation of these effects the corresponding enthalpy values have to be known. Since
experimental data for these quantities do not exist for binary systems with polonium we
propose to use the Miedema model to predict these quantities theoretically.

The results of model calculations can afterwards be used to provide a systematic overview of
the interaction of nuclear reaction products, including polonium, within liquid metal targets.
Based on these results the behaviour of these products, i.e. solubility in the liquid metal,
volatility, tendency for the formation of solid compounds and adsorption on metal surfaces,
can be estimated.
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Figure 1: Enthalpy diagram of for the evaporation of poloniurn: AHPo(s): Enthalpy of

polonium in the pure solid metallic state (AHPo(s) = 0); AHPo(g): Enthalpy of polonium in

the monoatomic gaseous state; AHPo,(g): Enthalpy of polonium the dmeric molecular

gaseous state AH d"'Po,(g): Enthalpy of dissociation of the gaseous molecule Po,;

AHsO'vPoi,,(1): Partial molar enthalpy of solution of polonium in liquid metal M at infinite

dilution; Aff"PoinM(1): Partial molar enthalpy of evaporation of polonium from liquid metal

M at infinite dilution to the monoatomic gaseous state; A.HfMl-xPo,(s): Enthalpy of
formation of the solid compound MI -,Pox; AH'Po tiom m, I

I I -,Po,, (s) : Enthalpy of evaporation of

polonium from the solid compound MI_,Pox to the monoatomic gaseous state.



2. The Miedema Model

The Mederna model is a semi-empirical Model for the calculation of enthalpies of fori-nation
and enthalpies of mixing in solid and liquid binary metal systems. The element specific
constants involved in the calculations have been derived from properties of the elements and
subsequently adjusted to give the best possible fit to known experimental data. In spite of this
empirical character, the physical significance of the parameters is obvious. Therefore, the
classification of the model as semi-empirical is ustified. Through the process of adjustment
of parameters to experimental data, the model incorporates the complete knowledge of
enthalpy effects in binary alloy systems.

The Mederna model is a cellular model. Te principles and applications of the model are
discussed in detail in /Boer88/. Within the ftamework of the model, an alloy is thought to be
built up from atomic cells of the constituent elements, each with a defined atomic volume.
When cells of two different elements A and are brought into contact to form an alloy
(Figure 2 there will be discontinuities of the electron density n,, at the boundaries of their
(Wigner-Seltz) atomic cells. To eliminate these discontinuities, a rearrangement of the
electron distribution within the atomic cell is required. This involves a transfer of electrons
into higher energy levels and thus leads to a positive contribution to the enthalpy of fori-nation
or mixing. This positive contribution is found to be proportional to the squared differences in

1/3cube root of the electron densities, n,, of the constituent elements in the state of a bulk
metal.

Values for n, for transition metals have been derived fom experimental data of the bulk
modulus and molar volume. For non-transition metals, a superposition of the charge densities
of free atoms placed at individual lattice points was found to be an acceptable approximation
for n, /Boer88/.

B B B
A A A A B

B B B + A A A A
A A A

__J B
A AAA

B B B L=

Figure 2 Schematic cellular model of the fori-nation of an alloy AB ftom two pure metals A
and B /Boer88/.

A negative contribution to te enthalples of fori-nation or mixing, which is stabilizing with
respect to the constituent elements, arises from the equalization of the chemical potential of
the electronic charge, (D*, between dissimilar atomic cells. (D*, also called Miedema-
electronegativity, was originally derived ftom the work functions of the pure metals and
afterwards adjusted using available experimental data of enthalpies of fori-nation. This
contribution is proportional to the square of the differences of Miederna-Electronegativities of
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the constituent elements. Thus, for the interfacial enthalpy effect between neighboring atomic
cells we arrive at the following proportionality:

AHinl erlace -P(A(D*) 2 1/3)2 (2)

with

AH inte�fiice Enthalpy effect at the interface between dissimilar atomic cells

P Q Constants for specific combinations of metals, tabulated in /Boer88/

A(D*: Difference of Miedema Electronegativitles of the constituents

An Ws Difference of Electron densities at the Wgner-Seitz cell boundary of the

constituents (see also Appendix C)

A quantification of this relation, as discussed extensively in /Boer88/, involves the

introduction of several other group and element specific constants and leads to the following

equations for the enthalpies of formation of ordered solid alloys A, ABB

A 111)2

AH 'A, B,,, (s) = XA VA. 111112" fB [-P(AO *)2+Q(An.,,, -Ri]1[(nWA)-'1- + (n,",B)-1131 (3)

+ XA AH trall's A + XB AH '11's B

and for the partial molar enthalples of solution at infinite dilution in solid (liquid) mixtures of

A and 

Affs')/v AinB(l) = 2 VA. jj(,V2/'3[-P(A(D*)2+Q(AnW, 113)2-R,,,.(Iiq.id)ll[(n.SA)-113 + (n.SB)-I/I] (4)

with:

AH f A,, B,,,, (s) enthalpy of formation of an alloy of composition A "A B,,,

Aff"I'll A in B (1) partial molar enthalpy of solution of component A in at infinite

dilution

XA and XB: mole fraction of component A and B, respectively (XA + XB

VA, allov: atomic volume of component A within the alloy, see below

f'A degree to which an atomic cell of metal A is in contact with dissimilar

atomic cells ofmetal B on average. Has been determined empirical for

statistically ordered and ordered alloys /Boer88/

P Q constants for specific combinations of metals, tabulated in /Boer88/

A(D*: difference of Miedema Electronegativities of the constituents

An WS difference of Electron densities at the Wigner-Seltz cell boundary of

the constituents

Rin: hybridization term: a term that was introduced to account for an

additional enthalpy contribution due to interaction of d- and p-orbitals

in solid compounds of transition metals with non transition metals.

Treated as a group specific constant within the Miedema model.
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Rin.liquid: For liquid mixtures a reduced hybridization term has to be used:
R111.1iquid 0.73Rn

,AH trat's A, B: Enthalpies for the transformation of elements A and into a

hypothetical metallic state (for senii- or non-metallic elements).

For an overview of physicochernical constants and quantities used throughout this report see

appendix C.

Hence, for the determination of thermochemical properties using the Miedema model we need

to determine the following parameters for the elements of the chalcogen group:

Y4. .1,1,: For metals the volume parameter used in Miedema calculations equals the atomic

volume of the pure elements at room temperature. For semi-conducting and semi-metallic

elements like Si, Ge, Sb and 13 a correction was applied to account for the fact that they

crystallize in open structures, having atomic volumes somewhat larger than they would have

in the metallic state. For non-metals like B, C, N, P and H values for the volume parameter

have been extrapolated from the volumes of compounds /Boer88/. For the chalcogen group,

which comprises elements ranging from typical non-metals such as oxygen and sulphur over

the semiconductors selenium and tellurium to the metallic polonium, we propose here to use

atomic volumes determined from the results of self consistent quantum mechanical

calculations on the elements in hypothetical metal structures as volume parameters for the

Miederria calculations. For a detailed description of these calculations see Appendix A.

These values will be cross-checked based on trends within the periodic table of the elements

and finally validated through variation calculations comparing experimental enthalpy values

with the results of Miederria calculations using these parameters.

Another effect, which has to be considered, is the volume change of the constituents A and 

that occurs due to charge transfer when the alloy is formed. The charge transfer occurring

between dissimilar atomic cells depends on the difference of the eectronegativity-parameters

of the constituent elements. The volume of the cells of the more electronegative element

increases, while the cell volume of the more electropositive element decreases. To account for

this volume change the following empirical relation has been established /Boer88/:

(Vk alloy )2/3 = (VA, pure )2/3 I a (D*A-O*B)l (5)

with:

VA. allov: atomic volume of component A in the alloy

Y4. pure: atomic volume ofpure component A

a: valence factor, constant for different groups ofnietals

degree to which an atomic cell of metal A is in contact with dissimilar atomic

cells of metal on average. Has been determined empirical for statistically

ordered and ordered alloys /Boer88/

q)* A_13: Miederna electronegativities for components A and B, respectively

The valence factor is deten-nined from experimental information on volume contractions in

compounds. It is found to be a constant for different groups ofnietals, i.e.:



a = 14 for alkaline metals
a = IO for divalent metals
a 007 for noble and trivalent metals
a = 004 for all metals with a valence eletron number > 3

fB : This factor represents te degree to wich an atomic cell of metal A is in contact with

dissimilar atomic cell of metal on average within the alloy. Empirical relations have been
derived to calculate this quantity for statistically ordered and ordered alloys based on
concentrations and atomic volumes of the constituents /Boer88/.

P and Q: The constants P and Q have been deten-nined for all combinations of metals
depending on their valence /Boer88/.

(D*: Ernpincal relations of the Mlederna electronegativity (P* to physical properties of the
elements such as work functions (experimental and calculated), electronegativity and
eigenvalues of valence orbitals will be used to detennine a physically sensible range for the
q)* parameter of the chalcogens. Within this range, the parameters will be refined using
variation calculations based on experimental nfori-nation on enthalpies of formation of
chalcogenides.

n In a process similar to the refinement of the electronegativity parameter a physically

sensible range for the electron density parameter n,, will be derived from several properties of
the elements such as standard entropies, compressibility data and also from self-consistent
electronic structure calculations. These parameters will also be refined based on the
aforementioned variation calculations.

R,,: This term, which is designated as hybridization term, accounts for the additional
stabilizing effects that arise for combinations of transition metals with metals having

ificant p-type contributions to their valence orbitals. These effects are thought to be
caused by a stabilizing interaction of the p-electrons of the main group metals with the d-
orbitals of the transition metal component. An analysis of experimental results of these
element combinations showed that this terni can be regarded as approximately constant within
a group of elements, i.e. it is a function of the group number or number of p-type valence
electrons. Therefore, we will derive a range of sensible values for R" for the chalcogen group
from its relation to group number and valence electron counts. Finally, the value of R... chosen
for the chalcogen group will be validated through variation calculations comparing
experimental enthalpy values with the results Miedema calculations using this parameter.

AH tratis : Compounds where one component is a semiconductor or a non-metal requires a
special treatment within the framework of the Miederna Model. For these elements an

41 enthalpy for transfon-nation", AH""" , is introduced. This enthalpy term describes the
energy, which is required to transforrn the element from its standard state into a hypothetical

metallic state.
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When necessary, we will derive starting values for this enthalpy of transformation from self-
consistent total energy calculations on the elements in their actual and in hypothetical metal
structures. These values will also be crosschecked using the results of the variation
calculations mentioned before.

Thus, for a given concentration the enthalpy effects in alloy systems can generally be
calculated using the above mentioned parameters. There is however a class of alloys that are
not reliably treated by the Medema model, i.e. ordered solid alloys of two polyvalent non-
transition metals. Within this class of materials, there are two types of combinations where te
application of the model is complicated:

a) solid compounds where one component is a semiconductor or a non-metal.
b) solid compounds that are exceptionally stabilized by structural effects.

Problems with the first class of materials can be partly resolved using the above-mentioned

AH ""-pararrieter. For the latter compounds however, the predictions of Miedema's model
are not reliable. In fact, calculations tend to yield less negative enthalpy values compared to
experiment. These types of compounds are argued to be exceptionally stabilized by so called
"Bri'llouin Zone Effects". These effects are the result of an exceptionally strong electronic
stabilization, which results from electron count and structural effects. This often results in the
fori-nation of semi-conducting compounds with open structures. Typical representatives of
such materials are II-V semiconductors like BAs /Boer88/. In a simplified chemical picture
these compounds can be described as obeying the octet rule where all bonding electronic
states are filled and all antibonding states are empty.
Nevertheless, these effects can be regarded as a typical phenomenon observed in ordered
solid compounds and can be neglected in the liquid state and in disordered systems.
Therefore, the calculation of enthalples of solution in a liquid metal matnix, enthalpies of
fon-nation of disordered solid solutions or the enthalpies of adsorption on a metal surface at
zero coverage s possi

In the following sections, we will derive a consistent set of Medema parameters for the
elements of the chalcogen group (Group 16 of the periodic table of the elements). We will
crosscheck the validity of these parameters based on experimental information and general
trends within the periodic table of the elements. Additionally, we will present and discuss
values of enthalpies of formation of solid chalcogenides, enthalpies of solution of chalcogens
in solid and liquid metals, enthalpies of evaporation of chalcogens from liquid metals,
enthalpies of adsorption of the chalcogens on metal surfaces and enthalpies of segregation of
the chalcogens within solid metal matrices calculated using these parameters. Particular

'II be paid to the prediction of unknown properties of polonium. Systematic
experimental investigations on release properties of polonlum in liquid Pb-131 will be the topic
of a following study.
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3. Extension of the Model to the Elements of Group 16

The successful extension of Miedema's Model to semi-conducting and non-metallic elements
such as hydrogen and nitrogen in metal hydrides and nitrides indicates that a treatment of the
members of the chalcogen group should be possible. Indeed, first investigations dealing with
the calculation of enthalpies of fon-nation of solid transition metal tellurides /E1ch9O/ and
adsorption enthalpies of Polonium on transition metal surfaces /Eich85/ based on the
Miederna model are encouraging. As mentioned above, the following parameters have to be
determined for the chalcogens:

- Electron Density at the Wigner Seitz cell boundary n,
- Miedema Electronegativity P*
- Hybridization Terrn for Group 16
- Atomic volume for the chalcogens in a hypothetical metallic state
- Enthalpy of transfon-nation into the hypothetical metallic state

Using the original relations used by Miederna et al. to derive parameters for the electron
density n, and electronegativity D* as well as using empirical correlations between these
parameters and characteristic constants of the elements, a realistic, physically sensible range
for these parameters will be determined. Finally, the parameters will be adjusted to reproduce
the experimental data for enthalpies of formation of solid transition metal chalcogenides as
good as possible.

In analogy to the treatment of te other groups of non-transition elements the "hybridization
term" for Group 6 is expected to be a group specific constant. Therefore, it can be
extrapolated from correlations of the hybridization terms for the other non-transition elements
with the number of valence electrons, group number or occupancy of p-orbitals.

A correction of te atomic volume to the ypothetical metallic state for te non-metallic and
semi-conducting elements 0, S, Se and Te can be achieved by performing ab-initio band
structure calculations for the elements of the chalcogen group in hypothetical metallic
structures (e.g. fe structure). The total energy of te system is then minimized as a function
of lattice constant and the corresponding value of atomic volume is used as the volume
parameter for the Mledema calculations.

An estimate for the transformation enthalpies can be derived from the results of the above
mentioned total energy calculations by comparing them with the total energy of the elements
in their actual structure in the solid state. It is expected that the transformation enthalpy
decreases with increasing Z wthin the cbalcogen group in accordance with the general trend
of increasing metallic character.
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3.1. Estimation of Miedema-Parameters from Correlations

3.1.1. Electron Densities

3.1.1.1. Estimation of Miedema's Electron Density Parameter from self-
consistent Electronic Structure Calculations

The original values for the electron density at the Wigner-Seltz cell boundary n,, for metallic
main group elements have been determined by Medema et al. from a superposition of the
charge distributions of free atoms placed at individual lattice points /Boer88/ and then
adjusted to reproduce experimental results on enthalpies of formation. Later it turned out that
the so derived parameters correlate very well with the values for calculated interstitial electron
densities derived from self-consistent band-structure calculations (Local density
approximation) for the elements in face centered cubic (fcc) and body centered cubic bee)
structures /Moru78/; /Moru95/. Since tese calculations were only performed for the elements
up to the fifth row of the periodic table, values for Polonium are not available. Therefore, to
deten-nine parameters for Polonium as well as to check the validity of the calculational
approach for heavy elements such as lead, bismuth and polonium, systematic self consistent
band structure calculations have been perfon-ned on most main group elements in the fe
structure using pseudo-potential plane wave /GonzO2/ as well as TB-LMTO-ASA /Ande75/;
/Ande8l/; /Ande84/; /Ande85/; /Ande86/; /Skrl84/; /Nowa9l/ techniques within the Local
Density Approximation (LDA) of density functional theory. These calculations, based on a
sophisticated quantum mechanical formalism, should provide a physically reliable model for
elements in a hypothetical metallic state. Therefore, the results of these calculations do not
only provide values for interstitial electron densities, but are also valuable for the
deten-nination of other parameters that are important within the Mledema concept:

a) Detennination of the atomic volume in the hypothetical metallic state.
b) "Metallic" radii for elements that do not exist in typical 12-coordinated metallic structure
types in the standard state.

These values can afterwards be used to derive values for n, from an empirical relation with
metallic radii, atomic volume and standard entropies of the solid metals (see 31.1.2).
The calculation procedures used to determine various quantities are described in more detail
in Appendix A.

First results have been obtained using the Tight-Binding Linear Muffin Tin Orbitals-Atomic
Sphere Approximation (TB-LMTO-ASA) method /Ande75/; /Ande8I/; /Ande84/; /Ande85/;
/Ande86/; /Skri84/; /Nowa9l/. Later on it proved to be more feasible from a computational
point of view (see Appendix A) to use the Pseudo-Potential-Plane Wave (PP-PW) method
/GonzO2/ for the calculation of metallic radii and electron densities. This method was not only
advantageous from the computational point of view but also proved to give better agreement
with Medema's electron density parameters. Therefore, we did not complete the LMTO
calculations for all of the main group elements. Instead we performed calculations for all
main group elements (except Barium, see appendix A) for which Medema-parameters are
aval'lable as well as the elements of the chalcogen group, using the PP-PW method. A

ilation of the results of our calculations is given in tables I and 2.
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Table 1: Electron density parameter n,,s 1/3 [d.u. 113 ] (n,,=electron density at the Wgner-Seitz
cell boundary) for the main group elements of groups 1 2 13-16 in ypothetical fcc
structures as derived from TB-LMTO-ASA and pseudopotential plane wave (PP-PW)
calculations, compared with earlier results of Moruzzi /Moru78/;/Moru95/ (interstitial
electron density values calculated using the Augmented Spherical Wave (ASW) Method) and
Miedema parameters fom /Boer88/.

- 1/3 113 113 1/3i 113 1/3i
Element n,,'I' [d.u.'/-] n.1. [d.u. n,,,., [d.u. n,,,, [d.u.

calculated calculated calculated (ASW) Miedema
(LMTO) (PP-PW) /Moru78/;/Moru95/ /Boer88/

H 1.41 1.35 1.5
-Li 0.84 0.82 0.98
Be 1.43 1.37 1.6
B 1.74 1.62 1.75
C 1.62 1.64 1.46 1.9
N 1.54 1.56 1.36 1.6
0 1.34 1.45 1.24

Na 0.70 0.70 0.68 0.82
Mg -- 1.01 0.97 1.17
Al 1.29 1.29 1.20 1.39
Si 1.40 1.44 1.29 1.5
P 1.38 1.46 1.27 1.65
S 1.31 1.39 1.18

K 0.57 0.58 0.55 0.65
Ca 0.83 0.81 0.91
Ga -- 1.24 1.03 1.31
Ge 1.23 1.26 1.12 1.37
As 1.26 1.30 1.14 1.44
Se 1.22 1.28 1.10

Rb 0.54 0.55 0.51 0.6
Sr 0.78 0.75 0.84
In 1.10 0.93 1.17
Sn 1.12 1.13 1.01 1.24
Sb 1.17 1.18 1.04 1.26
Te 1.16 1.19 1.03

Cs 0.52 0.55
Ba* --
TI 1.07 1.12
Pb 1.04 1.07 1.15
Bi 1.09 1.11 1.16

1.09 1.12

Convergence could not be reached in PP-PW calculations on Ba
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Table 2 Comparison of metallic radii r12 [M] for the main group elements of groups 1 2 13-
16 in hypothetical fcc structures derived from TB-LMTO-ASA and pseudopotential plane
wave (PP-PW) calculations, values calculated by Moruzzi /Moru78/;/Moi-u95/ (Augmented
Spherical Wave (ASW) Method) and tabulated values for metallic radii of Pauling /Paul6O/
and Pearson /Pear72/

Element r12 [PM] r12 [PM] r12 [PM] r12 [M] r12 [M]
calculated calculated calculated (ASW) Pauling Pearson
(LMTO) (PP-PW) /Moru78/;/Moru95/ /Paul6O/ /Pear72/

R12 [PM] r12 [PM] r12 [M] r12 [PM]

H 80.2 80.5 78
Li 146.5 151.1 154.9 156.2
Be 108.7 110.3 112.3 112.8
B -- 100.3 101.3 98 98
C 107.1 106.7 106.7 91.1 91.6
N 108.1 107.7 107.6 92 88
0 106.6 108.9 109.4 97 89

Na 180.1 178.1 182.7 189.6 191.1
Mg -- 156.3 157.4 159.8 160.2
Al 141.2 140.5 142.0 142.9 143.2
Si 137.6 134.5 136.6 137.5 131.9
P 139 134.5 135.7 128 128
S 141.4 137.3 138.4 127 127

K 223.5 220.2 229.7 234.9 237.6
Ca 180.9 192.7 197 197.4
Ga 142.4 151.1 140.4 141.1
Ge 149.7 147.1 149.2 144.4 136.9
As 149.8 147.4 148.3 147.6 139
Se 152.7 149.7 151.1 140 140

Rb 237.7 231.6 247.8 248 254.6
Sr 198.3 209.8 214.8 215.1
In 160.8 170.0 157.9 166.3
Sn 166.2 165.8 168.2 162.3 154.5
Sb 166.4 166.2 167.3 165.7 159
Te 168.8 168 169.1 160 160

Cs 241.3 267 273.1
Ba* 221.5 224.3
TI 162.5 159.6 171.6
Pb 173.3 171.1 170.4 175
Bi 174.2 173.6 177.6 170
Po 176.8 175.9 176 176

Convergence could not be reached in PP-PW calculations on Ba
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In the Medema framework electron densities are usually given in terms of density units
(d.u.). This density unit is defined as follows:

I d.u. (density unit) = 10-2 electrons/a.u. = 6748* 1022 electronS/CM3
I a.u = 52.918 prn (first Bohr radius)

The overall agreement between calculated metallic radii and values tabulated by Pauling
/Paul6O/ and Pearson /Pear72/ is good. The most significant differences are observed for
typical non-metals such as carbon and nitrogen, where deviations of up to 17% (Carbon) are
observed. However, it has to be pointed out that the tabulated values are only estimations
derived from empirical relations, since these elements do not crystallize in typical metal
structures with coordination number 12. Here, the use of an ab nitio quantum mechanical
approach is believed to be more reliable. For the chalcogen group the largest deviation from
the tabulated values range around IO %. This deviation is observed for oxygen, a typical non-
metal. As one moves down to the heavier members of the chalcogen group the agreement
between calculated and tabulated values becomes better. For polonium, the element of highest
importance for this work, the agreement is almost perfect.

The calculated electron densities correlate well with the electron density3parameters given by
de Boer and Miedema /Boer88/. As an example, a plot of values for n"," calculated using the
PP-PW method versus Miedema's n,113 parameters is shown in figure 3 Calculations using
the ASW-method on the elements in bcc structures Moru95/ give similar results.

2.0 -

1.8 -

1.6 -

1.4 -

M
E 1.2 -a)

75 1.0 -
0.8 -

0.6
AN

0.4
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

1/3nw (calculated PP-PLW) [d.u."']S

Figure 3 Correlation of tabulated values for Miedema's electron density parameter nws 113

/Boer88/ with n,,,., 1/3 values calculated using the pseudopotential plane wave method (see also

table 1).

The results of linear fits of n,,�s 1/3 values for main group elements calculated for fcc structures
using different quantum mechanical methods and Miedema's n,,,, 1/3 parameters are given in
table 3 together with the resulting n,,s 1/3 parameters for the elements of the chalcogen group.
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1/3Table 3 Linear Regression Data for the expression n,,.,, A + B �Calc.)
ValLies for I/-I(mjc(jcjj,,) have been taken front /Boer88 wereas valLies for n,,, 3c�&.) ave been obtained Using various first principles qUanturn
mechanical ethods /Morti95/, this work, Appendix A/.

Method A B Cot-relation Standard IIIIISO S IIWS'/�' Se Te IN"N P o
2coefficient R c Deviation

PPPW 0.0397±0.0397 1.0489±0.0337 0.9768 0.0561 1.56 1.50 1.38 1.29 1.21
LMTO 0.003-6±0.0627 1.1087±0.0529 0.9734 0.0636 1.48 1.45 1.36 1.29 1.21
ASW (fcc) 0.0143±0.0628 1.1882±0.0577 0.9592 0.0760 1.49 1.42 1.32 1.23

ASW bee) 0.0202±0.0537 1.1798±0.0492 0.9696 0.0656 1.51 1.41 1.31 1.22
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3.1.1.2. Calculation of the Electron Density as a Function of the Standard

Entropy

In /Eich83a/ the following empirical relation has been established between the electron:n
density at the Wigner-Seitz cell boundary n,,., of metallic elements and their metallic radii r12
[prn], atomic volume V [cm 3/mole], atomic mass A [g/rnoie] and their standard entropy in the
solid state S(s) [JK-'rnole-1]:

n,,. = 0.000 1 07955 A1/2 * r12/V)*eXP�7.03-S'(s)/3Rj (6)

R: universal gas constant, 83145 JK-1rnole-'

The atomic volume V [cm 3/mole] can be obtained from the metallic radius using the following
relation:

V = (413)N,, Tv 3IR* (7)

N,: Avogadro constant, 6.022* 1023 mole 1

Here R* is the degree of space filling, which is dependent on the structure type 0.74 for fe

structures).

For our investigation on a reasonable variation range for nw.v 1/3 parameters of the chalcogens
ranges of entropy values for the chalcogens have been taken from the compilation of literature
data given in /EichO2/. Radii and corresponding volumes calculated with equation 7) using
the value of R*=0.74 for f structures are taken from the results of band structure
calculations as well as from literature /Paul6O/; /Pear72/. These values are compiled in table 2.
The resulting ranges of /I,, 1/3 are given in table 4.

Table 4: Ranges of values for n,, 1/3 obtained from equation 6) using values of metallic radii
from different sources (see Table 2) and ranges of Entropy values given in /EichO2/

Element Entropy nv,,s 113 [d.u.] calculated from (6),
Range Source of data for metallic radii r12:

[JK-1mole-1 PP-PW LMTO ASW ASW Pauling Teatum
/EichO2/ (fcc) (bee)

0
S 31.8-32.6 1.43- 1.40- 1.42- 1.42- 1.50-1.52 1.50-

1.44 1.41 1.44 1.44 1.52
Se 42.2-49.0 1.39- 1.37- 1.38- 1.38- 1.45-1.59 1.45-

1.52 1.50 1.51 1.51 1.59
Te 49.5-49.7 1.38- 1.38 1.38 1.38 1.43 1.43

1.39
Po 54.6-64.9 1.19- 1.18- 1.19-1.36 1.19-

1.36 1.36 1 1.36
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3.1.1.3. Determination of Electron Densities from Compressibility Data

The original method used by Medema to derive parameters for electron densities was based
on teir relation to the bulk modulus and molar atomic volume given by

n,,., [d.u. =10-2(B/V)P2 (8)

where: = bulk modulus [kg/cm 2
V = molar volume [cm 3/Mole]

Experimental information about the bulk moduli of the solid chalcogens is scarce. Some of
the data are interpolated values /Gsch64/. In table we compile the different values given in
literature and the corresponding values for n, calculated using equation (8). The cited data
does not seem to be very reliable, since even the evolution of values as a function of atomic
number within the chalcogen group is not consistent.

Table 5: Literature data for the bulk moduli of the chalcogens and electron densities
calculated using equation (8)

Source Element (Conditions) B [10" kg/CM2] nws [d.u.] nws'13 [d.u. 1/3i

/Land7l S (I atm, 30'C) 0.07575 0.7018 0.8887
Te (I atm, 25'Q 0.204 1.005 1.002

/G-mel53/ S (I atm) 0.078 0.7053 0.8901
/Gme]42/ Se 0.084 0.715 0.894
/Gme]40/ Te 0.200 1.00 1.00

/Gsch64/ S 0.182 1.0878 1.0284
Se 0.228 1.1784 1.0562

0.09276 0.7516 0.9092
Te 0.2347 1.0779 1.0253
Po 0.27 1.0638 (x) 1.0208

1.1015 1.0327

/Simm7l/ S 0.2033 1.149 1.047
0.1737 1.063 1.021

We finally conclude that the cited literature data presumably give only an ndication on the
order of magnitude for the bulk moduli of the chalcogens. We therefore apply empiical
relations between bulk moduli and other physicochemical quantities to develop a consistent
set of bulk modulus values for the chalcogens.
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One relation which can be used to calculate values for bulk modulus from Young's modulus
and Poisson's ratio was given by Gscheldner /Gsch64/:

= Y/[3(l-2(T)] (9)

where:

Y: Young's modulus (elasticity modulus) [kg/cm 2

01 Poisson's ratio

Using this relation and the values for Y and a cited in /Gsch64/ we obtain the values for bulk
modulus and electron densities for the elements of the chalcogen group listed in table 6 At
least for the elements from Se to Po we observe a reasonable variation of bulk modulus and
electron density with atomic number. For sulphur we suspect that the data for Young's
modulus are not reliable.

Table 6 Young's modulus, Poisson's ratio and values for bulk modulus and electron density
at the Wigner Seitz cell boundary calculated using equation 9) for the chalcogens.

Element Y [10-('kg/cm'-] CT B [10" k g/CM2] nws [d.u.] ns 1/3 [d.u.'/-;]

S 0.198 0.343 0.210 1.169 1.053
Se 0.591 0.338 0.608 1.924 1.244
Te 0.42 0.33 0.41 1.43 1.13
Po 0.26 0.34 0.27 1.06 1.02

From the results obtained in sections 31.1.1 to 31.1.3 we finally obtain physically
meaningful variation ranges for the electron density parameter for the elements of the
chalcogen group, which are compiled in Table 7.

Table 7 Variation ranges to be used in variation calculations to deten-nine electron density
parameters nws 113 for the elements of the chalcogen group.

Element nws [d.u.] nws 113 [d.u. 1/3i

0 1.91-3.80 1.24-1.56
S 1.64-3.51 1.18-1.52
Se 1.33-4.02 1.10-1.59
Te 1.09-2.92 �� �1.03-1.43
Po 1.06-2.52 102-1.36
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3.1.2. Estimation of a Variation Range for the Miedema
Electronegativity O*

3.1.2.1. Derivation of Miedema Electronegativity Parameters from Electron
Work Function

The values for Mederria's Electronegativity D* have been oginally deten-nined from the
work function of metallic elements E. Using the experimental data on work functions

'led by Mchaelson /M'ch77/ we obtain the following linear relation between work
function of non-transition elements (excluding the non-metallic elements Boron and Carbon
as well as Arsenic, for which experimental data seem to be unreliable) and Miederna-
Electronegativity D*:

(D = 0.997±0.032)*E,,-(0.138±0.121) (I )
p 2 = .98 ,Correlation Coefficient Standard Deviation: 0138

A graphical representation of this relation is shown in figure 4.
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Work Function (exp.) [eV] /Mich77/

Figure 4 Linear relationship between work function of main group elements and their
Miederria electronegativity parameters (see also table 9.
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Table contains a compilation of experimental data available for the work functions of the

t I I
chalcogens taken from different sources together with the corresponding Miedema parameters

(D* calculated using equation (10).

Table 8: Experimental Data for the work functions E, of the chalcogens from different sources
and the resulting values of Miedema electronegativity D*

Element Source
Vomenko /Vome75/ Samsonov /Sams76/ Michaelson /Mich77/
E, [eV] (D* [V] E,, [eV] (D* [V] E, [eV] (D* [V]

0
S
Se 4.72 4.57 4.72 4.57 5.9 5.74
Te j 47 3 4.58 4.73 4.58 4.95 4.80
P o 4.6 4.45 4.8 4.65

4.8 4.65

Table 8 shows that there is a substantial spread in the literature data. Systematic errors due to
the experimental techniques used have already been discussed by Michaelson /Mich77/ for
the semi-conducting elements As, Se and Te. Furthermore, there are no values for the work
functions of the non-metallic elements and S. Therefore, we chose to calculate work
functions for the main group elements 'n hypothetical metallic structures (fec-structure) using
ab-initio quantum mechanical methods and evaluate the correlation of these values with
Miedema's electronegativity parameters. The details of these calculations are presented in
Appendix A. Figure shows a plot of the calculated work functions for main group elements
versus the values compiled by Michaelson. In general, a good agreement can be observed.
The most significant deviations are As and Se, for which systematic eors have been
discussed for the experimental measurement, and the non-metallic (C) and semi-conducting
(Si, Ge) elements of group 14. Indeed, this difference between calculation and experiment is
not surprising since the calculated values are based on hypothetical metallic structures giving
rise to different electronic structures as compared to the elements as they exist in nature.
However, for our purposes we want to describe the elements and their properties in their (in
some cases hypothetical) metallic state, since the Miedema model is basically a model for
metal-metal interactions. Values of calculated (see Appendix A) and experimental work
functions /M1ch77/ for the main group elements (/Sams76/ for Po) are listed in table 9
together with Miedema-electronegativity parameters from /Boer88/.

The validity of this approach is proven by Figure 6, which shows the correlation of calculated
work functions of the main group elements with their Miedenia parameters (D* as tabulated in
/Boer88/. Indeed, a good correlation of these quantities is observed 'ndicating that this method
can be used to deduce values for Miedema electronegativity parameters for the chalcogens.
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Table 9 Comparison of experimental Mich77/ (Po: /Sams76/) and calculated work functions
E, of the main group elements and their Miedema-electronegativities D* /Boer88/

Element E, (exp.) [eV] E, (ca1c.) fcc [eV] (D* [eV]

Li 2.9 3.274 2.85
Be 4.98 4.849 5.05
B 4.45 4.565 5.30
C 5.0 5.497 6.24
N -- 6.319 6.86
0 -- 7.580 --

Na 2.75 2.792 2.70
Mg 3.66 3.734 3.45
Al 4.28 4.236 4.20
Si 4.85 4.516 4.70
P -- 4.878 5.55
S -- 5.508 --

K 2.30 2.432 2.25
Ca 2.87 3.244 2.55
Ga 4.2 4.361 4.10
Ge 5.0 4.441 4.55
As 3.75 4.714 4.80
Se 5.9 5.230 --

Rb 2.16 2.349 2.10
Sr 2.59 3.015 2.40
In 4.12 4.170 3.90
Sn 4.42 4.200 4.15
Sb 4.55 4.472 4.40
Te 4.95 5.033 --

Cs 2.14 2.304 1.95
Ba* 2.7 -- 2.32
TI 3.84 4.044 3.90
Pb 4.25 4.004 4.10
Bi 4.22 4.278 4.15
Po 4.8 4.835 --

convergence could not be reached in PP-PW calculations on Ba
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From a linear fit we obtain the following relation:

(D* (-I. 70 ± 0237)+ 1.285 ± 0057) * E(calc.) (I )
Correlation coefficient R, 2 0958, Standard deviation: 0272

From this relation we obtain the values for D* given in table IO

Table IO: Work function for the elements of the chalcogen group calculated using the
PP-PW method and values for the Medema electronegativity D* derived from equation (I )

Element Work Function PP-PW [eV] (D* [V]
0 7.580 8.57
S 5.508 5.91
Se 5.230 5.55
Te 5.033 5.30
Po 4.853 5.04

An empirical relation to determine work functions from Pauling electronegativity Ep and
covalent radii 0, of the elements is given by the following equation /Vome75/:

E = E + 3.6/rco - 02 (12)

Work functions E, obtained using this method and values for the Medema electronegativity
(D* calculated from E, using equation (IO) are compiled in table I .

Table I : Pauling electronegativities Ep, covalent radii r,,, work function E, (from equation
(I 2) and Mederna electronegativity D * (rom equation (I 0)) for the elements of group 6

Element Ep rcol. [pm] /Sams76/ E, [eV] o* [V]
0 3.44 66 8.695 8.53
S 2.58 104 5.842 5.69
Se 2.55 117 5.427 5.27
Te 2.10 137 4. 28 4.38
Po 2.0 153 4.153 4.00
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3.1.2.2. Correlation of Miedema Electronegativity with different
Electronegativity Scales

Miedema's electronegativity parameters (D* are known to correlate fairly well with Pauling's
electronegativity values Ep of the elements /Paul6O/;/Boer88/. Using data for Pauling
electronegativity from /Huhe88/ for the main group elements we obtain the following relation:

O = 0.513 ± 0176) + 2.085 ± .1 00) * Ep (13)
2Correlation Coefficient R, 0945, Standard Deviation = 0304

From this relation we obtain the values for (D* given in table 12

Table 12: Pauling electronegativitles Ep for the elements of the chalcogen group /Huhe88/ and
values for the Miederna electronegativity (D* derived from equation (I 3)

Element Ep (D* VI
0 3.44 7.68
S 2.58 5.89
Se 2.55 5.83
Te 2.1 4.89
Po 2.0 4.68

A plot of Pauling electronegativity versus Miedema's electronegativity parameter O* is
shown in Figure 7 From this plot it can be clearly observed that elements from different rows
of the periodic table show a distinct relation of Ep and D*. We therefore evaluated linear fits
of these quantities for each single row of s-p elements in the periodic table. A summary of the
results is shown in table 13.

Table 13: Linear fit parameters for the relation (D* = A + B * Ep for different rows of main
group elements and resulting values of (D* for the chalcogens

Row No. A B R,2 Standard (D* [VI
Deviation

2 0.991±0.207 2.023±0.096 0.993 0.155 0 795
3 0.579±0.158 2.230±0.096 0.994 0.094 S 63 3
4 0.665±0.052 1.908±0.031 0.999 0.038 Se: 553
5 0.638±0.064 1.820±0.040 0.999 0.046 Te: 4.46
6 0.628±0.295 1.847±0.193 0.968 0.219 Po: 4.32



28

3.0 -

2.5 -

IL

2.0-

co * 6. RowCD
a) m 5. Row
C: 1.5-
0
4- c, 4. Row

A 3. Row
LU 1.0 

v 2. Row

2 3 4 5 6 7

Miedema Electronegativity D [V]

Figure 7 Plot of the values for Pauling electronegativity of the main group elements versus
Miedema's electronegativity parameter. Straight lines indicate linear relations for te different
rows of elements within the periodic table.

Similar evaluations have been performed using the electronegativity scales of Allred and
Rocbow /Allr58/, Allen /Alle89/, Sanderson /Sand88/, and Pearson /Parr83/. The results of
these calculations are presented in Tables 14 and 15. In cases where distinct relations for
different groups of elements in the periodic table can be distinguished, linear fits within these
groups have been perfon-ned. For the electronegativity scales of Allred, Allen and Sanderson
a distinction is possible according to the row number, similar to te case of Pauling
electronegativities described above (Figures to 10). For the Pearson scale the p-block
elements within single rows of te periodic table show an individual behavior (figure I ). The
results of these fits are compiled in tables 16 to 19.

Table 14: Linear fit parameters for the relation D = A B EN for different scales of
electronegativity ENfor all main group elements for which Medema parameters have been
published.

Electronegativity A B Correlation Standard
2scale coefficient R deviation

Allred-Rochow 0.439±0.198 2.225±0.119 0.936 0.335
Allen 0.735±0.163 2.014±0.090 0.963 0.261
Sanderson 0.931±0.274 1.827±0.155 0.842 0.506
Pearson 0.529±0.291 0.872-+0.071 0.873 0.483
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Table 15: Miederna electronegativity parameters D* for the chalcogens resulting from linear
fits to different electronegativity scales for all main group elements for which Miederna
parameters have been pblished.

Electronegativity D*(O) [V] (D*(S) [V] (D*(Se) [V] (D*(Te) [V] (D*(Po) [V]
scale
Allred-Rochow 8.23 5.87 5.96 4.91 4.36
Allen 8.01 5.95 5.62 5.08
Sanderson :::� T�25 5.79 5.97 5.21
Pearson 710 5.95 5.67 15.32 503 -1

Table 16: Linear fit parameters for the relation (D* = A + B * EAIId for different rows of main
group elements within the periodic table and resulting values of (D* for the chalcogens.

Row No. A B R 2 Standard q)* [V]
deviation

2 1.171±0.297 1.966±0.139 0.985 0.230 0: 8.05

3 0.142±0.237 2.648±0.153 0.990 0.127 S 660
4 0.454±0.069 2.000±0.041 0.999 0.048 Se: 541
5 -0.052±0.269 2.491±0.188 0.983 0.159 Te: 4.95
6 -0.489±0.336 2.907±0.251 0.978 0.181 Po: 4.63
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Figure 8: Plot of electronegativity values after Allred and Rochow /Allr58/ of the main group
elements versus Mledema's electronegativity parameter. Linear relations for the different
rows of elements within the periodic table are indicated by straight lines.
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Table 17: Linear fit parameters for the relation O = A + B * EAII,, for different rows of main
group elements within the periodic table and resulting values of D* for the chalcogens.

Row No. A B Rc-� Standard (D* [V]
deviation

2 1.142±0.173 1.955±0.080 0.995 0.134 0 820
3 0.869±0.129 2.046±0.078 0.996 0.084 S 61 7

4 0.803±0.166 1.842±0.101 0.991 0.128 Se: 527
5 0.696±0.125 1.888±0.083 0.994 0.093 Te 477
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Figure 9 Plot of Allen electronegativity values /Alle89/;/Alle94/ of the main group elements
versus Miedema's electronegativity parameter. Straight lines indicate linear relations for the
different rows of elements within the periodic table.

Table 18: Linear fit parameters for the relation D = A + B * ESanderson for different rows of
main group elements within the periodic table and resulting values of D* for the chalcogens.

2Row No. A B �C Standard (D* [V]
deviation

2 1.133±0.312 2.039±0.150 0.984 0.239 0 819
3 0.643±0.434 2.254±0.271 0.958 0.259 S 664
4 1.083±0.107 1.469±0.057 0.996 0.090 Se: 514
5 0.947-+0.058 1.576±0.035 0.999 0.047 Te 464
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Table 19: Linear fit parameters for the relation q) = A + B * EPear5on for the p-Block elements
within different rows of the periodic table and resulting values of D* for the chalcogens.

Row No. A B Rc Standard (D* [V]
deviation

2 2.892±0.493 0.550±0.081 0.979 0.175 0 704
3 2.384±0.808 0.536±0.174 0.905 0.298 S 572
4 3.035±0.039 0.332±0.09 0.999 0.013 Se: 499
5 3.034±0.243 0.273±0.059 0.956 0.074 Te 453
6 3.399±0.254 0.166±0.064 0.970 0.181 Po: 419

3.1.2.3. Estimation of Miedema Electronegativity from Valence Orbital
Eigenvalues

The Medema electronegativity parameters show good correlation with the electronegativity
scale introduced by Allen /Alle89/;/Alle94/, but values for Allen electronegativity are not

0able from terature for the elements of the 6 row of the periodic table. Snce Allen's
electronegativity values are based on the mean valence orbital eigenvalues of the free atoms,
an analysis of the correlation of Medema electronegativity with mean valence orbital
elgenvalues of free atoms in their ground state has been performed. These values have been
taken from tabulated results of quantum mechanical calculations using the semi-relativistic
Hartree-Fock-Slater /Lu7l/ and the fully relativistic Dirac-Fock methods /Desc73/. These
values show a correlation to Medema's electronegativity parameter that is very similar to the
correlations with the various electronegativity scales discussed in 31.2.2. As can be seen in
Figure 12, distinct correlations for elements listed in different rows of the periodic table can
be observed for the mean Hartree-Fock-Slater eigenvalues. Very similar results are obtained
for the egenvalues calculated using the Drac-Fock method. The results of linear fits of mean
valence orbital egenvalues obtained from the two different methods versus Medema's
electronegativity parameters for main group elements are compiled in tables 20 and 21.

Table 20: Linear fit parameters for the relation (D = A B * EHFS (EHFs = mean ground state
eigenvalues of valence electrons calculated using the Hartree-Fock-Slater method [Ryd]
/Lu7l/) for different rows of main group elements within the periodic table and resulting
values of D* for the chalcogens.

Row No. A B R�:2 Standard (D* [V]
deviation

2 0.916±0.318 5.319-+0.381 0.985 0.233 0 841
3 0.588±0.144 5.655±0.222 0.995 0.086 S 631
4 0.724±0.148 4.783±0.229 0.993 0.112 Se: 542

5 0.629±0.132 4.900±0.222 0.994 0.096 Te 492

6 0.896±0.144 4.077±0.228 0.991 0.118 Po: 461
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Figure 12: Plot of the mean Hartree-Fock-Slater ground state eigenvalues /Lu7l/ of free
atoms of the main group elements versus Miederna's electronegativity parameter. Linear
relations for the different rows of elements within the periodic table are indicated by straight

lines.

Table 21: Linear fit parameters for the relation (D* = A + B * EDF (EDF = mean ground state
eigenvalues of valence electrons calculated using the Dirac-Fock method [Hartree] /Desc73/)
for different rows of main group elements within the periodic table and resulting values of (D*

for the chalcogens.

Row No. A B Rc 2 Standard (D* [V]

deviation

2 1.486±0.305 4.138±0.323 0.982 0.254 0: 8.34

3 1.148±0.138 4.435±0.196 0.994 0.097 S: 6.29

4 1.056±0.177 4.028±0.254 0.988 0.147 Se: 5.49

5 0.971±0.184 4.111±0.291 0.985 0.149 Te: 4.97

6 1.162±0.187 3.435±0.276 0.981 0.169 Po: 4.63
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From the evaluations reported in this section we derive the variation ranges listed in table 22,
which will be used in variation calculations for the Miederna eectronegativity parameters (D*
for the elements of the chalcogen group. In our evaluations we excluded the values for (D*
den'ved from the work function values for Selenium given by Sarnsonov /Sams76/ and
Vornenko /Vome75/ because it appears to be not reliable. Even the much higher value given
by Michaelson /Mich77/ has been discussed to be underestimated because of systematic errors
of the experimental method.

Table 22: Variation ranges determined for the electronegativity parameter (D* of the elements
of group 16.

Element Vanation range for (D* [V] Mean value of (D* [V] Standard error [V]
0 7.04-8.57 7.94 0.13
S 5.51-6.64 6.04 0.09
Se 4.99-5.97 5.40 0.10
Te 4.38-5.32 4.85 0.07
Po 4.00-5.04 4.57 0.08

3.1.3. Determination of the atomic Volume V in the metallic State

Within the framework of the Medema model the volume parameter is taken as the atomic
volume of the pure elements at room temperature /Boer88/. For semi-conducting or serni-
metallic elements such as Si, Ge, Sb and B a volume correction has been applied to account
for the fact that they crystallize in open structures, having atomic volumes somewhat larger
than they would have in the metallic state. The volume parameters of the non-metallic
elements B, C, N, P and H have been derived from the volumes of compounds with small
charge transfer between dissimilar atomic cells, i.e. AD* = 0. We propose here to use values
of the atomic volume derived from quantum mechanical calculations on the elements in
hypothetical metallic structure types to deten-nine the volume parameter for the elements of
the chalcogen group. These calculations have already been performed to deter-mine electron
densities (see section 3 1. 1. and Appendix A). The results of these calculations can serve as a
sound physical basis for prediction of properties for the elements in the (hypothetical)
metallic state. In table 23 we present the volume parameters V13 for the elements of the
chalcogen group determined from PP-PW calculations. These values have been crosschecked
by variation calculations, which will be discussed in section 32. The variation calculations in
all cases showed the best fit of calculated and experimental enthalpies of fon-nation of
chalcogenides for volume parameters close to the theoretically calculated values. Compared
to the measured atomic volumes of the solid elements the calculated volumes are smaller
consistent with the fact that the solid elements of the chalcogen group do not crystallize in
close packed structures. The amount of correction needed with respect to the measured
volume decreases from sulphur to polonium in agreement with the increasing metallic
character within the group. The periodicity of atomic volumes within the periodic table is
represented well by the calculated values. Therefore, we will use these parameters for all our
further Miedema calculations.
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Table 23: Comparison of experimental values /Holl85/ for the atomic volume for the elements
of the chalcogen group and calculated values for the elements in fcc structures. The values for
V13 to be used in Miedema calculations (equations 3), 4) and (5)) are also given.

Element Vep [cni'mo1_']) Vclc (fCC) [CM3MOI-1] V213 [CM2MOI-211]

0 12.6 4.329 2.656
S 15.6 9.154 4.376
Se 16.4 -11.762 5.172
Te 20.4 16.339 6.439
Po�l 22.7 18.691 7.043
a)209 Po

b) solid oxygen at the melting point, rhombic sulphur, hexagonal Se and Te, a-Po

3.1.4. Estimation of the Valence Factor a

The valence factor a is used within the Miedema model to correct the volumes of dissimilar
atomic cells for charge transfer effects upon alloying. According to the developers of the
model this parameter is specific for different groups of metals, i.e. mono-, di-, trivalent and
metals with a valence electron number > 3 (see section 2 /Boer88/. The valence of the
chalcogens in the metallic state is not clearly defined. By analogy to the treatment of the main
group metals of group 14 and 15 we propose to use te value of a = 004 suggested for the
metals with a valence electron number > 3 Boer88/ for the chalcogen group. This choice is
supported by the results of variation calculations (see section 3.2.)

3.1.5. Estimation of a Variation Range for the Hybridization Term R",

The introduction of a "hybridization term" R,, into the Miedema model was necessary to
predict the enthalpies of mixing and formation of alloys for combinations of transition metals
with non-transition metals of the p-block. The theoretical foundation of this term is not very
clear. This fact has been discussed already in the original literature /Boer88/. The R... term has
been attributed to the stabilizing interaction of the d-orbitals of the transition elements with
the p-orbitals of the p-block elements. Within the model, R,, is treated as a constant specific
for single groups within the periodic table. It is clear that this is a simplification, since the
interactions of d- and p-orbitals do not only depend on the occupation of these levels but also
on their energy eigenvalues. The latter is far from being constant within one group of the
periodic table. Furthermore, even the occupation is not constant but varies from completely
empty to completely filled within the group of transition metals. In the model, however, the
metals of group 4 to 10 are all treated as a single group with the same value for R, Despite
this fact, we adhere to this treatment to keep the simplicity and to stay within the framework
of the model. Therefore, in the following section we derive a value for R,, as a group specific
constant for the chalcogen group.
Values of R,,IP, where R,, is the hybridization terrn and P is the combination dependent
constant used in equations 3) and 4), can be obtained for any combination of a non-
transition metal with a transition metal simply by multiplying the respective values in table 24
/Boer88/. We follow two different ways to determine a value for this parameter for the
chalcogen group:
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1 extrapolation of this constant as a function of-
-valence electron number of the non-transition element
-occupation of p-states derived from electronic structure calculations for non-
transition elements in fcc structures Moru95/.

2. determination of R using variation calculations of enthalples of formation

Table 24: Values of R,,IP for a combination of a non-transition metal and a transition metal
can be simply obtained by multiplying their respective values in the following table taken
ftom /Boer88/.

Transition metals

Ca Sc Ti V Cr Mn Fe Co Ni CU
0.4 0.7 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3
Sr Y Zr Nb Mo TC Rh Pd Ag
0.4 0.7 1.0 1.0 1. 0 1.0 1.0 1.0 0.15
Ba La Hf Ta W Re Os Ir Pt Au
0.4 0.7 1.0 1. I .0 1.0 1.0 I 1.0I 1.0. 03 

Th I U I Pu
0.7 .0 1.0

Non transition metals

U Be B C N
0 0.4 1.9 2.1 2.3

Na Mg Al Si P
0 0.4 1.9 2.1 2.3
K Zn Ga Ge As
0 11.4 1 1.9 2.1 2.3

Rb Cd In Sn Sb
0 1.4 1.9 .1 2.3

Cs Hg TI. Pb Bi
0 1.4 1.9 2 1 2.3

3.1.5.1. Derivation of the R-Parameter for the Chalcogen Group as a Function
of Electron Count and Occupation Numbers.

Values for the quantity R,,IP have been derived for main group elements up to group 
/Boer88/ (see table 24). They are constant within a roup (with the exception of the noble
metals Cu, Ag and Au) and increase monotonically with the number of electrons within the p-
block up to group 15. The behavior of R,,IP for higher group numbers is not known. We
propose here a simple model for the derivation of R,,IP for group 16 of the periodic table of
the elements, which is based on chemical reasoning as well as on a simplified band picture.
For the interaction of a completely filled p-shell (i.e. noble gases) with the transition metal d-
shell we assume no stabilization due to d-p interaction, hence RIP = for the noble gases.
Consequently, in our calculations we use a quadratic function to fit the values for R,,IP as a
function of p-orbital occupation or number of pelectrons, as exemplified in figure 13 and
explained in more detail below. This assumption can be 'ustified by chemical reasoning, the
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interaction of noble gases with transition metals being of the van der Waals type. These
interactions, which are based on the polarisability of the electron shells of the interacting
species, are small compared to chemical bonding. In fact, the cohesive energies of the noble
gases in the solid state are more than an order of magnitude smaller than typical cohesive
energies of metals /Boer88/. This assumption is also supported by Miedema's investigation on
the heat of solution of noble gases in metals Mied8l/, where orbital interaction effects are not

cons]dered to be relevant.

3.0 -

2.5 -

2.0 -

1.5
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0 1 2 3 4 5 6

occupancy of p-states

Figure 13: Quadratic fit of R,,IP to the occupancy of p-states calculated by Moruzzi /Moru95/
for the main group elements of the 5. row of the periodic table

A simplified band picture of the interaction of different main group elements with d-metals,
based on their densities of states, is shown in Figure 14. For a noble gas the p-states are
located at rather low energies compared to the metal d states so that the interaction between
these states will be small. In our simple model, the interaction between these orbitals will lead
to a small stabilization of the noble gas p-states and a small destabilization of the metal d-
states. The net change in the total electronic energy is small. For elements with partially filled
p-states (e.g. elements of group 13-17) the energy difference of p-states and transition metal
d-states is considerably smaller. Therefore, the interaction of the p-states of the main group
elements and the transition metal d-states is much stronger. Compared to the interaction of
noble gases with d-metals, the shift of the metal d-states to higher energies as well as the shift
of the main group element p-states to lower energies is much larger. Furthennore, after these
shifts electrons are transferred from the d-levels into empty p-levels, thus giving rise to an
electronic stabilization. This stabilization clearly depends on the presence of unoccupied p-
states, so that a decrease of this stabilization, and hence R,,IP, can be expected when
proceeding towards group 18, since for increasing group number the p-band becomes more
and more filled until there will be no empty p-orbitals left to be filled for the noble gases. We
therefore assume that the values for R,,,IP start with 0 for the alkali elements, as proposed by
the inventors of the model /Boer88/, run through a maximum and finally decrease to a value
of 0 for the noble gases again. Consequently, we choose a quadratic function to describe the
behavior of R,,IP as a function of p-band occupancy and number of p-electrons.
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Figure 14: Schematic representation of the interaction between transition metal d-states and
main group element p-states in terms of the corresponding density of states based on ab-Initio
calculations on the elements in fcc structures /Moru95/. Shading indicates filled states. a)
interaction of a transition metal with a noble gas in a hypothetical fcc structure; b) interaction
of a transition metal with a main group element with partially occupied p-states in an fcc
structure
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The numerical values for the occupancies of p-states for the elements up to the fifth row in an
fcc structure have been taken from Moruzzi /Moru95/. The values of R,,IP for the various
main group elements are taken from /Boer88/ and R,,,IP has been set to for group 1 as
explained above. For the correlation of R ... IP with the occupation of p-states calculations have
been performed for every single row of non-transition elements. The corresponding data of
the quadratic regressions are compiled in table 25 together with the resulting values for R,,IP
for the group 16 elements.

1 2 -states of

Table25: PolynomialRegress'onR,,/P=a+bj*x+b,*x ,x: occupation of the p
main group elements taken from Moruzzi /Moru95/.

Row No. a b, b, Correlation Standard R,,IP
-Coefficient Deviation

2 -1.1789 2.16269 -0.3288 0.8988 0.44946 2.27
3 -0.8629 2.13195 -0.3351 0.9401 0.34578 2.46
4 -0.3802 1.91785 -0.3149 0.96658 0.24501 2.44
5 -0.3448 1.89668 -0.3133 0.97244 10.22248 2.44

The results for the single rows of non-transition elements are fairly constant within the
complete group. In fact, only the second row of the periodic table containing mostly non-
metals deviates significantly.

A similar correlation of R,,IP with the number of p-electrons x for the elements of group 13-
15 and 18 (R,,IP set equal to for group 18 based on arguments discussed above) results in
the following relation:

R,,IP = (L 12 ± 0.32) + 0.92 ± 0.22)*x -(O. 1 84 ± 0.030)*x 2 (14)

Correlation coefficient: 0.993, Standard Deviation: 0. 1 52

This results in a value of R,,IP =1.86 for group 16 with 4 p-electrons per atom.
Since the reference state for the Miedema model is the pure metal in the condensed state we
prefer the values derived from occupation numbers of the elements in the (hypothetical) solid
metallic state in comparison with the values deduced from simple electron counts of the free
atoms. The results of variation calculations with respect to this parameter will be discussed in
the next section.
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4. Variation Calculations

4.1. Variation Calculations to adjust the Parameters of 0, S, Se,
and Te

Variation calculations have to be performed to optimize the parameters within the ranges
determined previously, based on experimental information. Enthalples of formation of
chalcogenides are chosen for this purpose, since these are available from several sources:
Heats of formations of oxides have been extensively studied and are taken from the
compilation given in /Boer88/. Mills has published a large set of enthalpies of formation for
solid sulphides, selenides and tellurides /M11174/. Some of these data are determined from
experiment, whereas a substantial fraction of the data is deduced from comparative studies on

iar compounds. Therefore, the accuracy of these values is often not very hgh, especially
for the selenides and tellurides A much smaller number of data is given in more recent

ilations /Ban95/; /Land99/. For optimization of the parameters, a program was written
compi 1 1 1 1 in
the script language LABTALK, which is included in the scientific data evaluation software

1/3package MICROCAL ORIGIN. This program has been used to adjust the parameters n,,
21/3(D *, R ... IP, Va and A.H""' to give the smallest possible deviation between heats of

formation of solid chalcogenides calculated using equation 3) and the tabulated values. Since
the Medema model is less appropriate for combinations of two main group elements, only
combinations of the chalcogens with transition metals have been included in these
calculations.
For the volume parameter V-'-, the variation calculations always converged close to the
theoretically determined values. Therefore, we choose to use these values throughout our
model calculations.
For the valence factor a we obtained values of 004 for all chalcogens, i.e. 0, S, Se and Te.
Since this value is regarded as a group specific constant within the model and a value of 004
has been suggested before for polyvalent metals with a valence electron number > 3 Boer88/,
we select this value for our Miedema parameter set.

In our variation calculations, the value of Aff"' corresponding to the enthalpy of
transformation into the metallic state was heavily correlated with the electronegativity
parameter (D*. Furthermore, our variation calculations indicate that the introduction of

A.H""' does not lead to a significant improvement concerning the agreement of observed and
calculated heats of formation for all chalcogens, even for the non-metallic elements and S.
For simplification and reduction of correlations between parameters, we concluded to omit
this correction term from our Medema parameter set for the chalcogens. However, it can be
clearly seen from Figure 15 tat the effects of transition into the metallic state are to some
extent incorporated into the electronegativity parameter (D*. Here, the electronegativity
parameters for the non-metallic elements and S deviate significantly from the periodic
behaviour, i.e. they are lower than would have been expected regarding the values for their
left band neighbours in the periodic table. This gives rise to a reduction of the stabilizing -
A(D *2 term in equation 3 and thus leads to results similar to the introduction of a
transformation enthalpy. For the heavier chalcogens Se and Te this effect is much smaller.

It has to be pointed out that in contrast to the original Miedema treatment enthalpy
values calculated using the parameter set developed in this work do not have to be
corrected for the transformation into a hypothetical metallic state. This correction is
already incorporated into the Miedema parameter set.
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Thus, the enthalpy values calculated for solid mixtures or compounds of the chalcogens with a
second element directly correspond to the forination of these mixtures or compounds from
gaseous 0, rhombic sulphur, tngonal selenium and tellurium as well as (X-polonium. For
liquid mixtures containing S, Se, Te and Po the liquid elements should be considered as the
reference state. For oxygen gaseous is considered as the reference state. This treatment of
the liquid state neglects the fact, that the enthalpy for the transfonnation into the hypothetical
(liquid or solid) metallic state (incorporated into the parameter sets of the elements in our case
and explicitly added in the original Miedema treatment) should be different for the liquid and
the solid state. This difference however is estimated to be small (about the order of magnitude
of the melting enthalpy of the elements) and thus this simplification seems Justified.

Within the optimisation process, the values for R,,IP also have been varied. The results of
these calculations show there is a strong correlation between R,,IP on the one hand and (D*
and n, on the other hand. Because of this correlation, the choice of R,,IP turns out to be
somewhat arbitrary. For each value of R,,IP within our variation range there is a
corresponding set of parameters (D* and n,, which gives an almost equally good fit of
calculated and tabulated values for the enthalpies of formation. The optimum values for R ... IP
derived for each element of the chalcogen group determined from variation calculations are

'led n table 26. Though the spread of the values denved this way s substantial, the
mean value of 2.7 aees reasonably well with the one derived from occupancy of p-states
(R IP 244) in 31.5. I. Since a value of R,,IP = 245 has also been derived from a best fit
procedure based on enthalpies deten-nined for the adsorption of polonium on transition metal
surfaces /Eich85/, we choose R ... IP = 2.45 as a "best" value for our Miedema parameter set for
the chalcogen group.

Table 26: Values of R,,,IP for the Elements of the chalcogen group obtained from variation
calculations based on values of enthalpies of formation of solid transition metal

chalcogenides.

Element R ... IP for the combination
with transition elements

0 2.98
S 3.00
Se 2.22
Te 2.59
Mean

Finally, after extensive variation calculations within the ranges deten-nined in section 3.1 we
arrive at the parameters for the lighter elements of the chalcogen group (Group 16 of the
periodic table of the elements) listed in table 27. The values for the group specific constants
are compi 'led in table 28.
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Table 27: Medema-Parameters for the elements 0, S, Se, and Te of the
chalcogen group as determined from variation calculations.

Element nwsl/-' [d.u.1/3i (D* [V] V213 [cm 2MO]-2/3

0 1.70 6.97 2.656
S 1.46 5.60 4.376
Se 1.40 5.17 5.172
Te 1.31 4.72 6.439

Table 28: Group specific constants for the chalcogen group within the Miedema framework.

R,,IP 245 V2 I a: 004

Because of the relatively large errors of some of the tabulated values for enthalples of
formation of chalcogemdes, especially selenides and tellurides, we additionally performed
variation calculations based on selected sets of compounds where the reported error in heat of
formation is comparatively small, i.e. < 10 per mole of alloy M-,Q, (M = transition metal,
Q = 0, S, Se, Te). These calculations did not give significantly different results for the
Miedema parameters compared to the variation calculations using all available heat of
formation values.
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4.2. Variation Calculations to adjust the Parameters of Po

There are no reports available in literature on experimental Investigations on enthalpies of
formation of polonides. Some reports about temperatures of decomposition can be found
/Gmel9O/; /Ersc74/, /EIch86/; /Bagn83/. Older results of Mledenia calculations /EIch86/ can
be regarded as obsolete, since the parameter set used in these calculations is based on
erroneous data on the physicochemical properties of polonlum (see section 5.5. and /EIch02/
for more details). However, most of the metal polonides for which reliable structural
information is available are compounds of composition MPo, which crystallize in very simple
structure types, i.e. either in the NaCl- or NiAs-structure. We therefore reasoned that it would
be feasible to derive enthalpies of formation for these metal polonides using quantum
mechanical total energy calculations. To prove the applicability of the techniques used we
show in table 29 that the enthalpies of formation of analogous tellurides can be predicted with
a satisfactory accuracy. Details on the calculations] procedures are given in Appendix A.

Table 29: Comparison of tabulated heats of formation of some metal tellurides
Ml-,Te, and values derived from ab-initio calculations.

Compound AW Ml-.,Te, [kJ/mole] /MiII74/ AH f Ml-,Te, [kJ/mole]
(calculated)

SCO.Jeo.5 -151±32 -124.86
Ndo.Jeo.5 -150.5±32 -156.24
Dyo.5Teo.5 -156.5±30 -159.17

Hoo.Jeo.5 -157±32 -161.52

Tmo.Jeo.5 -157+32 -153.05

M90.5TeO.5 -104.50±10 -80.22
Cao.JeO.5 -146.-5±21 -159.58
Sro.Jeo.5 -156+?l -165.82

T'0.5Teo -60.5±8.4 -66.84
Feo.526TeO.474* -12.2±10 -8.70

NIO.476Teo.524 -27.29±2 -20.97
RhO.Jeo.5 -23.0±12.6 -35.83
Pdo-5Teo.5 -19±10 -41.91

PtO.Jeo.5 -21.0±6.3 -20.32

PbO.5Teo.5 -34.30±1.05 -32.72
*Calculations on Feo.526TeO.474 (Fe l,,Te) were perforined neglecting the partially occupied Fe-

site giving rise to the non-stoichlometric composition; Calculations on NIO.476Teo.524 (Nil -,Te)

using full occupancy for the Ni-site as an approximation.

Values for enthalpies of fori-nation of transition metal polonides have been calculated in a

similar manner. For ionic compounds these values have been crosschecked by estimations of

the heat of formation based on a Born-Haber cycle using lattice energies calculated with the

Kapustinskii equation /Borg92/; /WarwO3/, enthalpies of sublimation /Sams76/, ionization
p02

energies of the metals /HandO3/ and the heat of formation of the - anion extrapolated by

Krestov /Kres62/. Linear extrapolations within homologous series MQ (M = metal, Q = S, Se,
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Te) have also been perforined to estimate the heat of formation of polonides. For these
extrapolations the evolution of the enthalples of forination of chalcogenides as a function of
InA (A = Atomic mass of the chalcogen) and ionic radii of the chalcogens has been evaluated.
For metallic and covalent compounds such as NPo and PtPo-) similar extrapolations have
been performed based on nA and covalent radii. The results of these extrapolations are

'led in table 30 to ether with the result of ab nitio calculations.
For refinement of the Medema parameters of polonium only those of te ab ntio derived
heat of formation values have been selected which show reasonable aeement with the
above-mentioned estimations. Since we have only relatively few data to serve as a basis for
our calculations because only a limited number of polonides have been unambiguously
identified and structurally characterized, we decided to include the alkaline earth polonides
and lead polonide in our calculations. For the alkaline earth metals, this can be ustified
because they are not treated as main group elements within the Miederna framework. We also
include lead polonide because we do not expect very strong billouin zone effects for lead
polonide, which does not crystallize in a typical semiconductor structure, and we are
particularly interested in modeling the interaction of lead and polonium as good as possible.
Miedema parameters for polonlum denved from these data are listed in table 3 .

Table 30: Comparison of ab nitio determined enthalpies of formation of selected polonides
with values estimated from Bom-Haber cycles as well as linear extrapolations within
homologous groups MQ (X = , Se, Te) based on InA (A = atomic mass of the chalcogen as
well as ionic or covalent radii.

Compoun AH' .M0.5POO.5(S) AHfMO.5poO.5(S): HfMO.5poO.5(S): HfMO.5poO.5(S):

d [kJ/mole] [kJ/mole] [kJ/mole] [kJ/mole]

(ab initio) (Bom-Haber) f(InAchalcogen) f(rcovlrion chalcogen)

SOO -92.5 -76.695
EuPo -147.8 -152.748
TbPo -112.7 -108.007
HoPo -116.8 -141.369
TmPo -120.4 -144.839
YbPo -114.0 -122.211

TIPO -29.2 -47.5 -45.5 -24.8
Nipo +6.3 -23.4 - 92
PtPo, -27.4 -13.8 -IO. (rco,)

CaPo -140.4 -135.9 -117.3 - 21.3 ri,,,)
SrPo -155.6 -156.2 -135.6 - 3 54 ri,,,)
BaPo -161.5 -167.8 -137.7 - 3 76 rio,)
PbPo -18.2 -33.9 -28.3 (rc,,,,)

Table 3 : Mederna Parameters derived from enthalpies of formation of polonides deten-nined
by ab ntio calculations.

nws" Po: 1.15 d.u." (D* Po: 444 V V2/' Po: 7043 cm2mol-2
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4.3. Evolution of Miedema Parameters within the Periodic Table of
the Elements

1/3 2/3
In Figures 15 to 17 we show the periodic behavior of Miedema parameters (D*, n, and V
as a function of atomic number for the pblock elements of rows 2 to 6 of the periodic table.
Tabulated values of the parameters that have been taken from literature /Boer88/ are marked
as solid squares, whereas the parameters developed within this work for the elements of the
chalcogen group are indicated as open circles. Overall, the parameters for the chalcogens
follow the trends within the groups of the periodic table, i.e. decreasing electronegativity and
electron density at the Wigner-Seltz cell boundary and increasing atomic volume with
increasing atomic number very well. Even the effects introduced by filling of the d-shell in
the fourth row of the periodic table, including selenium, are reproduced.
Trends within single rows of the periodic table are not as clear. Only for the Medema
electronegativity (D* a clear trend to increase with increasing atomic number within single
rows can be observed in agreement with general chemical reasoning. The relatively low
values for 0 and S, as compared to tabulated (D*-values for the elements of row 2 and 3 can
be attributed to the fact that the transformation enthalpies have been omitted in our model, as
discussed in the preceding section. For electron densities and atomic volumes no clear trends
within single rows are observed. This may be attributed to the different ways the parameters
have been determined. Nevertheless, the values for electron densities and atomic volume
derived in this work do not show any systematic deviation from general periodic trends.
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Figure 15: Variation of Miedema electronegativity (D* with atomic number Z for the p-block
elements of rows 2 to 6 of the periodic table. Data taken from /Boer88/ are shown as solid
squares, whereas values derived for the chalcogens are indicated as open circles. Different
rows of the periodic table are indicated as vertical lines.



46

1.8 

0
1.7 - 0

1.6 -

1. - M
0
S1.4 - Se.

Te
1.3 - 0

1.2 - Po
0 0

1.1
04 v� 4. row 5. row 6. row

7-'

20 60 80 100

Atomic Number Z

Figure 16: Variation of electron density parameter n,, 1/3 with atomic number Z for the p-
block elements of rows 2 to 6 of the periodic table. Data taken from /Boer88/ are shown as
solid squares, whereas values derived for the chalcogens are indicated as open circles.
Different rows of the periodic table are indicated as vertical lines.
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Figure 17: Variation of the atomic volume parameter V2�3 with atomic number Z for the p-

block elements of rows 2 to 6 of the penodic table. Data taken from /Boer88/ are shown as

solid squares, whereas values derived for the chalcogens are indicated as open circles.

Different rows of the periodic table are indicated as vertical lines.
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Figures 18 to 21 show plots for enthalpies of formation of binary solid ordered chalcogenides

I I
calculated using equation 3) and the parameter set from tables 27 and 28 vs. tabulated values.
Transition metal chalcogenides are indicated as solid circles, whereas main group
chalcogenides are represented as open circles. Two general trends can be extracted from these

figures.
I While the reproduction of heats of formation of transition metal chalcogenides is

satisfactory, for main group elements significant deviations are observed. This was
expected, since combinations of two main group elements cannot be described using
the Mederna approach if large "brillouln zone effects" are present (see section 2.
Indeed, the largest deviations in figures 18 to 21 are observed for combinations where
large brillouin zone effects are expected, i.e. compounds such as SiO% and B-103-

Typical ionic compounds such as the alkali chalcogenides, e.g. L1,S and K2S in figure
19, are also not described very well. Because of their highly ionic character the latter
materials cannot be expected to be represented well by an inherently metallic model
like the Miedema Model.

2. The deviation between calculated and tabulated heats of formation is much larger for
'des than for sulphides, selenides and tellurides. This fact can also be attributed to

the highly polar or ionic character of these compounds.
These plots can be used to evaluate the accuracy that can be expected from model

calculations.
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Figure 18: Plot of the heats of formation of oxides calculated using equation 3) and
parameters listed in tables 27 and 28 versus tabulated values.
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Figure 19: Plot of the heats of formation of sulphides calculated using equation 3) and
parameters listed in table 27 and 28 versus tabulated values
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5. Applications

In the last section we derived the Miedema parameters for the elements of the chalcogen
group compiled in table 32. In this section, we will use this parameter set to calculate
enthalpies of formation of ordered solid chalcogenides, partial molar enthalples of solution of
chalcogens in liquid as well as solid metals, partial molar enthalpies of evaporation of
elements from liquid metals as well as partial molar enthalpies of adsoption of the chalcogens
on surfaces of the elements at zero coverage and partial molar enthalples of segregation of
trace amounts of the chalcogens in solid matrices of other elements. In all cases, we will
emphasize the overall trends within the periodic table of the elements. The results of our
calculations will be compared to literature data, were available. We will also discuss the
implications of our predictions to the behavior of polonium in technologically relevant
systems.

Table 32: Medema-Parameters for the elements of the chalcogen group as determined fom
variation calculations

Element nwsl/3 [d.u.1/3] (D* [V] v2/3 [Crn2rnoi-2/1

0 1.70 6.97 2.656
S 1.46 5.60 4.376
Se 1.40 5.17 5.172
Te 1.31 4.72 6.439
Po 1.15 4.44 7.043
Hybridization term R for the chalcogen Valence factor a for the chalcogen group:
group: 245 V 2 0.04

5.1. Stability of ordered solid Chalcogenides

The stability of solid chalcogenides is of interest with respect to several problems that have to
be dealt with concerning chemical reactions within liquid metal targets. With respect to the
MEGAPIE target, the properties of polonides as well as oxides are of major interest with
respect to volatility of radiotoxic species, fori-nation of insoluble solid species as well as for a
prediction of the chemical reactions that can proceed in such an extremely complex
heterogeneous multi-component system.
As a measure of the stability of a solid compound its enthalpy of formation is used, i.e. the
heat of reaction (at constant pressure) involved in the formation of the compound ftom the
elements in their standard state. Negative values for the enthalpy (heat) of formation indicate
the formation of a stable compound.
Basic chemical concepts such as electronegativity and the tendency of the elements to fill up
their electron shells to form closed shells or sub-shells lead to the following expectations for
the stabilities of chalcogenides:
The chalcogens have a tendency to fill up their p-orbitals with two more electrons to achieve a
noble gas configuration. This tendency should be most pronounced for the highly
electronegative element oxygen and decrease within the homologous series >S>Se>Te>Po.
Hence, we generally expect the highest stabilities for oxides and gradually decreasing
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stabilities for the homologous sulphides, selenides, tellurides and polonides. Additionally,
electropositive elements such as alkaline, alkaline earth and rare earth metals that readily
donate their electrons should form the most stable chalcogenides, whereas the less
electropositive transition metals, which have a more pronounced tendency to attract electrons
to complete their d-shells, are expected to form less stable compounds.
Indeed, we can clearly observe these trends in the results of our model calculations. Figures
21 to 36 show plots of the enthalpies of formation of oxides, sulphides selenides and tellurides

of composition MO.67QO.33 (M2Q) , MO.5QO.5 (MQ), MOAQO.6 M-')Q3) and MO.33QO.67 (MQ2 -

calculated according to equation 3) using the parameters for the chalcogens listed in table 32
- as a function of the atomic number Z of the partner metal M. Parameters for the metal M
have been taken from /Boer88/. Single rows of the periodic table of the elements are separated
by solid vertical lines. Calculated values for enthalpies of fon-nation are drawn as bars,
whereas literature values are indicated as black squares. For partner elements with a
significant occupation of p-states the calculated values are indicated as shaded bars.

Throughout this report, values for enthalpies of formation for binary compounds will be given
for formula units based the on the mole fraction notation rather than the more commonly used
chemical formulas with integer coefficients. Therefore, as usual within the Medema
framework the presented values correspond to the formation of one mole of "alloy" M,-,Q.,
(M = partner metal, Q = 0, S, Se, Te, Po, x = mole fraction of the chalcogen). For the most
frequently observed compositions of solid chalcogenides, table 33 shows a comparison of this
notation to the chemical formulas with integer coefficients that are more frequently used in
chemical literature. The mole fraction notation is not only chosen because it directly
corresponds to the enthalpies of fon-nations resulting from equation 3). It also facilitates the
comparison of stabilities of compounds with different compositions.
When comparing the enthalpies of formation presented in this report to literature values, the
appropriate conversion factor has to be taken into account, e.g. an enthalpy value given for a
compound with the fon-nula unit MIQ3 has to be divided by to get the corresponding value
for MOAQO.6 given in this report. All literature data, which are discussed in this report, have
been converted in this manner.

Table 33: Comparison of mole fraction notation and stoichiometric formulas commonly used
for the most important chalcogenides.

Mole Fraction Stoichiometric Formula

MO.67QO.33 MIQ

MO.5QO.5 MQ

MOAQO.6 M,0.1

MO.33QO.67 MQ2

To aid the navigation within many of the plots of properties versus atomic number, in the
following sections the value of atomic number Z will be given in brackets after the element
symbol where appropriate (e.g. S414), Po(84) etc.)
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Figure 21: Calculated (bars) and tabulated (squares) enthalples of formation for one mole of

'des MO.6700.33 vs. atomic number of the metal M. White bars indicate combinations of a

transition element with oxygen, whereas combinations of oxygen with main group elements,

where BrI'llouin zone effects are likely, are symbolized by shaded bars.
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Figure 22: Calculated (bars) and tabulated (squares) enthalples of formation for one mole of

sulphides MO.67SO.33 vs. atomic number of the metal M. White bars indicate combinations of a

transition element with sulphur, whereas combinations of sulphur with main group elements,

where Bri'llouln zone effects are likely, are symbolized by shaded bars.
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Figure 23: Calculated (bars) and tabulated (squares) enthalpies of formation for one mole of

selenides MO.67Seo.33 vs. atomic number of the metal M. White bars indicate combinations of a

transition element with selenium, whereas combinations of selenium with main group

elements, where BrIllouin zone effects are likely, are symbolized by shaded bars.
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Figure 24: Calculated (bars) and tabulated (squares) enthalples of formation for one mole of

tellurides MO.67TeO.33 vs. atomic number of the metal M. White bars indicate combinations of a

transition element wth tellurium, whereas combinations of tellurium with main group

elements, where Bri'llouin zone effects are likely, are symbolized by shaded bars.
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Figure 25: Calculated (bars) and tabulated (squares) enthalples of formation for one mole of

'des MO.500.5 vs. atomic number of the metal M. White bars indicate combinations of a
transition element with oxygen, whereas combinations of oxygen with main group elements,

where Brillouln zone effects are likely, are symbolized by shaded bars.
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Figure 26: Calculated (bars) and tabulated (squares) enthalpies of formation for one mole of

sulphides MO.5SO.5 vs. atomic number of the metal M. White bars indicate combinations of a

transition element with sulphur, whereas combinations of sulphur with main group elements,

where Brillouin zone effects are likely, are symbolized by shaded bars.
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Figure 27: Calculated (bars) and tabulated (squares) enthalpies of formation for one mole of
selenides MO.5SeO.5 vs. atomic number of the metal M. White bars indicate combinations of a
transition element with selenium, whereas combinations of selenium with main group
elements, where Brillouln zone effects are likely, are symbolized by shaded bars.
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Figure 28: Calculated (bars) and tabulated (squares) enthalpies of formation for one mole of
tellurides MO.5TeO.5 vs. atomic number of the metal M. White bars indicate combinations of a
transition element with tellurium, whereas combinations of tellurium with main group
elements, where BrIllouln zone effects are likely, are symbolized by shaded bars.
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Figure 29: Calculated (bars) and tabulated (squares) enthalples of formation for one mole of
'des MO.400.6 vs. atomic number of the metal M. White bars indicate combinations of a

transition element with oxygen, whereas combinations of oxygen wth main group elements,
where Brillouln zone effects are likely, are symbolized by shaded bars.
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Figure 30: Calculated (bars) and tabulated (squares) enthalpies of fon-nation for one mole of
sulphides MOASO.6 vs. atomic number of the metal M. White bars indicate combinations of a
transition element with sulphur, whereas combinations of sulphur with main group elements,
where Brillouln zone effects are likely, are symbolized by shaded bars.
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Figure 31: Calculated (bars) and tabulated (squares) enthalpies of formation for one mole of

selenides MOASeo ic number of the metal M. White bars ndicate combinations of a

transition element with selenium, whereas combinations of selenium with main group

elements, where Bri'llouin zone effects are likely, are symbolized by shaded bars.
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Figure 32: Calculated (bars) and tabulated (squares) enthalpies of formation for one mole of
tellurides MOATeo I I I 1

.6 vs. atomic number of the metal M. White bars ndicate combinations of

transition element with tellurium, whereas combinations of tellurium with main group

elements, where Brillouin zone effects are likely, are symbolized by shaded bars.
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Figure 33: Calculated (bars) and tabulated (squares) enthalpies of formation for one mole of

'des MO.3300.67 vs. atomic number of the metal M. White bars combinations of a

transition element with oxygen, whereas combinations of oxygen with main group elements,

where Brillouin zone effects are likely, are symbolized by shaded bars.
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Figure 34: Calculated (bars) and tabulated (squares) enthalples of formation for one mole of

sulphides MO.33SO.67 vs. atomic number of the metal M. White bars indicate combinations of a

transition element with sulphur, whereas combinations of sulphur with main group elements,

where Brillouln zone effects are likely, are symbolized by shaded bars.
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Figure 35: Calculated (bars) and tabulated (squares) enthalpies of fori-nation for one mole of
selenides MO.33Seo.67 vs. atomic number of the metal M. White bars indicate combinations of a
transition element with selenium, whereas combinations of selenium with main group
elements, where Brillouin zone effects are likely, are symbolized by shaded bars.
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Figure 36: Calculated (bars) and tabulated (squares) enthalpies of forination for one mole of
tellurides MO.33TeO.67 vs. atomic number of the metal M. White bars indicate combinations of a
transition element with tellurium, whereas combinations of tellurium with main group
elements, where Brillouin zone effects are likely, are symbolized by shaded bars.
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A compilation of numerical values for the heats of formation of binary solid chalcogenides
calculated using our Miedema parameter set is given in tables I to B5, Appendix B, together
with the available literature values.

Comparing homologous series such as Mo.67QO.33, (Q = 0, S, Se, Te, Figures 21 to 24),
Mo.5Qo.5, (Figures 25 to 28), MOAQ0.6, (Figures 29 to 32) and MO.33QO.67, (Figures 33 to 36),
one observes a clear trend to less negative enthalples of formation with increasing atomic
number of the chalcogens, i.e.

A14a1JM1-.,Ox) "�� A11fca1JM1-,S,) < Hfc,,jjMj-xSex) "� AHfcalc(Mi-jex) (15)

corresponding to decreasing stability n the series M-xOx > M-xS

I I > MI-xSex > M-xTex. This
trend is continued moving from tellurides to polonides. This is emphasized in Figures 37 and
38, which show plots of calculated enthalpies of formation for the homologous series MO.5QO.5
(Q = 0, S, Se, Te; Po) for two different rows within the periodic table. In general, the oxides
are much more stable with respect to their heavier homologous. On the other hand, the
differences between sulphides, selenides, tellurides and polomdes are less pronounced.
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Figure 37: Plot of the variation of calculated enthalpies of formation of ordered solid
chalcogenides of composition MO.5QO.5 M: elements of the 4 row of the periodic table of the
elements, Q = 0, S , Se, Te, Po) with atomic number of the partner element M. Calculations
were performed using the Medema model (equation 3 Chalcogen parameters were taken
from table 32, parameters for M from /Boer88/. The vertical line discriminates between
partner elements with (right) and without (left) occupied p-states.
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Figure 38: Plot of the variation of calculated enthalpies of formation of ordered solid
chalcogemdes of compositIonM0.5Q0.5 M: elements of the 6 row of the periodic table of the
elements, Q = 0, S , Se, Te, Po) with atomic number of the partner element M. Calculations
were perfon-ned using the Miedema model (equation 3)). Chalcogen parameters were taken
from table 32, parameters for M from /Boer88/. The vertical line discriminates between
partner elements with (right) and without (left) occupied p-states.

Within single rows the following general trends as function of atomic number Z (or with
group number within the periodic table) can be observed in the results of our calculations:
Alkaline metals 1-43), Na(l 1), K(I 9), Rb(37) and Cs(55)), alkaline earth metals (Ca(20),
Sr(38) and Ba(56)) and the metals of transition groups 3 (Sc(21), Y(39), La(57) to Lu(71) and
4 TI(22), Zr(40) and Hf 72)) all forin highly stable chalcogenides. For increasing group
number within the transition metal series, the stability of chalcogenides is reduced to reach a
minimum (higher, i.e. less negative values of formation enthalpies) around group 6 Cr(24),
Mo(42), W 74)), group 7 Tc(43) and Re(75); Mn(25) shows exceptional behavior, see
below) and group 8 (Fe(26), Ru(44), Os(76). For oxides, this minimum is shifted towards
groups ten (NI(28), Pd(46), Pt(78) and eleven (Cu(29), Ag(47), Au(79)). After this minimum,
the calculated stability slightly increases with increasing group number and then remains
fairly constant throughout the main groups. This general trend is in good agreement with
tabulated values of enthalpies of formation /MI1174/; /Bar]95/; /Land99/. The minimum of
stability observed around transition roup seven and eight together with the decreasing
stability of homologous chalcogenides along the series M,-,Q, (Q = 0, S, Se, Te, Po) leads to
the prediction that the polonides of the transition metals Cr, Fe, Mo, Tc, Ru, W, Re, and Os
are expected to be unstable. This is in agreement with the fact that polonium compounds of
these metals could not be synthesized so far. A more detailed discussion of the expected
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stabilities of polonides and corresponding experimental evidence will be given in the
following sections.
More subtle effects such as the exceptional stability of Mn(II)-chalcogenides (Z 25) arising
from their half filled d-shell and the unique behavior of the dvalent anthanides Eu(63) and
Yb(70) are also reproduced well by our model calculations.

All these facts support the idea that our calculations give a physically and chemically sensible
picture of metal-chaicogen interactions. However, there are some deviations between
tabulated and calculated values for enthalpies of formation, which have to be discussed to
assess the validity and accuracy of the calculations:
Rather strong deviations between calculated and tabulated values for enthalpies of formation
can be observed for chatcogenides where the partner element has occupied p-orbitals, starting
from the elements of the zinc group onwards to the right hand side of the periodic table of the
elements, also comprising the main group elements. These combinations are indicated by the
shaded bars in figures 21 to 36. As discussed in /Boer88/, Beryllium (Z=4) and Magnesium
(Z=12) also have to be included into this group. For these combinations an additional
stabilization due to the formation of exceptionally stable electronic structures, so called
"b'llouln zone effects", are commonly observed. The Medema Model neglects these effects.
Indeed, the major part of these combinations gives calculated values for the enthalpies of
fori-nation that are significantly less negative than the tabulated ones. Some of the most
prominent examples of this category are SiO.33QO.67 SI(14)Q2; Q = , S, Se), MO.4QO.6 M-1Q3
(M = A( 3, GaQ 1); Q = 0, S, Se, Te), Ga0.67Q0.33 (Ga(302Q (Q = , Se) and the Be, Mg
and Zn- monochalcogenides. This is an indication for the occurrence of the above mentioned
"brillouln zone effects". Hence, when such combinations are to be treated within the Medema
Model, one has to keep in mind that additional stabilization can occur and the calculations are
likely to underestimate the stability of such materials. The limited applicability of the
Miedema model to this class of materials is easily understood when we recall that many of
these combinations fall within the class of covalent materials. At this point, we have reached
one of the borderlines at which a metallic (Miedema) treatment comes to its limits.
A similar borderline is reached when we consider the chalcogenides of the alkaline metals,
LO), Na(l 1), K(I 9, Rb(37) and Cs(55). Within this class of compounds various chemical
bonding characteristics can be found ranging from typical ionic compounds such as the
alkaline oxides M20 to the mixed covalent and ionic bonding found in alkaline metal
polychalcogenides. Since these materials do not show metallic bonding we expect the
Miedema approach to be problematic. An additional problem in the description of alkaline
metal compounds arises because the Medema model does not incorporate any limitation of
the electron transfer from the electropositive to the electronegative partner. Therefore, the
stabilization upon "alloying", as calculated within the Miedema model, is simply based on
electronegativity equalization, whereas in reality the charge transfer in alkaline metal
compounds is limited by the fact that these metals, because of their electron configuration,
can only transfer a maximum of one electron per atom /Boer88/. Hence, charge transfer is
overestimated by the Medema model for this class of compounds. This effect is most
pronounced for compounds with extremely large electronegativity differences like the alkali
ox'des.
Based on these considerations, we do not expect a very good agreement of calculated and
tabulated values of enthalpies of formation. Indeed, as can be seen in figures 21 to 36, rather
large discrepancies between calculated and tabulated values can be observed for some of these
compounds.
In particular, the stability of alkaline chalcogenides of composition MO.67QO.33 M-2Q Q = ,
Se, Te, figures 22, 23 and 24) is underestimated. On the other hand the enthalpies of
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formation of the corresponding oxides (figure 21) is reproduced very well. We attribute thiis

result to the interplay of two different effects:
1. The stability of ionic compounds is generally underestimated by the Miedema model.
2. For the alkaline oxides this effect is compensated by the overestimation of electron transfer
discussed above.
For peroxides and polychalcogenides, where covalent interactions come into play, the first
effect looses importance. Therefore, for compounds such as MO-, (M = Na(l 1), K(19),
Cs(55), figure 25), M02 (M = Na(13), K(19), R(37), Cs(55), figure 33) and MS? (M =
Na(l 1), K(19), figure 34) the second effect dominates and the calculated heats of formation
are more negative than the tabulated values. This applies in particular to the peroxides.
Overall, we can state that Miederna calculations for the chalcogenides of the alkaline metals
do not give numerically very accurate results. Qualitatively however, the Miedema model still
yields sensible results for these compounds, i.e. strongly negative values for the enthalpies of
fort-nation. and therefore the formation of stable compounds.
Another systematic deviance between calculated and tabulated values, though not as
pronounced as the differences discussed above, can be found for the dchalcogenides of the
transition metals of groups 6 to 9 located in the fifth and sixth row, i.e. compounds of the type
MQ2 (M = Mo(42), Tc(43), Ru(44), Rh(45), W(74), Re(75), Os(76), lr(77)). While the
enthalpies of formation of the corresponding oxides are reproduced well, for the sulphides,
selenides and tellurides a systematic underestimation of the stabilities is observed. The
discrepancies increase throughout the homologous series MQ2 (Q = 0, S, Se, Te) in the order
0 < < Se < Te, as seen in figures 33 to 36. This effect has to be taken into account for the
estimation of the stabilities of the corresponding polonides. Our model calculations indicate
that the compounds MPo? (M = Mo, Tc, Ru, W, Re, Os) should be clearly unstable (figure
42). This is in agreement with the fact that such compounds could not be prepared so far. In
fact, no reaction has been observed between polonium and these metals /Gmel9O/; /Ersc74/;
/Eich86/; /Bagn83/. On the other hand, based on the above mentioned trends it has to be kept
in mind that these compounds might still be closer to the borderline of stability as is indicated
by the results of our calculations.

Figures 39 to 42 show values of enthalpies of formation for polonides of different
compositions calculated using our Miedema parameter set. As above, solid lines separate the
different rows of the periodic table of the elements. White bars indicate partner elements
without occupied p-states, whereas elements with a significant occupation of p-states, which
are candidates for "Brillouln Zone Effects" are represented as shaded columns.
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Figure 39: Calculated enthalpies of formation for one mole of polonides MO.67POO.33 vs. atomic
number of the metal M. White bars indicate combinations of a transition element with
polonium, whereas combinations of poloniurn with main group elements, where Bri'llouin
zone effects are likely, are symbolized by shaded bars.
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Figure 40: Calculated enthalples of formation for one mole of polonides MO.5POO.5 vs. atomic
number of the metal M. White bars indicate combinations of a transition element with
polonium, whereas combinations of polonium with main group elements, where Brillouin
zone effects are likely, are symbolized by shaded bars.
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Figure 41: Calculated enthalples of formation for one mole of polonides MOAPOO.6 vs. atomic
number of the metal M. White bars indicate combinations of a transition element with
polonium, whereas combinations of poloniurn with main group elements, where Brillouin
zone effects are likely, are symbolized by shaded bars.
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Figure 42: Calculated enthalpies of formation for one mole of polonides MO.33POO.67 vs. atomic
number of the metal M. White bars indicate combinations of a transition element with
polonium, whereas combinations of polonium with main group elements, where Brillouin
zone effects are likely, are symbolized by shaded bars.
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In the following sections we will discuss the stabilities of binary polonium compounds and its
relation to the position of the partner element within the periodic table of the elements. Figure
43 shows a representation of the periodic table, where both experimental nfort-nation on
binary systems and results of Miederna calculations are summarized. Each element symbol M
in this table represents a binary system M-Po. The boxes for the individual elements are
shaded corresponding to the experimental nformation available for the system. White boxes
represent systems where no investigations have been carried out. Boxes shaded with
horizontal lines symbolize systems, where the corresponding element has been found not to
react with polonium. Boxes shaded with vertical lines belong to systems, where a reaction is
observed, but the reaction product has not been identified unambiguously. There are a few
systems where evidence from literature is contradictory. These systems are shaded both
vertically and horizontally. Diagonally hatched boxes indicate systems where the reaction
product has been identified unambiguously by x-ray diffraction studies or at least a melting
point has been determined. An overview on experimental and theoretical studies performed
on these systems can be found in /GmeI90, Ersc74, Ech84, Ech86, Bagn83, Mkh78/ and
references cited therein. In addition, in each box we include the predicted enthalpy of
formation of equimolar ordered solid compounds as calculated with the Medema model using
equation 3), chalcogen parameters from table 32 and the parameters compiled in /Boer88/ for
all other elements.

Overall, we observe a good agreement between the results of our calculations and
experimental results. Poloniurn forms stable polonides with strongly electropositive metals,
I.e. the alkaline, alkaline earth and rare earth metals as well as the metals of transition group 4.
Polonides of the less electropositive transition metals of groups 5 tolO, the members of the
copper and zinc groups as well as polonides of the pblock metals are predicted to be much
less stable or even unstable in several cases. A more detailed discussion of the stabilities of
polonides for different groups of metals, based on our calculations and experimental evidence,
wiII be given in the next sections.
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Figure 43: Experimental nfori-nation and Miedema predictions of the stability of binary polonides throughout the periodic table of the elements.
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boxes are shaded as follows: white boxes = binary system not investigated; horizontally hatched boxes = no reaction is observed between the
respective element and polonium; vertically hatched boxes = reaction is observed, but the product is not well characterized; cross hatched boxes
= contradictory evidence from different literature; diagonally hatched boxes = reaction is observed, reaction product characterized by x-ray
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composition MO.5POO.5 calculated using the Miedema model are gven for each combination. The box for La(57) can be considered representative
for the complete lanthanide series.
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5.1.1. Alkaline Metal Polonides (Group I of the Periodic Table)

The only polonide of the alkaline metals which has been characterized is NaYo /Good52/.
Enthalpies of formation for the polonides of the alkaline metals MO.67POO.33 (N = Na(l 1),
K(19), Rb(37), Cs(55)) have been calculated based on an model /Kres62/. These
calculations typically yield enthalpies of formation of about 1 5 U/niole MO.67POO.33, whereas
the Mederna calculations give values of about 50 U/mole A possible reason for this
discrepancy has been discussed above. Overall, we conclude that the alkaline metals can be
assumed to form stable polonides.

5.1.2. Alkaline Earth Polonides (Group 2)

Polonides of composition Mo.5Poo.5 have been characterized for the alkaline earth metals M
Be(4), Mg(12), Ca(20), Sr(38) and Ba(56) /Witt6O/; /Ersc73/. Enthalpies of formation
calculated using the Mederria model agree well with values calculated by other methods (see
table B5) for all alkaline earth elements except Be. For this element, two factors have to be
taken into account:

1. Be belongs to the class of elements where b'llouln zone effects have to be expected,
and BePo is reported to crystallize in a structure (ZnS-type), where these effects are
known to play a major role.

2. During the development of the Medema model strongly different parameters have
been discussed for Be.

In conclusion, experimental evidence as well as calculations indicate that the alkaline earth
metals form stable polonides. In fact, according to our theoretical predictions, the heavier
alkaline earth metals Ca, Sr, and Ba are expected to form the most stable polonides of all
metals.

5.1.3. Polonides of Scandium, Yttrium and the Rare Earth Metals
(Group 3)

Many polonides of composition MO.5POO.5 and some of composition MOAP00.6 of the metals
Sc(21), Y(39) and La(57 - Lu(71) have been prepared and characterized /Kers66/; /Grov67/;
/Kers7O/; /Ersc73/; /Abak76/; /Abak86/. Both Miederna and ab initio calculations consistently
result in strongly negative heats of fon-nation of about - 1 20 kJ/mole for these compounds (see
Figures 40 and 41 as well as table B5). Therefore, tese polonides can be safely regarded as
very stable compounds, close to the stability of Ca0.5P00.5 and Sro.5POO.5 and slightly less stable
than Ba0.5P00.5-

5.1.4. Polonides of Titanium, Zirconium and Hafnium (Group 4)

All polonides of composition MO.5POO.5 (M = T422), Zr(40) and Hf(72)) have been prepared
and characterized by x-ray diffraction /Prok78/. In agreement with this fact our Miederria
calculations yield negative enthalpies of formation for these compounds. Compared to their
predecessors in the periodic table of the elements, i.e. Sc(21), Y(39) and La(57 - Lu(71), the
calculated heats of fori-nation are significantly less negative. Therefore, these compounds are
expected to be less stable with respect to the decomposition to the elements.
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5.1.5. Polonides of Vanadium, Niobium and Tantalum (Group )

For the systems V(23)-Po and N(4l)-Po there is no experimental evidence from literature,
whereas for the system Ta(73)-Po the nformation available from literature is contradictory. In
/Ersc74/ it is stated that reaction between Ta and Po occurs. On the other hand, no reaction
has been observed in other investigations up to 973K /Good52/; /Witte53/; /Witte6O/;
/Bagn7l/. Medema calculations on these systems result in slightly negative enthalpies of
formation (-5 to - U/mole, see table B5 and figures 39 to 42), whereas ab nitio calculations
based on an assumed NiAs-type structure give clearly positive values around 40 (V, Nb) to 76
(Ta) kJ/mole /this work/. Therefore, the situation within this group of metals is unclear.
Regarding the accuracy of the Miedema model the calculated negative enthalples of forination
cannot be regarded as a strong indication that such compounds exists. However, it can be
concluded that these compounds will not be exceptionally stable, if they exist at all.

5.1.6. Polonides of Chromium, Molybdenum and Tungsten (Group 6)

No reaction is observed between Po and Cr(24) /Abak77/; /Bagn83/, Mo(42) and W(74)
/Witt6O/; /Bagn71/. In complete agreement with these observations our Miederna calculations
give positive heats of formation for all these combinations indicating that these compounds
should be unstable with respect to the elements. The values for heats of formation get more
positive within the homologous series Ml-,Po, (M = Cr, Mo, W) with increasing atomic
number of the group 6 metal.

5.1.7. Polonides of Manganese, Technetium and Rhenium (Group 7)

While Mn(25) forins the compound Mno.R00.5, no reaction of the elements Tc(43) and Re(75)
with Po has been observed. The results of our Mlederna calculations agree very well with
these observations. For Mno.5POO.5 we calculate an enthalpy of formation of -13.3 U/mole,
while for Tc- and Re-compounds positive heats of formation are calculated.

5.1.8. Polonides of Iron, Ruthenium and Osmium (Group 8)

According to the literature polonium does not react with Fe(26), Ru(44) and Os(76) In
agreement with this fact we calculate positive heats of formations for these combinations
using the Miedema model. The calculated values increase ftom about 20 kJ/mole for iron
compounds to about 30 kJ/mole for Ru- and around 40 kJ/mole for Os-compounds.

5.1.9. Polonides of Cobalt, Rhodium and Iridium (Group 9)

According to the literature Co(27) does not react with Po up to II 73 K /Abak8O/. For Rh(45)
and Ir(77) there is no experimental evidence. The Miedema model gives positive heats of
formation for all three systems. Calculated values are in the range of 15 kJ/mole for Co-
compounds, around 4 kJ/mole for rhodium and at about 20 kJ/mole for iridium compounds.
Within the accuracy of the model the existence of Rh- and Ir-compounds cannot be
completely ruled out. On the other hand, it can be concluded that these compounds will not be
exceptionally stable, if they exist at all.
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5.1.10. Polonides of Nickel, Palladium and Platinum (Group 10)

Polonides of Ni(28) and Pt(78) have been synthesized and characterized by x-ray diffraction
/Good52/; \Vltt6O/. For Pd(46), reaction with Po is observed /Abak85/. Miedema calculations
result in enthalpies of forination of around 10 O/mole, 30 kJ/mole and 6 kJ/mole for N,
Pd, and Pt compounds. Within the limits of error this is in areement with the experimental
observations. All these compounds are not expected to be highly stable with respect to the
elements.

5.1.11. PolonidesofCopperSilverandGoid(Groupll)

According to /Witt6O/ Cu(29) reacts with polonjum, but the product has not been fully
characterized. The same holds for Ag(47), where a compound of composition A92Po has been
proposed /Witt6O/. Literature reports on the reaction of Po with Au(79) are contradictory.
According to /Good52/ Au does not react with Po between 773 and 973 K. However, a
reaction of Au with liquid Po is reported in /Witt53/, and a reaction of poloniurn vapor with
gold is observed according to /Wjtt6O/ and /Bagn7l/. From Medema calculations we obtain
enthalpies of formation of about 6 kJ/mole I kJ/mole and 15 kJ/mole for Cu, Ag, and Au,
respectively. Within the limits of accuracy of the model this agrees with the experimental
findings. The most stable compound within these systems is predicted for Ag, i.e. the system
for which compound fori-nation has been suggested.

5.1.12. Polonides of Zinc, Cadmium and Mercury (Group 12)

Monopolonides of Zn(30) /Good52/, Cd(48) and Hg(80) /Witt6O/ have been characterized.
Using the Miedema model we calculate enthalples of forination around kJ/mole for these
compounds. This should still be considered in agreement with experimental results taking into
account the accuracy of the model. Additionally, it has to be considered that these
combinations are prone to Billouin zone effects and hence an underestimation of the heats of
formation can be expected.

5.1.13. Polonides of Aluminium, Gallium, Indium and Thallium (Group
13)

Interaction of Po with A13) has been reported in /Ersc74/. Relatively unstable polomdes
have been reported for Ga(31) /Abak8O/ and In(49) /Ersc73, Abak8O/. The system T(81)-Po
has not been investigated so far. We calculate enthalples of formation of about 13 kJ/mole
for Al, 4 kJ/mole for Ga and 9 kJ/mole for In and T compounds in reasonable areement
with the experimental results. As in the preceding section, one has to keep in mind that
Brillouln zone effects might leed to an underestimation of the stability of these compounds
within the Miedema model. This also applies to the systems discussed in the following
sections. Based on these considerations reaction of Po with TI seems likely, though the
expected compound should not be exceptionally stable.
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5.1.14. Polonides of Silicon, Germanium, Tin and Lead (Group 14)

Silicon(14) does not react with polonium /Abak74b/. For Ge(32) the formation of an alloy at
1213 K, which decomposes at 1253 K, has been reported /Ersc73/. Sn(50)Po is reported to be
more stable. It forms at 643 K /Abak74b/ and decomposes at 943 K /PoII66/. Pb(82)Po has
been characterized by x-ray diffraction. It crystallizes in a NaCl-type structure. Overall,
experimental observations suggest the stability of polonides increases with increasing atomic
number of the metal within group 14. This 's reproduced by the calculated heat of formation
values obtained for S0.5P00.5 (46 kJ/mole) Geo.5POO.5 (25 U/mole) Sno.5POO.5 43 U/mole)
and Pb0.5P00.5 4 U/mole). Thus, we find the results of our calculations to be compatible with
the experimental observations. However, a possible underestimation of the stabilities of these
compounds because of Brillouin zone effects has to be taken into account. Since the enthalpy
of forination of PbPo (PbO.R00.5 in our notation) is of particular interest with respect to the
chemical behavior of polonium within the liquid Lead/Bismuth-Target in MEGAPIE, we try
to estimate this effect based on the systematic deviations of the results of Miederna
calculations for Pb-monochalcogenides compared to the experimentally determined heats of
formation. Experimental heat of fori-nation data is available for the members of the
homologous series PbO.5QO.5 (Q = 0, S, Se, Te). The enthalpy of formation of PbO.500.5

calculated based on the Miederna, Model almost exactly matches the experimental value (see
table 131, Appendix 13). For the heavier chalcogens (Q = S, Se and Te) the calculated heats of
formation for PbO.5QO.5 become systematically less negative, compared to the experimental
results (see tables BI to 134, Appendix 13). Therefore, we conclude that the heat of formation
of PbPo calculated using the Miedema model can only be regarded as an upper limit in an
estimation of this then-nochemical property. According to our evaluation of systematic
deviations we would estimate the actual value to be approximately 20 to 30 U/mole lower
than the Miederna value, i.e. in the region between 24 and 34 kJ/mole. This estimation is in
good agreement with results of quantum mechanical calculations, which yield -29.4 kJ/mole
(LMTO-method, see Appendix A) and 18.2 W/mole (PP-PW-method). Extrapolations of
heats of formation within homologous series PbO.5QO.5 (Q = 0, S, Se, Te, Po) as a function of
InA (A = atomic mass of the chalcogen) and ionic radius of the chalcogen lead to similar
results, i.e. 33.9 Urnole and 28.3 U/mole, respectively. Thus, we aive at a reasonably
accurate estimate of the enthalpy of fon-nation of solid PbPo. This quantity plays an important
role for the evaluation of the behavior of Po within the liquid metal target, e.g. detennination
of the solubility of Po in liquid metals in equilibrium with solid PbPo.

5.1.15. Polonium compounds of Phosphorus, Arsenic, Antimony and
Bismuth (Group 15)

Polonium compounds of P(15) and As(33) have not been prepared so far. Sb(51) has been
reported to form an alloy of composition Sb0.5P00.5 between 743 and 873 K, which
decomposes above 983 K /Ersc73/. B483) appears to forrn an alloy in which Bi and Po are
reported to be miscible in all proportions /Good52/. This is in good agreement with our
calculated enthalpies of formation. For P and As we obtain rather large positive values for
heats of formation. This indicates that the formation of such compounds is not very likely.
The calculated heats of forination for the Sb-Po (+4 kJ/mole) and Bi-Po systems (-3 U/mole)
however are compatible with the formation of alloys and complete miscibility. As pointed out
above for PbPo, the values for the 131-Po system have to be regarded as upper limits for the
enthalpies of formation because of Brillouin zone effects. A more detailed discussion of this
system, which is also of interest with respect to the liquid PbI31-target, will be given in a
following report.
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5.1.16. Polonium compounds of Oxygen, Sulphur, Selenium and Tellurium
(Group 16)

Polonium forms a stable oxide P002 (POO.3300.67), which crystallizes in a CaF-�-type structure
/Moul53/; /Mart54/; /Ba-n54/; /Abak74a/; /Abak78/. Enthalpy of formation values of 84
U/mole have been reported for this compound /Brew53/; /Latl52/; /Zhda85/. PoS has been
prepared by HS-precipitation from aqueous solution of Po-halogemdes /Bagn55/; /Bagn57/.
It decomposes at fairly low temperatures, i.e. 548 K. Selenium and tellurium compounds of
polonlum have not been prepared so far. Application of our Miedema parameters for the
chalcogens results in heats of formation of 80 U/mole for POO.3300.67 and 12.2 U/mole for
POO.5SO.5, in very good agreement with experiment. For the systems Po-Se and Po-Te we
obtain small positive values for enthalpies of formation. Therefore, no reliable predictions can
be made concerning the existence of such compounds.



73

5.2. Enthalpies of Solution of Chalcogens in Liquid Metals

The solubility of elements in liquid metals as well as their evaporation from molten metals is
of fundamental importance for the evaluation of processes expected to occur within liquid
metal targets. While for facilities like the ISOL targets the interest is focused on selective
release of specific nuclear reaction products, the main concern for the technological
development of liquid metal spoliation targets is related to safety issues, i.e. the release of
I ficant amounts of radlotoxic nuclear reaction products should be led out, or - f th'

gn ru I is not
possi - suitable getter mate 'als to bind these components have to be selected. /Eich99/
gives an analysis of the problems involved in construction and operation of such a spoliation
target from the physicochernical point of view. Subsequently, a simplified thermochernical
description of the solubility equilibrium is formulated for systems of two pure metals as well
as systems where the formation of a solid binary compound is observed. For both types of
systems the partial molar enthalpy of solution at infinite dilution of the solute in the liquid
metal solvent has to be nown to calculate solubilities using this model. In case of the
presence of a binary solid pase, its enthalpy of formation also has to be known. Since
literature data on partial molar enthalpy of solution at infinite dilution for the chalcogens is

'Table at all in the case of polonium, we here present values for this quantity
scarce, or not aval I I
calculated using the Miedema model. A detailed discussion of the solubility equilibrium will
be presented in a following report.

Tables 136 to B IO in Appendix B give a compilation of values for the partial molar heats of
solution of the chalcogens in liquid metals calculated using equation 4). Some data from
literature are given for comparison. For these data it has to be pointed out that their
comparison with calculated values is impeded by several facts. In some cases the reference
state of the metal and chalcogen (solid, liquid or gaseous) is not clear from the oginal
literature. Furthermore, literature data are given for vastly different temperatures and
sometimes only values for compositions far from infinite dilution can be found. In principle,
partial molar enthalpies of solution at infinite dilution can be calculated from phase diagrams.
However, there is a large uncertainty in these data, especially with respect to the composition
in the regions of low concentrations, which are of particular interest for determining quantities
at infinite dilution. Since a detailed evaluation and analysis of these data goes beyond the
scope of this pr 'ect, we only present a few data for comparison. Because of the problemsOi
mentioned above, most of these data should be regarded only as an indication of the order of
magnitude of the interaction of the two components. Cases, where the actual reference state
differs from the reference state of the elements used in the Miedema calculations (see section
4) are indicated in the tables.
For the systems Sn-Se, Sn-Te and Pb-Q (Q = S, Se, Te) the cited values do correspond to the
solution of liquid chalcogens in the liquid metal. Therefore, with respect to the choice of
reference state they should be comparable to Miedema calculations. However, the comparison
is sti 'II mpeded by the temperature dependency. The agreement between calculated and
experimental data is reasonable for these systems. This finding together with the fact that
these systems are chemically very similar to the systems of interest such as Pb-Po indicates
that the Miedema model can be regarded as a useful too] to predict the properties of these
systems. A detailed discussion of the solubility equilibrium however requires the knowledge
of the temperature dependency of thermochemical quantities and will be presented in a
following report.
Figures 44 to 48 show plots of the values of partial molar enthalpy of solution at infinite
dilution of the chalcogens in liquid metal vs. atomic number of the metal. Two main trends of
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periodicity can be observed within these plots, very similar to the trends of enthalpies of
formation of solid compounds:

- The most attractive interaction, indicated by strongly negative values of the partial
molar enthalpy of solution, is found between chalcogens and metals of group 2 to 4.
The remaining metals show less affinity to the chalcogens.

- Within homologous series MQ (Q = , S, Se, Te and Po) the interaction is most
attractive for solutions of oxygen. All combinations of metals with oxygen show a
negative partial molar heat of solution. The interaction successively becomes less
attractive when one proceeds to the heavier chalcogens S, Se, Te and Po. Finally, for
some combinations of metals with Te (Mo(42), Tc(43), Ru(44), W(74), Re(75)
Os(76)) and many metals with Po (all transition metals except for Pd(46)) we calculate
positive partial molar heats of solution. In a simplified view, for these combinations
low solubility or immiscibility is expected.
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Figure 44: Partial molar enthalples of solution of oxygen in liquid metals vs. atomic number
of the metal M calculated using equation 4).
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Figure 45: Partial molar enthalples of solution of sulphur in liquid metals vs. atomic number
of the metal M calculated using equation 4).
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Figure 46: Partial molar enthalpies of solution of selenium in liquid metals vs. atomic number
of the metal M calculated using equation (4).
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Figure 47: Partial molar enthalples of solution of tellurium in liquid metals vs. atomic number
of the metal M calculated using equation 4).
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These calculated values for the partial molar enthalpy of solution at infinite dilution can be
used to evaluate if the evaporation of a solved species from a molten metal solution, e.g. Po
from liquid Pb, is enhanced or impaired compared to the volatility of the pure component. As
explained in /Eich95/ te enthalpy change involved in the process of evaporation of a solute
A from a solvent metal into the monoatomic gaseous state (which is of particular interest
with regard to the behaviour of trace amounts of nuclear reaction products within a liquid
metal target) can be regarded as the difference of the enthalpy of component A in the
monoatomic gaseous state, H A (g), and the enthalpic effect of solution of component A in

liquid at infinite dilution, Aff""'A in B(l). Hence, we obtain for the partial molar enthalpy of

evaporation of A from infinite dilution in into the monoatomic gaseous state A.H" A n 

- V IAH A i B (1) =AH A (g - AH " A in B (16)

According to the sign and value of H""'Ai,,13(1) the process of solution leads to a

modification of volatility with respect to the pure element. For positive values of

AHsolv AinB(1) an increased volatility is expected, whereas a negative value indicates an

attractive interaction between components A and and hence a decrease of volatility. Values

of Aff'A in B (1) for all elements of the chalcogen group calculated using data for H A (g at

298 K taken from /Bari95/ are compiled in Tables B6 to B IO in Appendix B.

In figures 49 to 52 we show calculated values for partial molar enthalpies of evaporation of

the elements solved in some liquid metals at infinite dilution. As examples, metals that are

important with respect to liquid metal target technology are chosen, i.e. Pb, B1, Hg and Li. In

the diagrams partial molar enthalpies of evaporation for the elements according to their

atomic number Z are shown as columns. A solid line indicating their standard enthalpy in the

monoatomic gaseous state shows the volatility of the solvent metals. In case of Bi as the

solvent, the molar enthalpy of formation for /2131? is given since Bi as the macro-component is

known to forrn diatomic molecules in the gaseous phase. This line gives an upper limit for the

release of the solute without significant evaporation of the solvent.

The volatility of the pure elements is indicated by a solid square that corresponds to their

standard enthalpy in the monoatomic gaseous state. Although the chalcogens are known to

form homopolynuclear molecules in the gaseous state, we here give data for the monoatomic

state because at the very low concentrations of solute considered here with respect to the

expected concentrations of nuclear reaction products in a spailation target, the forination of

polyatomic species is unlikely. For Po the value derived in /EichO2/ is given.

These plots show how the volatility is influenced by the interaction with the solvent metal. In

cases, where both values are equal an ideal solution is expected. In cases, where the partial

molar enthalpy of evaporation is larger than the standard enthalpy of the pure component in

the monoatomic gaseous state, a decrease of volatility is expected. On an atomic level this

means that the attractive interaction of solved particles with particles of the solvent is stronger

than the interaction of solute particles amongst each other in the pure component. This can

lead to the result that elements, which in their pure state are more volatile than the solvent,

cannot be evaporated from the melt. These cases can be identified from the plots by columns

that extend above the solid line and standard enthalpies in the monoatornic gaseous state

(squares) that are located below the solid line corresponding to the evaporation enthalpy of

the solvent. One example is the release of Yb(70) from liquid lead.
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In contrast, for many combinations the opposite effect, i.e. an increase of volatility can be
found indicating that the interaction between like particles is favoured compared to the
interaction of unlike particles. Some examples are the solutions of many transition metals
(TI(22), V(23), Cr(24), Zr(40), Nb(41), Mo(42)) in liquid Li.
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Figure 49: Partial molar enthalpies of evaporation of elements according to their atomic
number Z from a Pb-melt at infinite dilution (columns) calculated using equation 16).
Squares: standard enthalpy of the pure elements in the monoatomic gaseous state. Horizontal
line: standard enthalpy of lead in the monoatomic gaseous state.
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Figure 50: Partial molar enthalpies of evaporation of elements according to their atomic
number Z from a B-melt at infinite dilution (columns) calculated using equation 16).
Squares: standard enthalpies of the pure elements in the monoatomic gaseous state.
Horizontal line: standard enthalpy of formation for 12 Bi,.
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Figure 5 1: Partial molar enthalpies of evaporation of elements according to their atomic

number Z from a Li-melt at infinite dilution (columns) calculated using equation 6).

Squares: standard enthalpies of the pure elements in the monoatomic gaseous state.

Horizontal line: standard enthalpy of lithium in the monoatomic gaseous state.
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Figure 52: Partial molar enthalpies of evaporation of elements according to their atomic

number Z from a Hg-melt at infinite dilution (columns) calculated using equation 16).

Squares: standard enthalpies of the pure elements in the monoatomic gaseous state.

Horizontal line: standard enthalpy of mercury in the monoatomic gaseous state.

Liquid lead (Figure 49) shows a strong influence on the volatility of alkaline 3, 11, 19, 37,

55), alkaline earth 4, 12, 20, 38, 56), Sc(21), Y(39), lanthanide 57-71), actinide 89-101) and

group 4 metals T22), Zr(40), Hf(72). The volatility of these elements is significantly

lowered in liquid Pb. For the transition elements of group to 9 which show low volatility as

pure elements, an increase of volatility is expected. However, the volatility of these elements

solved in liquid lead is still much lower than that of the solvent itself. The interaction with

Zn(30), Cd(48), Hg(80) and p-block metals such as Al(I 3, Ga(3 1), l(49)-Te(52) and T8 I)-

Po(84) is small.

Elements that can be released from liquid lead comprise Na(l ), Mg( 2, K(I 9, Zn(30),

Rb(37), Cd(48), Cs(55), Hg(80) and T(81). The interaction of liquid lead with polonium(84)

is expected to be small. According to our model calculations the partial molar enthalpy of

evaporation of polonium from liquid lead is 199 U/mole. The standard enthalpy of gaseous

monoatomic Po has recently been evaluated to be 189 U/mole /EtchO2/, while the standard

enthalpy of lead in the monoatomic gaseous state is 195 U/mole /Sams76/. Therefore, one can

expect a small reduction of the volatility of Po due to interaction with the solvent. Although

this effect may be within the limits of error of the Medema calculations, from our evaluation

of the systematic errors of formation enthalpies of solid lead chalcogenides calculated with

the Miedema model we conclude that the predicted lowering of volatility can be considered as

a minimum effect.

The interaction of liquid B and Hg with solved metals is very similar to that of liquid Pb as

can be deduced from figures 50 and 52. The higher volatility of the solvent drastically reduces

the number of metals which can be released from the melt without significant evaporation of

the solvent itself, i.e. only Hg(80) can be released from liquid B and no metal is more volatile

than Hg. For the interaction with polonium the effects are predicted to be even smaller than
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for lead. In case of liquid Bi as a solvent a partial molar enthalpy of evaporation of 196
U/mole is calculated for polonium. This should give rise to small decrease of volatility
compared to the pure element. It has to be pointed out that we discuss here the evaporation of
monoatomic polonium from liquid B. This process is most likely to be the relevant one for
the release of very small amounts of Po from a liquid metal, as expected in a spoliation target.
If one intends to discuss the separation of macro-amounts of Po from B by distillation, which
is used as a preparative process, one has to compare the enthalpy of forination of gaseous Bi-)
and Po,.
For a liquid Hg-solution a very small repulsive interaction is predicted, i.e.

(AH" P. i. Hg 1)= 1 8 7 U/mole).
A completely different situation is found for liquid lithium as a solvent (Figure5 1). Alkaline
and alkaline earth metals show almost no interaction. Repulsive interaction and hence an
increase of volatility is predicted for most transition metals. Strong attractive interactions
leading to a decrease of volatility is expected for the p-block elements N(7), P(15), S(16),
Ga(3 I)-Se(34), ln(49)-Te(52) and T8 I)-Po(84) as well as the noble metals Pd(46), Ag(47),
Pt(78) and Au(79).
Elements that can be released from a liquid Li-solution comprise Na(l 1), Mg(I 2), K(I 9),
Rb(37), Cs(55), Hg(80) and Es(99)-Md(IOI).

Figure 53 shows the periodicity of the partial molar enthalpy of evaporation for polonium
from liquid solutions of the elements. For comparison the standard enthalpy of polonium in
the monoatomic gaseous state, as determined in /EichO2/, is indicated as a horizontal line.
This plot emphasizes the capability of different metals to reduce the volatility of polonium.
The alkaline metals (LI(3), Na(l 1), K(I 9), Rb(3 7), Cs(55)), alkaline earths (Mg(l 2), Ca(20),
Sr(38), Ba(56)), the tnvalent metals Sc(21), Y(39), the lanthanides 57-71), actinides 89-101)
and the transition metals of group 4 (Ti(22), Zr(40) and Hf(72)) show a strong increase of the
partial molar enthalpy of evaporation with respect to the standard enthalpy of pure gaseous
monoatomic polonium. Therefore, a strongly reduced volatility from these materials is
expected. In contrast, for most of the transition metals of groups to 10 (V(23) to Ni(28),
Nb(41) to Rh(45), Ta(73) to Pt(78), with the exception of Mn(25) and Pd(46)) as well as for
As(33) and Au(79) an increase of volatility is predicted. For the remaining elements the
interaction with solved polonium and hence the influence on volatility is small. The latter
includes most of the materials of interest with respect to spallation targets, i.e. Hg(80), Pb(82)
and Bi(83). Only for LO), which has been discussed as one component for a liquid spallation
target, i.e. a83 Pb- 1 7Li eutectic a strong tendency to reduce the volatility of Po is expected
from our results. However, experimental results on the release of Po from lead-lithium
/Sch195/ and lead-bismuth /BuonO3/ do not show a significant difference within the limits of
error. This discrepancy could be explained by a strong interaction between lithium and the
second component of the target melt, lead. Indeed, the thermodynamic activity of Li in liquid
Li-Pb alloys is very small at concentrations around the eutectic /Beck8l/. However, according
to our calculations the interaction of Li and Po should still be stronger than that of Li and Pb.
Hence, the behaviour of the three components Li-Pb-Po still remains to be investigated.
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Figure 53: Partial molar enthalpies of evaporation of Polonium from liquid metals M(Z at
infinite dilution (columns) calculated using equation 16). Horizontal line: standard enthalpy
of gaseous monoatomic Polonium /EichO2/. Vertical lines separate the different rows within
the periodic table of the elements.

The results presented above allow for a qualitative assessment of the influence of chemical
interactions on the volatility of micro-components in a liquid metal solution. Such evaluations
can give a starting point for the development of technical procedures in the sense that they
indicate promising routes that can be followed and help to sort out procedures that are in
principle impossible. In this way, the number of experiments which are absolutely necessary,
such as measurements of activity coefficients of solved species in systems of special interest,
can be greatly reduced.
It has to be pointed out that the kinetics of the release processes is not included in this
treatment. Furthermore, the methods described above can only serve as a first approximation
with respect to the description of multi-component systems. In such an approach, one expects
that species with the strongest interaction (in tenns of their enthalples of solution) will
associate in the liquid.
From a practical point of view, getter-processes are of particular interest. In such processes a
volatile component (e.g. Po) is bound selectively and stable by another component, leading to
a decrease of its thermodynamic activity. The getter component for such a process should
have the strongest binary interaction with the component to be bound. From the results
described above La(57) can be expected to be a powerful getter material. For the development
of a technical process however, additional issues such as compatibility with the construction
materials, solubility and influence on the neutron balance have to be evaluated.
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5.3. Enthalpies of Solution of Chalcogens in solid Metals

Partial molar enthalpies of solution of the chalcogens in solid metals will be used for the
calculation of adsorption enthalpies for the chalcogens on metal surfaces and enthalpies of
segregation of trace amounts of the chalcogens within metal matrices in the following section.
In tables II to B 1 5, Appendix B; we present values calculated using the Medema model
(equation 4)). Since the results very much resemble those of the preceding section, a detailed
discussion is omitted. The periodicity of these values is demonstrated in figures 54 to 58.
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Figure 54: Partial molar enthalpies of solution of oxygen in solid metals at infinite dilution,

calculated using equation 4), vs. atomic number of the metal Z. Rows of the periodic table of
the elements are indicated by vertical lines.
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Figure 55: Partial molar enthalpies of solution of solid sulphur in solid metals at infinite
dilution, calculated using equation 4 vs. atomic number of the metal Z. Rows of the
periodic table of te elements are indicated by vertical lines.
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Figure 56: Partial molar enthalpies of solution of solid selenium in solid metals at infinite
dilution, calculated using equation 4 vs. atomic number of the metal Z. Rows of the
periodic table of the elements are indicated by vertical lines.
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Figure 57: Partial molar enthalpies of solution of solid tellurium in solid metals at infinite
dilution, calculated using equation 4), vs. atomic number of the metal Z. Rows of the
periodic table of the elements are indicated by vertical lines.
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Figure 58: Partial molar enthalpies of solution of solid polonium in solid metals at infinite
dilution, calculated using equation 4), vs. atomic number of the metal Z. Rows of the
periodic table of the elements are indicated by vertical lines.
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5.4. Systematics of the Adsorption Behaviour of Trace Level
Amounts of the Chalcogens

5.4.1. Model for the Calculation of Adsorption Enthalpies

An empirical model for the calculation of heats of adsorption of gaseous metals on solid metal
surfaces has been developed in /Eich79b/. This model has been specifically designed for the
description of the behaviour of radionuclides on a trace level. Under these conditions, i.e.
extremely low concentrations of the adsorbed species, an association of like particles is
improbable. Hence, the formation of molecules in the gas phase is unlikely. Similarly, no
interaction among the adsorbed particles is assumed. The corresponding process of adsorption
is the deposition of monoatomic gas phase particles on the surface of a metal at zero coverage.
These conditions are also appropriate for the treatment of the behaviour of nuclear reaction
products, which are formed at low molar concentrations in a liquid metal spoliation target. A
graphical representation of the thermochemical foundation of this model is shown in figure
59.
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Figure 59: Enthalpy diagram of the different states involved in the process of adsorption of
monoatomic and diatomic gaseous species on metal surfaces.
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According to the model two mechanisms of adsorption can be distinguished:

1) the adsorbed species is bound on the surface of the adsorbent metal
2) the adsorbed species is bound in the surface of the adsorbent.

From figure 59 it can be derived that the partial molar enthalpy of adsorption for the two
different mechanisms can be calculated as

AHods A on B AH 'A (g) + Affdsnet A on B (17)

and

Affads A in AH'A (g) + Affdsnet A in (18)

with:

Affads
A on/in B: partial molar enthalpy of adsorption of the gaseous monoatomic

element A on/in a solid surface of element at zero coverage
A.H 'A (g): standard enthalpy of element A in the monoatomic gaseous state

Affadsnet A on/in B partial molar net enthalpy of adsorption of A, with respect to the

standard state of A, on/in a solid surface of metal at zero coverage

The partial molar net enthalpy of adsorption at zero coverage represents the enthalpy effect of
the adsorption process with respect to the standard state of the adsorbed material (gaseous 0,,
rhombic sulphur, trigonal selenium and tellurium and a-polonium). After /Eich79b/ it can be
expressed as follows:

Affadsnet A on B(I = 0.6(AffsolvA in B(S) -(VA,,,/,/VB)Aff"' B) (I 9)

for mechanism I (adsorption on the surface), and

AHadsnet A in B 2 = 0. 9( AW01v A in B (S) -(VA,,110,/ VB) AH" B)

+ VA,'110,/ VB) AH sva' B (20)

for mechanism 2 (adsorption in the surface),

with:

AH SON A in B(s): partial molar enthalpy of solution of solid A in solid B at infinite

dilution

Aff vac B: enthalpy of vacancy-formation in element B
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AR wac B: enthalpy of formation of surface vacancies in element 
Y4.al/o i: atomic volume of element A in the alloy
VB: atomic volume of element 

Values for ffso"'AinB(s) can be calculated using the Miederna model. Values for the

chalcogens solved in solid elements are compiled in tables I I to B 1 5.
Values for the enthalpy of formation of vacancies within the bulk metals and in metal surfaces
can be obtained from the melting points of the metals using the following empirical relations:

AH"" B [eV] = 833* 1 0-4 T, /Gore74/ (21)

AR "' B [W/mole = 804* 10-2 T"

and

Affs"ac B [eV] = 594 10-4 T, /Bomz75/ (22)

Aff"" B [kJ/mole = 573 * 1 0-2 Till

T,,,: melting point of B [K]

The partial molar enthalpies of adsorption of monoatomic gaseous metals on metal surfaces at

zero coverage can then be calculated using the following equations:

AHads A on B (1) AHOA (g) + 0-6(Aff"I'A in B(S) _(VA",,"/VB) AHvac B) (23)

for mechanism I (adsorption on the surface), and

Affads A in B 2) = - H"A (g) + 09( Affs'l'A i B (S) 4VAalloylYB) Affvac B)

+ (YAa1Iy1YB) Affsva' B (24)

for mechanism 2 (adsorption in the surface),

Note: since the standard state of oxygen is molecular O,, for the calculation of Affads A on/in B

(equations 23 and 24) for gaseous monoatomic oxygen the standard enthalpy of monoatomic

gaseous oxygen corresponds to one half of the dissociation enthalpy of gaseous O'.

As a cterion to discriminate between the two mechanisms of adsorption a limiting value of

+50 U/mole for the partial molar enthalpy of solution at infinite dilution has been empirically

derived /EIch79b/. For combinations with Aff"IvA in B (S < 50 U/mole, where a (limited or

complete) miscibility in the liquid state or the formation of stable ntermetallic compounds in

the solid state can be expected, the adsorption in the surface of the metal is preferred. On the

other hand, for combinations with AIT SON AinB(s > 50 U/mole, where no compound
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formation in the solid state and immiscibility can be expected, the atoms of A are adsorbed on
the surface of B.

5.4.2. Calculation of net Enthalpies of Adsorption and Enthalpies of
Adsorption

In tables B I I to B in Appendix B we present the predicted mechanism of adsorption
derived from partial olar enthalpies of solution in solid elements at infinite dilution
calculated using the Medema model, partial molar enthalples of adsorption at zero coverage
and partial molar net enthalpies of adsorption at zero coverage of the gaseous monciatornic
elements of the chalcogen group on/in all solid elements that are covered by the Medema
model. Mledema parameters for the chalcogens are taken from table 32. Melting points of the
metals for the calculation of enthalpies of vacancy formation are taken from /HandO3/,
standard enthalpies of the elements in the monciatomic gaseous state from /Sams76/. For
cases, where the partial molar enthalpy of solution at infinite dilution is close to the limiting

value of +50 U/mole, both cases are considered. For cases with 40 U/mole < AffsolvA in B S)

< 50 U/niole values for the adsorption on the surface are given in brackets in addition to the

values for adsorption in the surface. Similarly, for cases with 50 U/niole < Affsol" Ain B S) <

60 U/mole, enthalpy values for the adsorption in the surface are given in brackets in addition
to the values for the adsorption on the surface.

Plots of the enthalpies of adsorption of the monoatomic gaseous chalcogens on surfaces of
solid elements arranged according to their atomic number are shown in figures 60 to 64.
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Figure 60: Plot of the partial molar enthalpies of adsorption at zero coverage of monoatomic
oxygen on surfaces of the solid elements B arranged according to their atomic number Z.
Successive rows of the periodic table of the elements are indicated by vertical lines. White
bars correspond to enthalples of adsorption in the surface, whereas shaded bars indicate cases,
where the adsorption is predicted to take place on the surface of the adsorbent material.
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Figure 61: Plot of the partial molar enthalpies of adsorption at zero coverage of monoatomic

sulphur on surfaces of the solid elements arranged according to their atomic number Z.

Successive rows of the periodic table of the elements are indicated by vertical lines. White

bars correspond to enthalpies of adsorption in the surface, whereas shaded bars indicate cases,

where the adsorption is predicted to take place on the surface of the adsorbent material.
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Figure 62: Plot of the partial molar enthalpies of adsorption at zero coverage of monoatomic

selenium on surfaces of the solid elements arranged according to their atomic number Z.

Successive rows of the periodic table of the elements are indicated by vertical lines. White

bars correspond to enthalpies of adsorption in the surface, whereas shaded bars indicate cases,

where the adsorption is predicted to take place on the surface of the adsorbent material.
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Figure 63: Plot of the partial molar enthalpies of adsorption at zero coverage of monoatomic
tellurium on surfaces of the solid elements arranged according to their atomic number Z.
Successive rows of the periodic table of the elements are indicated by vertical lines. White
bars correspond to enthalpies of adsorption in the surface, whereas shaded bars indicate cases,
where the adsorption is predicted to take place on the surface of the adsorbent material.
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Figure 64: Plot of the partial molar enthalpies of adsorption at zero coverage of monoatomic
polonium on surfaces of the solid elements B arranged according to their atomic number Z.
Successive rows of the periodic table of the elements are indicated by vertical lines. White
bars correspond to enthalples of adsorption in the surface, whereas shaded bars indicate cases,
where the adsorption is predicted to take place on the surface of the adsorbent material.
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The overall periodic trends in the enthalpies of adsorption of chalcogens on surfaces of the
solid elements very much resemble the strength of interaction between the partners already
deduced from the formation enthalpies of solid compounds and the partial molar enthalples of
solution. Within the homologous series of the chalcogen group the element that is most
strongly bound to surfaces of other elements is oxygen. For the heavier chalcogens S, Se, Te
and Po the enthalpies of adsorption successively become less negative. Therefore, all surfaces
with a strong affinity to polonium show an even stronger affinity to oxygen. This might lead
to a hindrance of polonlurn adsorption resulting from the formation of oxide layers.
Within single rows of the periodic table the strongest bonding is predicted for combinations of
the chalcogens with electropositive partner elements such as alkaline and alkaline earth metals
as well as the transition metals of groups 3 and 4 including lanthanides and actinides. For the
following groups to 7 the calculated heats of adsorption successively increase to less
negative values and then remain fairly constant throughout groups 7 to 10, with the exception
of a rather strong affinity predicted for surfaces of palladium and platinum to selenium and
tellurium. Following the transition series, the enthalpies of adsorption of chalcogens on
copper and zinc group metals as well as the elements of the main groups 13 to 16 tends to
become successively less negative. This trend is particularly well reflected in the values of
partial molar net enthalpies of adsorption tabulated in Tables II toB 1 5 (Appendix B) and
plotted in figures 65 to 69. These values represent the enthalpy change involved in a transition
of an element from its standard state into an adsorbed state in or on the surface of the
adsorbent material at zero coverage. As such, they represent a direct measure for the strength
of the interaction between the adsorbed species and the adsorbent material, while for the
enthalpy of adsorption the standard enthalpy of the adsorbed species in the monoatomic
gaseous state is of cr-ucial importance. In fact, for surfaces of the main group elements of
groups 3 to 6 the net enthalpy of adsorption tends to zero at least for the heavier chalcogens
Se, Te and Po indicating that the main contribution to the enthalpy of adsorption does not
result from strong interaction of the chalcogen with the substrate but from its tendency to
desublime and forrn a condensed phase.
The systematic trend of a decrease of attractive interaction between chalcogen and partner
element within the homologous series 0, S, Se, Te and Po also leads to the prediction, that
polonium is adsorbed on the surface of some metals such as Mo, Tc, Ru, W, Re, Os and Ir,
whereas for almost all other combinations of chalcogens with surfaces of the solid elements
adsorption in the surface is predicted. This leads to particularly negative values of the
adsorption enthalpy resulting from the fact that in this case no enthalpy of surface vacancy
formation has to be provided.
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Figure 65: Plot of the partial molar net enthalpies of adsorption at zero coverage of
monoatomic oxygen on surfaces of the solid elements arranged according to their atomic
number Z. Successive rows of the periodic table of the elements are indicated by vertical
lines. White bars correspond to enthalples of adsorption in the surface, whereas shaded bars
indicate cases, where the adsorption is predicted to take place on the surface of the adsorbent
material.
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Figure 66: Plot of the partial molar net enthalples of adsorption at zero coverage of
monoatomic sulphur on surfaces of the solid elements arranged according to their atomic
number Z. Successive rows of the periodic table of the elements are indicated by vertical
lines. White bars correspond to enthalpies of adsorption in the surface, whereas shaded bars
indicate cases, where the adsorption is predicted to take place on the surface of the adsorbent
material.
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Figure 67: Plot of the partial molar net enthalples of adsorption at zero coverage of

monoatornic selenium on surfaces of the solid elements arranged according to their atomic

number Z. Successive rows of the periodic table of the elements are indicated by vertical

lines. White bars correspond to enthalples of adsorption in the surface, whereas shaded bars

indicate cases, where the adsorption is predicted to take place on the surface of the adsorbent

material.
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Figure 68: Plot of the partial molar net enthalples of adsorption at zero coverage of

monoatornic tellurium on surfaces of the solid elements B arranged according to their atomic

number Z. Successive rows of the periodic table of the elements are indicated by vertical

lines. White bars correspond to enthalpies of adsorption in the surface, whereas shaded bars

indicate cases, where the adsorption is predicted to take place on the surface of the adsorbent

materials
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Figure 69: Plot of the partial molar net enthalpies of adsorption at zero coverage of
monoatomic polonium on surfaces of the solid elements arranged according to their atomic
number Z. Successive rows of the periodic table of the elements are indicated by vertical
lines. White bars correspond to enthalpies of adsorption in the surface, whereas shaded bars
indicate cases, where the adsorption is predicted to take place on the surface of the adsorbent
material.
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5.5. Adsorption and Desorption Behaviour of Polonium on Metal
Surfaces

In this section we will focus on the adsorption and desorption behaviour of polonium. We will
discuss the elementary processes involved in the adsorption and desorption of polonium.
Furthermore, we provide an overview of the literature on experimental work done so far on
the adsorption-desorption behaviour of polonium. We will conclude with an application of the
new Medema parameters derived for polonium, i.e. a calculation of adsorption enthalpies of
polonium on metal surfaces and a comparison of these values with experimental data and
calculated data from earlier literature.

5.5.1. Fundamental Types of Adsorption and Desorption processes

The behaviour of polonium on solid surfaces is of crucial importance with respect to its
transport and propagation within a liquid metal target system. The process of adsorption and
desorption depends ctically on the chemical state of polonlum as well as on the nature and
state of the solid surfaces, which are in turn strongly influenced by the nature of the
surrounding gas atmosphere. In this respect, the redox potential of the gas is important.
Therefore, the evaporation or deposition behaviour of poloniurn from/on a certain surface
cannot be derived solely from the evaporation properties of polonium itself. Quantities of
crucial importance for these processes are the temperature dependent equilibrium constants of
the elementary processes.
In principle, three different types of reversible adsorption processes can be distinguished
according to the underlying elementary process of deposition:

1. Adsorption under conservation of the chemical state of the gaseous species in
the adsorbed state, i.e. the state of the species is not changed during the
adsorption/desorption process, e.g.:

Po (g) '_+ Po (ads)

IL Dissociative adsorption, which can involve a change of oxidation state and
number of bonded partners, e.g.:

H-,Po (g) '_+ H, (g) + Po (ads)

or, as a special case:

1/2Po, (g) '-+ Po (ads)

III. Substitutive adsorption under participation of other species contained in the
system, e.g.:

POC14 ) + 20- () '-+ PoOCI, (ads) C12 )

Moreover, a number of additional surface reactions are possible, which would correspond to
extreme equilibrium dstributions or irreversible sorption processes under the temperature
conditions present in the target, e.g.:



97

Po (g) + 0 + CaO (s) '-* PoO,(ads)/CaO (s)

and

PoO,(ads)/CaO (s) +2H,- Po (g) + 2HO (g) + CaO (s)
- Po (g) + Ca(OH)2 (s) + HO(g)

One special case is the behaviour of the dmeric gaseous polonium molecule Po,. The
adsorption of this molecule can proceed via two different mechanisms, i.e. the dissociative

Po-, (g) '- 2 Po (ads)

or the molecular adsorption

Po, (g) -'+ Po,(ads).

The thermodynamic functions of state of these processes are extraordinarily different. A
then-nodynamic description of the adsorption equilibrium and a quantification of the
evaporation kinetics have to be based on the correct thermodynamic functions and variables
of state as well as their dependence on the concentration of poloniurn in the system.

For an estimation of the evaporation behaviour of polonium from solid surfaces a rough
approximation of the rate of desorption or the mean retention time of polontium atoms on the
surface can be derived.
The mean retention time of a particle on a surface can be expressed as a function of the
binding energy EB of the adsorbed particle to the surface (or the activation energy of the
desorption process ED) and the absolute temperature T according to equation 25):

= To exp(EDAT) =-,co exp(-AHd/RT) (25),

where the approximation results from neglecting the kinetic energy of the particle in the

desorbed state, which is included in the enthalpy of adsorption AH�'d,-

The decrease of surface concentration in a given interval of time can be expressed as follows

-d(y/dt = k = I /,co) exp(AHd "IR T) a (26)

with:

G: surface concentration

k: Boltzmann constant

R: universal gas constant

k,4: velocity constant of desorption reaction

t: time

E': activation energy of Desorption

H'd": adsorption enthalpy

T: mean retention time

TO: retention time constant

T: absolute temperature
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Under the assumption that the adsorbed particles oscillate in resonance with the adsorbent
metal a characteristic value for 'co can be derived for each metal /EichOO/. These relations do
not hold for desorption processes which involve chemical reactions.
Furthermore, these relations only hold under non-equilibnum conditions, i.e. when the
desorbed particles are lead away to a cold surface in a molecular flow, or are taken away in a
fast flowing career gas to a separate vessel. Thus, these relations correspond to an upper limit
of the desorption rate. Under equilibrium conditions in a closed vessel a re-adsorption of
particles that already have surpassed the activation energy of desorption will be observed.
This process of re-adsorption will increase with increasing pressure.
As can be seen from relation 25), at a given temperature and for a given operating time the
binding energy of polonium to the surface is of crucial importance for the lifetime of the
adsorbed state and hence for a stable fixation of polonium to a surface.

5.5.2. Experimental Investigations on the Adsorption-Desorption
Behaviour of Polonium at the Trace Level (Survey of Literature)

5.5.2.1. Single Step Evaporation Experiments

The deposition and evaporation characteristics of polonium on and from metal surfaces has
already been studied in an early period starting with the discovery of polonium and ending
before the beginning of world war 11. Table 34 gives an overview of the experimental
conditions and results of both evaporation and deposition experiments. For these experiments
it is highly probable that the amount of polonium used was small. Therefore, polonlum can be
regarded as being present in a ca'er-free state, i.e. for both phases - gaseous and adsorbed
Po - no Po-Po-interaction can be assumed. Under these conditions the enthalpy of adsorption
derived from desorption kinetics corresponds to the partial molar enthalpy of adsorption at
zero-coverage (first enthalpy of adsorption). From the viewpoint of elementary processes, the
matching process is the direct evaporation into the state of a monoatomic gas.

Table 34: Evaporation behaviour of Polonium on solid surfaces
(literature survey: single step processes)

Surface Atmosphere Temperature Duration Evaporation Reference

I C1 [min] of Po
Au Air 280 1 0 5 /Rona35/

380 10 50
600 1 0 -100

Au/Pd Air 780 1 0 50 /Rona35/
Au Vacuum 400 1.5 50 /Rona32/
Pt O' 400 1 0 5 /Rona35/

690 1 0 50
900 10 80

Pt Air -700 - -100 /Pane22/
Pt H, 20 - /Panel 3/
Pt co, 20 /Panel3/
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Surface Atmosphere Temperature Duration Evaporation Reference
I C1 [min] of Po

Pt N, 400 1 0 7 /Ron35/
630 1 0 50
850 10 85

Pt Vacuum 400 1.5 50 /Rona32/
Pt H, 900-1000 - - /Sani35/
Pt Vacuum 625 10 50 /Hoff35/

/Bone29/
Pd Air 780 1 0 50 /Rona35/
Pd H-) 20 - - /Panel3/
Pd co, 20 - - /Panel3/
Pd Vacuum 750 1.5 50 Rona32/
Ag Air 410 1440 15 /Schw34/

450 180 <1
500 2700 50

Ag H, 900-1000 - - /Cun31/
Cu Air 900 100 /Russ 1 4/
Cu - - - /Emel48/
N I Air 80-900 1 0 - /MakoW
NI H, 900-1000 - >90 /Rona28/

/RoII36/
/Curi3la/

Ni co - >90 /Rona28/
/RoII36/
/Cun3 I a/

NI N, - >90 /Rona28/
/Rol]36/
/Curi3la/

Ni co 600-1000 Short >70 Leco3 I /
/Curi3 I /

Ni CO, 600-1000 Short >70 Leco3 I /
/Cun3 I /

NI Vacuum 400 1 0 - /Bone27/
NI Vacuum 350 1 0 98 /Bone29/
NI H,,N,,Ar - - - /Leco3 I /

/Sani35/
Metall BF3 120 0 /Emel48/
Glass Air(l OTorr) 230 some measurable /Serv34/
Quartz Air 280 1 0 50 /Rona35/
Glass H, -190 - < I /Pane22/
Quartz H2 650 - -100 /Russl2/
Quartz H? 1000 - 100 /Szal39/
Quartz CO/CO, 600-1000 - >70 /Leco3 I/

/Curi3l/
B 12 S 3 Vacuum 700 - - /Curl 1 898/
Pitch- - 450-1150 - high /Shen86/
blende percentage 
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Surface Atmosphere Temperature Duration Evaporation Reference
I C1 [min] of Po [%]

210po/21 Air 700 - beginning /Rona28/
0Bi 900 - complete /Russ 4/

1100 - complete
2"'Po/2' H, 900 - complete /Russ 4/
0131

Regarding the influence of the composition of the gas atmosphere and the nature of the
adsorbent metals some qualitative conclusions can be drawn: Reductive gases like H2 or CO
enhance evaporation compared to air or oxygen. A similar but smaller effect can be observed
for inert gases, nitrogen or in a vacuum.
For a comparison of the influence of the different adsorbent metals on the evaporation
behaviour of polonium, all other influencing factors like temperature, pressure and gas
atmosphere have to be constant. Qualitatively, for the binding energies of polonium to
different metals the following order can be extracted from the results of desorption kinetic
measurements:

Pd > Au, Pt /Rona32/
Pt > Ni /Bone29/;/Hoff35/

An evaluation of the deposition temperatures taken from experiments on the deposition of
polonium on metal surfaces from the gaseous phase yields the following relative binding
energies:

PdPt>NICuAg /Pane13/

All of the results presented above are valid only for very low surface concentrations.

5.5.2.2. Multi-step Evaporation Processes

Because of the relatively high volatility of polonium, gas adsorption chromatography is a
suitable method for the experimental determination of adsorption enthalpies. This technique is
based on the delay in mass transport in a chromatography column caused by reversible (i.e.
multi-step) adsorption processes. These processes lead to a non-zero retention time with
respect to the carrier gas flowing through the column. The retention time depends on the
binding energy of the adsorbed species to the stationary phase and the temperature. In
columns with a temperature gradient (then-nochromatography a so-called "inner
chromatogram" is obtained since the mass transport decreases steadily with decreasing
temperature. The measurable quantity with respect to retention is the deposition temperature
which is defined by the position of the adsorbed species within the chromatography column
/Eich85/; /Eich79/; /Eich8l/.
In sothen-nal gas chromatography, the retention time, i.e. the time between entry of the
material to be adsorbed into the column and its exit from the column is measured. In online
experiments with short-lived species the half-life of the species is used as a measure for
retention /Gdgg85/. If the activity of the material released from the column is half of that
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entering the column the retention time equals the half-life of the species. From the retention
data enthalples of adsorption can be calculated using relations from the theory of gas
chromatography /Eich83/. Literature data obtained for polonium using metal columns and
different gas chromatographic techniques are compiled in table 35. The amounts of polonium
used in these investigations were very small. Therefore, the values obtained have to be
interpreted as partial molar enthalpies of adsorption at zero-coverage. These values are in
good agreement with the qualitative relations for the binding energies derived in 55.2.1., i.e.
one obtains the following relation for Aff d, po on different metal surfaces:

Ti > Pd > Pt > N = Au > Ag = Cu.

Table 35: Experimentally detennined adsorption enthalples of Polonium on metal surfaces at
zero coverage.

Metal Method Atmosphere Adsorption enthalpy Reference
[kJ/mol]

_Ti Thermochrornatography He -331 /Habe8O/
-Ni Thermochrornatography H') -220 /E1ch85/
Ni Thermochrornatography H2 -223 /E1ch85/

-182 /Eich76/
Cu Isothermal Gaschromat. He -181± 21 /G5gg85/
Cu Thermochrornatography He -157 /Eich79/
Cu Thennochrornatography H') -193 /Eich8l/

-160 /Eich76/
Cu Vacuum-Thermochrom. Vacuum -163 /Gdgg86/
Pd Isothermal Gaschromat. He -290±8 /Gdgg85/
Pd Desorption Kinetics Vacuum -302 /Rona32/
Pd Thermochrornatography H, -326 /Eich85/
Ag Isothermal Gaschromat. He -165±11 /Gdgg85/

Pt Isothen-nal Gaschromat. He -187± 21 /Gdgg85/
Pt Thennochromatography H, -196 /Eich85/
Pt Desorption Kinetics Vacuum -211 /Hoff35/
Pt Desorption Kinetics Vacuum -279 /Hoff35/
Pt Desorption Kinetics Vacuum -280 /Rona35/
Au Isothermal Gaschromat. He -224±11 /G5gg85/
Au Desorption Kinetics Vacuum -196 /Rona32/
Au Desorption Kinetics Vacuum 1-226 I/Rona32/
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5.5.3. Model Calculations on the Adsorption-Desorption Behaviour of
Polonium on Metal Surfaces.

5.5.3.1. Adsorption Enthalpies of Trace Amounts of Polonium on Metal
Surfaces

For extremely small amounts of polonium, when the association of polonium atoms is
precluded in the gaseous phase as well as in the adsorbed state, the partial molar enthalpy of
adsorption of polonium on metal surfaces at zero-coverage can be expressed as the sum of the
standard enthalpy of gaseous monoatomic polonium and the partial molar net enthalpy of
adsorption at zero-coverage on the solid metal surface (see figure 59). Here, the standard
enthalpy of gaseous monoatomic polonium deterinines the tendency of the polonium atoms in
the gas phase to form a condensed phase, i.e. pure solid polonium. The net enthalpy of
adsorption corresponds to the difference of interaction between Po atoms and the matrix metal
compared to the interaction between Po atoms within the pure, macroscopic solid phase. The
theoretical pnciples and the procedure used to calculate values for net enthalples of
adsorption have been discussed in section 54. 1. More details can be found in /Eich79b/.

Calculated values for enthalpies of adsorption of polonium on surfaces of some
technologically important metals have been published in literature /Ross84/, /Eich85/,
/Gme]90/. These values are compiled in table 36 together with the available experimental
results. For borderline cases, i.e. 40 U/mole < AHLS < 50 kJ/mol a second value for the
adsorption on the surfaces has been calculated. These values are given in brackets. These
calculations have also been perfon-ned using the Medema Model. However, the set of
Miedema parameters used for polonium in these calculations was based primarily on a fit to
the experimentally detennined enthalpies of adsorption of polonium on metal surfaces given
in table 35. Furthermore, the fitting procedure was based on a value for the standard enthalpy
of gaseous monoatomic polonium 144.6 U/niole), which meanwhile has been shown to be
inconsistent with other then-nodynamic data of polonium /EichO2/. Additionally, the RIP
parameter for the interaction of polonium with Cu, Ag and Au had to be changed /Ross84/
compared to the generally accepted Miedema values given in /Boer88/ to fit the experimental
results. Therefore, this old parameter set can be regarded as obsolete.
In this work, we carried out calculations based on the value for the standard enthalpy of
gaseous monoatornic polonium derived in /E1chO2/ from extrapolations of thermodynamic
properties within the chalcogen group 188.9 U/mole) and using the Medema parameters
derived in sections 3 and 4 (Table 32). The results of these calculations are also listed in table
36. They compare reasonably well with experimental results regarding the absolute values of
adsorption enthalples. The qualitative relations derived above for the relative strength of
interaction of polonium with different metal surfaces, i.e. T > Pd > Pt > Ni = Au > Ag = Cu,
are reproduced very well by our model calculations. This again validates the general
applicability of the Miedema parameters derived within this work.
Regarding the experimental data it must be pointed out that relatively large errors are not
uncommon in the determination of enthalpies of adsorption due to effects such as surface
contamination. This is reflected in the large spread of experimental data (see table 35). These
effects are most likely to occur for reactive metals like T, where a pure metal surface is
difficult to obtain. Indeed, we find the strongest deviation between calculated and measured
enthalpy of adsorption for this metal.
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Comparing the results of our calculations with those using the older parameter
/Ross84/;/Eich85/ set one finds a better agreement of the older results with the mean absolute
values of the experimental data. This is not surprising since the Medema parameter set for
polonium used in these calculations has been specifically designed to fit these experimental
values. It is however, as mentioned above, based on questionable then-nodynamic data for
polonium and a modification of some generally accepted Miedema constants.
Because of these facts and the relatively large uncertainties in the experimental data used to
derive the older parameter set /Ross84/;/Eich85/ we generally prefer the use of the parameter
set derived within this work. This coice is also supported by the fact that the qualitative
relation of the strength of interaction of polonium with metal surfaces derived from
experimental observations (T > I'd > Pt > Ni = Au > Ag = Cu) is reproduced better by the
calculations based on the parameter set derived within this work.
For the choice of suitable adsorber materials to catch polonium vapour, reactive
electropositive metals such as T or Zr show the strongest binding of polonium. However, it
has to be pointed out that these metals have an even stronger affinity to oxygen, so that a
selective adsorption of poloniurn in the presence of oxygen in the gas phase seems unlikely.
Unfortunately, this stronger affinity to oxygen compared to polonium is a general property of
all metal surfaces as can be deduced from a comparison of figures 60 and 64.

Table 36: Partial molar adsorption enthalpy of polonium on metal surfaces at zero
coverage (calculated and some experimental values)

Metal Adsorption Adsorption Adsorption Adsorption in Mean value of
on the in the surface on the surface the surface experimental
surface [kJ/mol] [kJ/mol] [kJ/mol] results
[kJ/mol] /Ross84/ /this work/ /this work/ [kJ/mole]
/Ross84/ /Gmel9O/ (References
/Gme]90/ see table 35)

Al -174.1 (-227.8) -167.8
Si -219.7 -260.7

-Ti -334.5 -397.8 -331
Fe -205.5 -286.5
Ni -249.5 (-325.6) -201.6 -208
Cu (-331.2) -177.8 -204.7 -171
Zn -172.8 -192.6

Ge -205.5 (-252.9) -179.0
Zr -444.5 -517.2
Nb -337.6 (-407.7) -286.4
MO -257.5 -327.4
Rh -273.2 -231.1
Pd -301.4 -327.1 -306
Ag (-231.9) -124 -212.8 -165
Cd -127 -206.7
Ta -430.8 -307.8
W -304.0 -354.3
Re -278.6 -341.9
Ir -263.2 -353.8
Pt -237.8 -255.0 -242
Au -199.6 (-254.6) -175.8 -211
Pb -157.1 -207.3
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5.5.3.2. Calculation of Enthalpies of dissociative Adsorption of Polonium on
Metal Surfaces

The influence of increasing concentrations on the adsorption of polonium on metal surfaces
has not been studied so far. With increasing surface coverage, the interaction of polonium
with the adsorbent metal is expected to decrease in analogy with the effects observed in case
of highly volatile species. When the concentration of polonium is sufficient for the fori-nation
of a nionolayer Q* 1014 polonium atoms per cm 2, 1.74* 107 Bq/CM2 210po) the process of
adsorption will change to a desublimation process. Therefore, the enthalpy of adsorption will
approach the value of the enthalpy of desublimation. Hence, the adsorbent metal looses its
individual, selective influence on the process of deposition and volatilisation.
In the concentration range intermediate between the above mentioned caier free state
(surface concentrations of around 1011 to 1012 atoMS/CM2 (5. I , 4Bq/cM2 ) and the
monolayer formation the probability of association of particles on the surface, i.e. the
formation of Po, molecules increases. This association is additionally favoured by diffusion
of particles on the surface. At temperatures close to desorption around 104 position changes

ible before desorption takes place. Hence, wth ncreasing surface concentration the
formation of polonium clusters is expected before a complete monolayer is formed.
At surface concentrations < 1011 to 1012 atoMS/CM2 dissociative adsorption is the most
probable process if Po,-molecules are dominant in the gaseous phase and the interaction with
the adsorbent metal is sufficiently strong. The state of polonium in the gaseous phase (dimeric
or monatomic) naturally depends on concentration and temperature.
Though no exact concentration limits can be given for the single steps involved in the
processes mobilisation-transport-deposition, it is plausible that the chances of association
increase if the interaction of adsorbed poloniurn atoms is stronger than the interaction with the
metal surface. Despite these uncertainties, it is useful to treat the process of dssociative
adsorption of polonium molecules on metal surfaces as an equilibrium reaction and to discuss
its thennochemical pinciples.
The chemical reaction of the dissociative adsorption process can be fon-nulated as

Po, (g) '- 2 Po (ads)

From figure 59 it can be seen that the enthalpy related to this process can be calculated as

AH dissads Po = 0.5 AH' P02(9) + AHadsnelpo = 05 ld's'Po, + AH dpo (27)

with:

AH diss.ads Po: enthalpy of dissociative adsorption of Po [kJ/mole Po]
A.H' Pojg): standard enthalpy of formation of the gaseous Po,-molecule (from solid Po)

[kJ/mole Pofl
AHds,,epo: partial molar net enthalpy of adsorption of monatomic Po at zero coverage

[kJ/mole Po].
AH diss Po,: dissociation enthalpy of the gaseous Po,-molecule [kJ/mole Po?]
AH dspo: enthalpy of adsorption of monoatomic Po [kJ/mole Po]

In table 37 calculated values for net enthalpies of adsorption of polonium on metal surfaces
'led together with values calculated for the enthalpy of dssociative adsorption forare compi I I
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the different modes of adsorption (on or in the surface). For borderline cases, i.e. 40 k/mole <
AHLS < 50 kJ/mol a second value for the adsorption on the surfaces has been calculated.
These values are given in brackets. For A.H' Po-,(g) the value of 166.3 U/mole determined in
/Elch02/ has been used.
For the periodic trends generally the statements made for the adsorption of monoatomic
polonium also hold for the process of dissociative adsorption. In particular, the most negative
values of adsorption enthalpies are calculated for polonium on surfaces of group 3 and 4
metals. This follows directly from equation 27), which indicates that the enthalpy difference
between the dissociative adsorption of Po, and adsorption of monoatomic Po is given by 0.5
times the value of the dissociation enthalpy of the gaseous Po, molecule. Consequently, if the
concentration of polonium in the gas phase is sufficient for the fori-nation Of P02 molecules,
the enthalpy required for the desorption of polonium from a metal surface is lowered
compared to the case of desorption of monoatomic Po.

Table 37: Partial molar net adsorption enthalpy and partial molar enthalpy of dissociative
adsortion of polonium on metal surfaces at zero coverage (calculated using
equation 26)

Metal net enthalpy of net enthalpy of Dissociative Dissociative
adsorption on adsorption in adsorption on the adsorption in the
the surface the surface surface [kJ/mol] surface [kJ/mol]
[kJ/mole] [kJ/mole]

Al (-38.9) 21.1 (-122.1) -62.1
Si -71.8 -154.9
Ti -208.9 -292.1
Fe -97.6 -180.8
Ni (-136.7) -12.7 (-219.8) -95.9
Cu -15.8 -98.9
Zn -3.7 -86.8
Ge (-64.0) 9.9 (-147.1) -73.3
Zr -328.3 -411.5
Nb (-218.8) -97.4 (-301.9) -180.5
MO -138.5 -221.6

Rh -42.2 -125.3
I'd -138.2 -221.3
Ag -23.9 -107.1
Cd -17.8 -100.9
Ta -118.9 -202.1
W -165.4 -248.5
Re -153 -236.1
Ir -164.9 -248.0
Pt -66.1 -149.3
Au (-65.7) 13.1 (-148.8) -70.0
Pb -18.4 -101.6
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5.6. Segregation Behaviour of Trace Amounts of the Chalcogens in a
solid Metal Matrix

Generally, the terin segregation is used for the process of formation of a new solid phase from
a homogeneous solid mixed phase. In the context of the description of the behaviour of
nuclear reaction products at very low concentrations within a metal target system we use the
terin segregation for the surface enrichment of a micro-component that has been originally
statistically distributed within the metal matrix. Because of the extremely low concentration
of the micro-component, the forination of a new phase is precluded. Therefore, the process of
surface enrichment can be regarded as the transition of the micro-component from the state of
solution within the solid matrix at infinite dilution to the state of adsorption at the surface of
the matrix metal at zero coverage. Consequently, the enthalpy of segregation can be
calculated as the difference of the partial molar net enthalpy of adsorption at zero coverage
and the partial molar heat of solution at infinite dilution, i.e.

AHseg adsnet - IPo (1 = Aw PoonMetal(l)- AHsovPoinMetal(s) (28)

for adsorption on the surface and

AH seg ffadsnet 01V
Po 2 = /� Po on Metal 2 - AH s Po in Metal (s) (29)

for adsorption in the surface.

The enthalpy of segregation can be regarded as a major contribution to the dving force for

the transport of matenial from the metal matrix to the surface. Therefore, it can be used for an

estimation of the distribution of a micro-component between bulk and surface of a metal

matrix and the possibility of thermal release of the micro-component. On the other hand, it

does not allow the prediction of the kinetics of such a release process or the temperatures

needed for such a process. It only determines the direction of transport of the micro-

component within the metal matrix, in case the conditions for diffusive transport are given.

The second component of the driving force of the transport process is the entropy change

associated to this process, which dominates at high temperatures. Since this quantity depends

strongly on the element combination and is difficult to predict, the formulation of a generally

applicable cterion for the prediction of the direction of mass transport is difficult. As a

limiting cnitenon, it has been proposed /Eich97/, that for enthalpies of segregation

< 50U/mole it can be assumed that the process of surfaces enrichment upon thermal

treatment is favoured.

We calculated enthalpies of segregation for all combinations of solid matrix elements with the

elements of the chalcogen group using equations 28) and 29). For these calculations the

choice of the adsorption mechanism was based on the value of Aff "1"Chalcogen in Metal (s) as

discussed in section 54. The results are compiled in tables II to 15 in Appendix B. The

periodicity of the segregation enthalpies of the chalcogens in matrices of the elements is

illustrated in figures 70 to 74, where the segregation enthalpies are plotted against the atomic

number of the matrix element.
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Figure 70: Plot of the partial molar enthalpies of segregation of oxygen within a matrix of a
solid element M, arranged according to the atomic number Z of element B. Successive rows
of the periodic table of the elements are indicated by vertical lines. White bars indicate
combinations where the micro-component is predicted to be bound in the surface of the

matrix, whereas shaded bars indicate cases, where the micro-component is predicted to be
bound on the surface of the matrix material. For values below the line drawn at 50 kJ/mole a

surface enrichment process can be assumed.
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Figure 71: Plot of the partial molar enthalpies of segregation of sulphur within a matrix of a
solid element M, arranged according to te atomic number Z of element B. Successive rows
of the periodic table of the elements are indicated by vertical lines. White bars indicate
combinations where the micro-component is predicted to be bound in the surface of the

matrix, whereas shaded bars indicate cases, where the micro-component is predicted to be
bound on the surface of the matrix material. For values below the line drawn at 50 kJ/mole a

surface enrichment process can be assumed.
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Figure 72: Plot of the partial molar enthalpies of segregation of selenium within a matrix of a
solid element M, arranged according to the atomic number Z of element B. Successive rows
of the periodic table of the elements are indicated by vertical lines. White bars indicate
combinations where the micro-component is predicted to be bound in the surface of the
matrix, whereas shaded bars indicate cases, where the micro-component is predicted to be
bound on the surface of the matnx material. For values below the line drawn at 50 k/mole a

surface enrichment process can be assumed.
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Figure 73: Plot of the partial molar enthalpies of segregation of tellurium within a matrix of a

solid element M, arranged according to the atomic number Z of element B. Successive rows

of the periodic table of the elements are indicated by vertical lines. White bars indicate

combinations where the micro-component is predicted to be bound in the surface of the

matrix, whereas shaded bars indicate cases, where the micro-component is predicted to be

bound on the surface of the matrix material. For values below the line drawn at 50 U/mole a

surface enrichment process can be assumed.
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Figure 74: Plot of the partial molar enthalpies of segregation of polonium within a matrix of a

solid element M, arranged according to the atomic number Z of element B. Successive rows
of the periodic table of the elements are indicated by vertical lines. White bars indicate
combinations where the micro-component 's predicted to be bound in the surface of the
matrix, whereas shaded bars indicate cases, where the micro-component is predicted to be
bound on the surface of the matrix material. For values below the line drawn at 50 U/mole a
surface enrichment process can be assumed.

From figures 70 to 74 it becomes clear that the tendency for segregation of the chalcogens in
solid matrices of the elements successively increases in the order < < Se < Te < Po.
While for oxygen no segregation at all is predicted except for solution in carbon, there are
several cases, where a tendency for segregation is predicted for polonium solved in solid
metals. Within sngle rows of the periodic table the strongest tendency for segregation is
predicted for combinations the chalcogens with the transition metals of groups 6 to 9 with the
exception of manganese. For the chalcogens in matrices of the main group elements of the p-
block (groups 13 to 16, e.g. Pb, BO generally values close to zero are calculated indicating no
significant trend for segregation. Thus, from the results of our calculations there is no
indication of a tendency for polonium to be enriched in the surface of a pure solid Pb or Bi
matrix. It has to be stressed however that a surface enrichment via a chemical reaction of
polonium with another target component and subsequent enrichment of the reaction product at
the surface is possible as well. This type of process is beyond the scope of our model
calculations. For the selection of a suitable getter material for polonium it is necessary to find
a material with strongly negative heat of adsorption of polonium. In addition, a large positive
enthalpy of segregation enhances the retention of Po. While the metals of groups 2 to 4 fulfil
these requirements, the possibility of a selective adsorption of Po in presence of oxygen Is
improbable as outlined in the preceding section.
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6. Conclusion

A consistent parameter set has been developed for the treatment of the elements of the
chalcogen group within the framework of the Medema model. These parameters have been
shown to fit well into the general trends within the periodic table of the elements.
Using this parameter set enthalpies of forination of solid chalcogemdes as well as partial
molar enthalpies of solution of the chalcogens in liquid and solid metals, partial molar
enthalpies of evaporation of the chalcogens from some important metals, partial molar
enthalples of adsorption of the chalcogens on metal surfaces at zero coverage and partial
molar enthalpies of segregation of trace amounts of the chalcogens in solid metal matrices
have been calculated. The calculated values have been compared to literature data, where
aval0able.
These results of these evaluations demonstrate that the enthalpy effects involved in the
formation of solid ordered chalcogenides and the solution of chalcogens in liquid and solid
metals can be described with reasonable accuracy using the Medema Model and the
parameters developed in this work. In particular, the calculations of formation enthalpies of
polonides do not show any serious deviation from experimental results. Hence, we feel
confident that missing experimental data can be predicted with sufficient accuracy using this
method.
This will allow the evaluation of a sequence of stabilities of polonides and subsequently the
selection of representative compounds, which can be used to dscuss important reactions that
are likely to occur in the multi component system of a liquid lead bismuth spallation target.
These evaluations will be presented in a following report.
Furthen-nore, the results of the calculations will be used for the layout of experiments
concerning the release of polonium from a lead bismuth eutecticum. Model calculations will
facilitate the choice of suitable element additions for a simulation of spallation product
behaviour as well as the interpretation of the results.
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Appendix A: Procedures for ab-initio Calculations

Extensive ab-initio studies were performed to determine properties of materials - sometimes
in a hypothetical state - that have subsequently been used to derive a Medema-parameter set
for the elements of the chalcogen group. These properties include metallic radii r12, atomic
volume V, electron density at the Wgner-Seitz cell boundary n,, work function E, and the
enthalpy of formation of tellurides and polonides. Two different theoretical approaches have
been used, both based on the well-established formalism of density functional theory using
the Local Density Approximation (LDA) /Hohe64/; /Kohn65/. Programs used are the freely
available codes TB-LMTO-ASA (Version 47) /MpisO3/, which uses the Tight-Binding Linear
Muffin Tin Orbitals method within the Atomic Sphere Approximation /Ande75/; /Ande8l/;
/Ande84/; /Ande85/; /Ande86/; /Skri84/; Nowa9l/, and the abinit code (version 33.2)
/GonzO2/; /AblnO3/, which is based on a Pseudo-Potential Plane Wave approach /Payn92/.
This code relies on an efficient Fast Fourier Transform algorithm /Goed97/ for the conversion
of wave functions between real and reciprocal space, on the adaptation to a fixed potential of
the band-by-band conjugate gradient method /Payn92/ and on a potential-based conjugate-
gradient algorithm for the determination of the self-consistent potential /Gonz96/. The
pseudopotentials have been generated thanks to te FH198PP code /Fuch99/.
The Medema model deals with the interaction of different metals. For the derivation of
parameters for semi- or non-metallic elements empirical corrections have been taken into
account to "promote" these elements into a hypothetical metallic state. We propose here to
use ab-initio calculations to determine properties of the elements in this hypothetical metallic
state as the most straightforward route to these properties. The elements of the chalcogen
group belong to the "main group" elements of the periodic table. Therefore, to get a
consistent description of the proper-ties of tese elements in a (sometimes hypothetical)
metallic state, calculations have been perforined on nearly all main group elements in face
centred cubic structures (fcc). For elements that do not exist in a metallic form under ambient
conditions these calculations can be considered as one of the most sophisticated methods to
derive physical properties in this hypothetical metallic state.
The results of these calculations are in general sensitive to some crucial parameters. These
include the set of basis functions (cut-off energy for the Plane Wave basis set) the choice of
pseudo-potentials (for the PP-PW method) as well as k-space sampling and the type of
exchange correlation potential used. In general, to obtain reliable results one would have to
study the convergence of the total energy while increasing cut-off energy and number of k-
points as well as optimising the choice of pseudo-potential and exchange correlation potential.
To perform such a convergence study for all main group elements and a substantial number of
transition metals and their binary tellurides and polonides is clearly beyond the scope of this
pr 'ect. Therefore, we chose the following route to guarantee the reliability of the results:
Choice of Pseudo-Potential: There are two sets of pseudo-potentials which are available for
most of the elements of the periodic table, i.e. Troullier-Martins /Troul9l/ and Hartwigsen-
Goedecker-Hutter /Hart98/ pseudo-potentials. We performed calculations on elements in c
structures to determine metallic radii using both types of pseudo-potentials. Since the
agreement with tabulated data was slightly better for the Hartwigsen-Goedecker-Hutter type
pseudo-potentials we chose to stick with this type of pseudo-potentials within this work.
Choice of exchange correlation potential: Because of the limited time available we simply
chose the Teter Pade parametenisation of the exchange correlation potential within LDA
/Goed96/, which is used as a default in the abinit code, for the PP-PW calculations. For the
LMTO calculations the von Barth-Hedin local exchange correlation potential is used /Bart72/.
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Since the results of the calculations are in agreement with experimental results (where
available) we conclude that this approach is ustified.
Energy cut-off and number of k-points: For PP-PW calculations convergence studies on
some elements of the second row (e.g. oxygen) and the 3d transition metals (e.g. nickel) have
been performed. These elements are known to require a relatively high cut-off energy to
converge /Payn92/. The values for cut-off energy and number of k-points determined in this
study have then been additionally increased to ensure the reliability of our calculation. This
approach increases computing time but drastically reduces the amount of work that has to be
invested in convergence studies.
For the LMTO-calculations only the number of k-points used has been varied. Since LMTO
calculations are relatively fast in many cases the highest possible number of k-points, which
results fTom limitations on memory, has been used.
Detailed information on the choice off cut-off energy and k-point set will be given in the
following subsections.
For heavy elements like Pb, B and Po, PP-PW calculations including spin-orbit coupling
have also been performed. With respect to the properties discussed here (metallic radii, atomic
volume, electron density at the Wigner-Seitz cell boundary, work function and the enthalpy of
formation of tellurides and polonides) no significant differences were found in calculations
with and without spin-orbit coupling.

A.1. Determination of metallic Radii and atomic Volume

TB-LMTO-ASA calculations have been performed for many of the main group elements in a

face centred cubic structure, space group Fm�m (No. 225). 897 k-points in the irreducible
part of the Bllouln zone have been used for all these calculations.
The values for metallic radii given in table 2 were determined from series of calculations,
where the lattice constant of the cubic unit cell was varied. The calculated total energy was
then plotted against lattice constant. The minimum of this curve was detern-iined using 3d
order polynomial fit, giving the equilibrium lattice parameter. From this value, metallic radii
as well as the atomic volume can easily be calculated.
The pseudo-potential plane wave method (PP-PW) allows the optimisation of unit cell
parameters. In these calculations the minimum of total energy can be found by an automatic
routine based on interatomic forces, i.e. the derivative of the energy with respect to the lattice
constant. Compared to the LMTO method this automatic procedure considerably reduces the
amount of work. On the other hand, the computation time requirements are much higher.
For systems such as elements of row 2 and 3d metals, where a large cut-off energy for the
plane wave basis set is needed, 16 Ha (I Ha = 2 Ryd = 27.2113961 eV) has been suggested as
a reasonable value for the cut-off energy /Payn92/. This is consistent with some test
calculations we performed on nickel and oxygen in an f structure. The treatment of bulk
elements in simple structures like fe (one atom per primitive cell, high symmetry) is not very
demanding with respect to computational resources and we want to make absolutely sure that
our results can be considered converged with respect to cut-off energy. Consequently, we use
values for the cut-off energy of 45 Ha throughout our calculations on bulk f elements.
Convergence studies on nickel and oxygen indicate that a set of 60 k-points within the
irreducible part of the first Brilloum zone, arranged in a 4x4x4) Monkhorst-Pack grid
/Monk76/ is sufficient to reach convergence in total energy less then 01 mHa and lattice
parameter to less then 0.01 pm. To ensure convergence for all other calculations of bulk fe
elements we increase the number of k-points used in these calculations to 85.
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Calculations of this type directly yield equilibrium lattice parameters for which the total
electronic energy is minimized. From these lattice parameters values of metallic radii r2

(table 2 and atomic volume (table 23) can be calculated directly.
Calculations on barium in an fcc structure could not be brought to self consistency. Therefore,
no results for Ba are given in tables I and 2.

A.2. Determination of the Electron Density at the Wigner-Seitz Cell
Boundary

The spatial dstribution of electron density can be calculated from the results of the self-
consistent calculations described in A.I. For an evaluation of the electron density at the
Wigner-Seitz cell boundary n, we determined the electron density at the point halfway
between two nearest neighbours in the fcc structure, i.e. the position 14, 4, 0) in the face

1/3centred unit cell. Values of n, converted to d.u., are compiled in table .

A.3. Determination of Work Function

According to /Schu74/ the work function of a metal can be calculated as the difference of the
electrostatic potential far from the surface considered and the fermi level of the metal. To
simulate a "metal" surface, self-consistent calculations employing the PP-PW method can be
performed on elongated supercells of the elements in fcc structures, where a certain part of the
layers of "metal" atoms are replaced by vacuum layers Meth9l/; /FaII99/ (for an introduction
to slab calculations see also the abinit tutorial on www.abinit.org). From the results of these
calculations the electrostatic potential in the middle of the vacuum region, i.e. midway
between to metal slabs, and the ferml level of the metal slab can be determined. The work
function can then be calculated as the difference of these two quantities. Naturally, such an
approximation to a metal surface becomes more realistic with increasing number of atom and
vacuum layers. Therefore, the accuracy of these calculations increases with increasing size of
the supercell. However, such an increase of the system size also leads to a drastic increase of
computer power needed. Therefore, a compromise has to be made with respect to the number
of layers and computing time, which also influences the choice of parameters such as number
of k-points used and cut-off energy.
Within this work calculations were performed on supercells of the main group elements in fcc
structures (except barium, see section A.I.). These supercells describe close packed slabs of
atoms and vacuum layers stacked along the crystallographic I 00], I I 0] and I I I directions
of the corresponding face centred cubic structure. The lattice constant of the underlying face
centred cubic structure has been taken from the results of the self-consistent PP-PW
calculations described in section A. 1. The relation of the supercell to the oginal face centred
cubic cell as well as the number of atom and vacuum layers used to simulate the different
surfaces are compiled in table Al.
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Table Al: Supercells used to construct a model for different metal surfaces, based on a face
centred cubic unit cell with lattice parameter ao.

Surface Supercell Space Group No. of Metal No. of Vacuum
of Supercell Layers Layers

(100) P41nmm 2 20
'12V2 ao, '12V2 a(, 16ao

I I 0) 1/2N12 ao, ao, 8 Ni2 ao Pinmn 2 20

(I I I '/2,r2 ao, 2-2 a P�m I 1 2 24

2 3 a,), y = 1 20-

No relaxation of the surface layer atoms was taken into account to reduce the amount of
computer resources needed. Since these calculations are still demanding from a computational
point of view, the cut-off energy of the plane wave basis set had to be reduced to 20 Ha in
general. This values is still above the value discussed to be necessary for converged results for
second row and 3d transition elements /Payn92/. For oxygen and nitrogen however,
convergence has not been reached using this value. Therefore, the energy cut-off was
increased to 35 and 30 Ha for tese calculations. For the lighter chalcogens S and Se the cut-
off energy had to be increased to 25 and 22 Ha, respectively. For Po a value of 30 Ha has
been used since we are particularly interested in its properties. A set of 12 k-points arranged
in a two-dimensional 2x2 Monkhorst Pack grid has been used for all elements except for Po,
where a set of 20 k-points was applied to increase accuracy. From the results of these
calculations the electrostatic potential in the vacuum region midway between adjacent metal
slabs has been determined as well as the ferrm level. Work functions have then been
calculated as the difference of these quantities for the individual crystal surfaces (I 00), (I IO)
and (I I 1. From these we determine "powder" work functions compiled in table 9 and plotted
in figures and 6 by calculating the weighted average of the (I 00), (I IO) and (I I ) values,
taking into account the relative frequency of occurrence of these crystal faces.

AA Determination of Enthalpies of Formation

The total energy E, calculated by self-consistent ab-initio quantum mechanical calculations
like PP-PW and TB-LMTO-ASA corresponds to the free energy F of the system.

E = F (Al)

This quantity is related to the internal energy U and the enthalpy H by the following relations:

F= U- TS (A2)

H=U+pV (A3)
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with:

F: Helmholtz free energy
U: internal energy
T: thermodynamic temperature
S: entropy
H: enthalpy

and hence

H=F+ TS+pV (A4)

For condensed phases at ambient or low pressures the pV-ten-n can be neglected /Kitt84/;
/Bert98/. Furthen-nore, the temperature dependent term tends to cancel out in the free energy
differences between condensed phases /Bert98/, which are treated within this work.
Therefore, we can directly derive enthalpy differences between different condensed phases

from the results of total energy calculations, i.e. A.H = AF.
Enthalpies of formation of solid metal tellurides and polonides are then evaluated as follows:
First of all, total energy values have to be calculated - using the ab Initio methods discussed
above - for the elements in their standard state, i.e. the pure solid metals in their actual crystal
structure as well as tigonal tellurium and a-polonium.
As a second step, the total energy is calculated in a similar way for the solid telluride or
polonide, respectively. Naturally, this requires that the crystal structure is either known, or
reasonable assumptions on crystal structure can be made to predict the stability of a hitherto
unknown compound.
The enthalpy of formation is then calculated by subtracting the total energy values of the
elements in their standard state from the total energy of the compound, i.e. for the forination
of a compound AB_, from the elements A and by the reaction

xA(s) + yB(s) - AxB,(s) (A5)

we obtain

AH I A, Bv (s) H(AxB,) - xH(A) - yH(B)

F(AxBv) - xF(A) - yF(B)
E,(AxB,) - xEt(A) - yEj(B) (M)

For the calculation of total energies based on the PP-PW method we generally applied cut-off
energies equivalent to those used for the calculations on fcc metals (section A. 1.), i.e. 45 Ha.

For compounds crystallising in face centred cubic NaCl-structures (space group Frn_�rn a set
of 85 k-points within the irreducible part of the bri'llouin zone was used. Compounds
crystallising in a exagonal NiAs-type structure (space group P63/MMC) were treated with a

set of 459 independent k-points and for compounds crystallising in a trigonal CdI2-tYPe

structure (space group P � m I ) a set of 768 independent points was used. For the structures of
polonides see for example /Grne9O/ or /Ersc74/. For elements and compounds, where
magnetic effects are known or expected, i.e. elements of the 3d transition metal series and te
lanthamdes as well as their compounds, spin-polanzed calculations were performed to
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account for these effects. Some calculations were perfon-ned, where the lattice parameters
were allowed to converge to their equilibrium values within the cycles to self-consistency.
This type of calculation proved to be problematic for the non-cubic systems, where self-
consistency could not be reached for some cases. We therefore decided to check whether it is
sufficiently accurate to derive enthalpies of fori-nation from total energy values calculated for
the elements and compounds using their experimental lattice parameters. Since the differences
in calculated enthalpies of fori-nation between calculations with and without optimisation of
the lattice parameters are small (typically 23 O/mole A-,Bx) we concluded to use the
approach based on the experimental lattice parameters for most of our calculations. However,
this approach naturally precludes the treatment of hypothetical compounds, since for a
reasonable prediction of stability of such a material the convergence to the equilibrium
structure is absolutely necessary.
PP-PW calculations for elements with f-electrons, i.e. the lanthanides and their compounds
proved to be problematic. Many of these calculations could not be brought to convergence.
Unfortunately, a substantial part of the known and characterised polonides is fori-ned by the
lanthamde metals. We therefore concluded to determine enthalpies of formation for these
compounds based on total energy values calculated using the LNITO-method. For these spin-
polarised calculations convergence studies with respect to the number of k-points have been
performed for each element and compound. In these studies the number of k-points was
successively increased until a sufficient convergence of the total energy has been reached.
Convergence to at least 0. I mHa 026 kJ/mole) was considered sufficient for the
determination of enthalples of formation.
Enthalpies of formation obtained in this manner are compiled in tables 29 and 30 for
tellurides and polonides, respectively. The agreement between calculated and tabulated values
for the tellurides proves the validity of our approach.
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Appendix B: Numerical Values of Thermochemical Data

Table B: Enthalpies of formation of solid binary oxides. Calculated values H'fcal,) are
obtained using equation 3). For oxygen, the parameters derived within this work have been
used (table 32). All other Miedema parameters have been taken from /Boer88/. Literature data
(A.H fi,) have been taken from /Boer88/ unless otherwise indicated. If more than one
modification exists, only values for the most stable modification are given.

Partner Element Composition Ml-.,O, AH fal, [kJ/mole] AWLit [kJ/mole]
Ag 0.3333 -106.4 -10.00

-10.377 a
-10.35 Ob

0.5000 -144.2
0.6000 -143.3
0.6667 -130.3

Al 0.3333 -103.6
0.5000 -139.1
0.6000 -137.0 -335.00 (corund.)

-335. 138a

-335.1 38'

0.6667 -123.7

Am 0.3333 -238.3

0.5000 -346.0
0.6000 -365.5 -3 8.080b
0.6667 -345.1 310.733'

As 0.3333 -62.4

0.5000 -88.6

0.6000 -92.8 -131.00

-131.540a

-131.394 b

0.6667 -88.0

0.7143 -82.1 -132.286 a

-132.124'

Au 0.3333 -70.8

0.5000 -97.8

0.6000 -99.4 -1.00

-0.686 a

-0.669'

0.6667 -92.0

B 0.3333 -23.9

0.5000 -36.0

0.6000 -34.1 -254.00

-254.700a

-254.387 b

0.6667 -29.8
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Partner Element Composition MI-.,O, AH-Icalc [kJ/mole] AHfLiI [kJ/mole]
Ba 0.3333 -179.7

0.5000 -273.3 -277.00
-274.000a

-276.772 b

0.6000 -311.8

0.6667 -309.3 -211.00
-211.43 a

-211.431 b

Be 0.3333 -57.4

0.5000 -64.8 -299.00
-304.700a

-304.177 b

0.6000 -57.8

0.6667 -49.0

Bi 0.3333 -72.2

0.5000 -107.4

0.6000 -119.3 -114.00

-I 15.602a

-1 14.776'

0.6667 -118.7

Ca 0.3333 -183.8

0.5000 -273.8 -317.00
-31 7.460a

-317.545 b

0.6000 -294.2

0.6667 -275.1 -220.00

-219.660a

Cd 0.3333 -94.6

0.5000 -131.0 -128.00

-129.704 a

-129.495 b

0.6000 -130.6

0.6667 -118.1

Ce 0.3333 -227.8

0.5000 -338.1

0.6000 -368.9 -364.00
-359.940a

-359.23 8b

0.6324 -367.9 -366.00
-366.1 00a

0.6466 -364.0 -365.00

-365.176 a

0.6667 -357.5 -363.00

-363.467 a

-362.892 b
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Partner Element Composition Mi-,O, A.Hfcj, [kJ/mole] AH-fLit [kJ/mole]
Co 0.3333 -112.7

0.5000 -144.4 -119.00
- 18.972'

0.5714 -142.7 -129.00
- 30.003'

0.6000 -139.1
0.6667 -124.4

Cr 0.3333 -150.7
0.5000 -194.4
0.6000 -187.8 -226.00

-228.120a
-238.740 b

0.6667 -168.3 -194.00
-193.85 ga
- 99.298'

0.7059 -152.6 -173.00
-174.25 a

0.7241 -148.2 -161.00
-162.5 99a

0.7500 -134.2 -145.00
-145.2 89a

-147.381'
Cs 0.3333 -114.2 -106.00

-115.5 o0a
-115.325 b

0.5000 -173.9 _I I 0.000a
0.6000 -206.9 -113.00

-104.014 a
-104.014 b

0.6667 -214.1 -106.00
-95.395 b

Cu 0.3333 -117.0 -57.00
-56.867"
-56.902 b

0.5000 -146.1 -78.00
-77.900a

-78.031 b
0.6000 -137.0
0.6667 -120.3

Dy 0.3333 -232.0
0.5000 -339.9
0.6000 -363.3 -373.00

-372.540a
-372.620'

0.6667 -346.2
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Partner Element Composition MI-,O, A.H.1calc [kJ/mole]__AH fLit [kJ/mole]

Er 0.3333 -233.4
0.5000 -340.7
0.6000 -362.4 -380.00

-379.5 80a

-379.572'

0.6667 -344.00
Eu 0.3333 - 79.9 (Eu(Il))

- 1 66.3 (Eu(Ill))
0.5000 -270.0 (Eu(Il)) -295.000a

-291.7 (Eu(Ill))
0.6000 -295.6 (Eu(Il)) -345.00

-327.7 (Eu(Ill)) -331.5 80a

-332.544'

0.6667 -319.4
Fe 0.3333 -126.6

0.5000 -163.8 -136.00
-136.022 a
-136.022 b

0.5136 -164.2 -I 35.083a

-136.759 b

0.5714 -162.5 -160.00

-1 60.128a

-159.769 b

0.6000 -158.6 -165.00

-164.6003
-164.850

0.6667 -142.4

Ga 0.3333 -101.4

0.5000 -140.5

0.6000 -141.9 -217.00

-218.200a

-217.819'

0.6667 -130.3

Gd 0.3333 -230.7

0.5000 -339.6

0.6000 -365.7 -363.00

-367.9002

-365.380'

0.6667 -350.5

Ge 0.3333 -55.8

0.5000 -87.1

0.6000 -90.9

0.6667 -85.0 -193.00

-193.30 la

-193.301 b
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Partner Element Composition M-,0, A.Hfc,,,, [kJ/mole] AH fLit [kJ/mole]
Hf 0.3333 -243.9

0.5000 -346.8
0.6000 -362.2
0.6667 -342.1 -371.00

-371.867 a
-381.581 b

Hg 0.3333 -81.9
0.5000 -115.6 -45.00

-45.440a

-45.395'
0.6000 -117.8
0.6667 -108.2

Ho 0.3333 -230.7
0.5000 -337.5
0.6000 -360.1 -376.00

-376.22 Oa

-376.142 b
0.6667 -342.6

In 0.3333 -95.4
0.5000 -137.8
0.6000 -145.4 -185.00

- I 84.600a
- 1 85.15 8'

0.6667 -137.6
Ir 0.3333 -83.3

0.5000 -113.3
0.6000 -114.4
0.6667 -105.6 -80.00

-83.123 a
-80.891,

K 0.3333 -119.4 -121.00
-120.567 a
- 20.499'

0.5000 -181.9 -124.00
-110.75 Oa

-123.847 b
0.6000 -206.2
0.6667 -191.5 -94.00

-94.533 a
-94.837 b

La 0.3333 -226.3
0.5000 -337.1
0.6000 -370.1 -359.00

-358.840a
-358.740'

0.6667 -360.8
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Partner Element Composition MI-.,0, A.H-fc,,, [kJ/mole] -- AH-fLit [U/mole]
Li 0.3333 -157.6 -200.00

-199.293 a
-199.577

0.5000 -188.3 -158.00
-158.1253
-158.155'

0.6000 -154.8
0.6667 -126.8

Lu 0.3333 -236.0
0.5000 -342.9
0.6000 -362.4 -376.00

-375.6403
-375.640 h

0.6667 -342.3
Mg 0.3333 -139.2

0.5000 -191.8 -301.00
-300.8003
-300.620'

0.6000 -188.2
0.6667 -167.8

Mn 0.3333 -163.2
0.5000 -210.2 -192.00

-192.61 a

-192.61 I'
0.5714 -208.0 -198.00

-198.083 a
-198.257'

0.6000 -202.8 -191.00
-191.376 a
-191.800'

0.6667 -181.6 -173.00
-173.343 a
-1 73.343 b

0.7778 -128.4 -81.00
MO 0.3333 -153.0

0.5000 -208.4
0.6000 -209.9
0.6667 -193.8 -196.00

-196.433 a
- 96.313'

0.7500 -158.1 -186.00
-1 86.150a
- 1 86.272'
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Partner Element Composition M/-.,O., AH-fcalc [kJ/mole] -- AH fLit [W/mole]
Na 0.3333 -127.8 -139.00

-139.327 a
- 39.327'

0.5000 -184.9 -128.00
-128.302 a
-128.302'

0.6000 -177.8
0.6667 -148.2 -87.00

-86.888'
Nb 0.3333 -211.8

0.5000 -292.7 -204.00
-209.827'

0.6000 -298.0
0.6667 -276.3 -265.00

-264.987a

-264.987 b

0.7143 -254.8 -272.00

-271.362 a

-271.362 b

Nd 0.3333 -229.3

0.5000 -338.7

0.6000 -366.7 -362.00

-361.660a
b

-361.581

0.6667 -353.1

Ni 0.3333 -105.3

0.5000 -135.0 -120.00

-119.85 Oa

-119.851 b

0.6000 -130.0

0.6667 -116.3

Np 0.3333 -229.3

0.5000 -338.7

0.6000 -366.7

0.6667 -353.1 -358.000a

-343.088,

Os 0.3333 -91.8

0.5000 -124.5

0.6000 -125.1

0.6667 -115.2 -98.00

-98.333 a
-98.324 b

0.8000 -76.9 -79.00

-78.820a

-78.820'
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Partner Element Composition MI-,O., AH fIc [kJ/mole] -- AH fLi, [kJ/mole]

P 0.3333 -20.4
0.5000 -34.7
0.6000 -36.8
0.6667 -34.6
0.7143 -32.1 -213.00

-215.007a
-214.995'

Pb 0.3333 -74.5
0.5000 -110.3 -110.00

-109.3 00a
-109.701 b

0.5714 -119.6 -105.00
- I 02.669a
-102.669 b

0.6000 -121.6 -98.340a
0.6667 -120.1 -90.00

-91.490a
-91.490b

Pd 0.3333 -88.2
0.5000 -120 .7 -56.00

-57.73 ga
-57.739 b

0.6000 -122.4
0.6667 -113.4

PM 0.3333 -232.0
0.5000 -342.1
0.6000 -369.5 -362.000a
0.6667 -355.0

Pr 0.3333 -229.2
0.5000 -339.0
0.6000 -367.6 -365.00

-361.920a
-361.933 b

0.6324 -365.8 -345.00
-351.456 a
-342.631 b

0.6466 -361.5 -338.00
-331.668a
-333.066 b

0.6667 -354.5 -325.00
-316.450"
-316.45 Ob
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Partner Element CompositionM1,0, .-AHfc,,,,[kJ/mole] AH.'Lit [kJ/mole]
Pu 0.3333 -241.1

0.5000 -336.6 -282.420'
0.6000 -345.2 -334. 000a

-343.088'
-359.824 b

0.6667 -321.6 -352.00
-351.933 a
-351.944'

Rb 0.3333 -117.2 -110.00
-112.667 a
- 13.000'

0.5000 -178.8 -102.5 Ooa

0.6000 -208.7 -105.00
0.6667 -205.1 -95.00

-93.033 a
-92.885 b

Re 0.3333 -105.7
0.5000 -144.0
0.6000 -145.2
0.6667 -133.9 -144.00

- I 46.900a

-149.64 8b

0.7500 -109.7 -153.00

-147.277 a

-147.277 b

0.7778 -98.1 -139.00

-140.35 Oa

-140.35 Ob

Rh 0.3333 -93.0 -32.00

0.5000 -125.6 -45.00

0.6000 -125.9 -77.00

-71.12 8a

-71.12 8b

0.6667 -115.6

Ru 0.3333 -92.3
0.5000 -124.3
0.6000 -124.3
0.6667 -114.0 -102.00

-101.67 1 a
-101.67 1 b
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Partner Element Composition MI_,O., AH-1calc [kJ/mole] A.HJLit [kJ/mole]
Sb 0.3333 -69.0

0.5000 -101.8
0.6000 -111.5 -142.00

- I 41.709a

-144.061'
0.6667 -109.6 -158.00

-151.252'
0.7143 -104.5 -139.00

-138.843 a
- 38.843'

SC 0.3333 -239.6
0.5000 -339.8
0.6000 -348.8 -381.00

-381.72 Oa

-381.764'
0.6667 -322.6

Se 0.3333 -35.7
0.5000 -50.8
0.6000 -53.5
0.6667 -51.0 -75.00

-75.1673
-75.117 b

-St 0.3333 -52.0
0.5000 -83.2
0.6000 -86.0
0.6667 -79.7 -304.00

-303.567 a
-303.61-9'

Sm 0.3333 -230.6
0.5000 -339.8
0.6000 -366.3 -362.00

-365.42 Oa

-365.481 b
0.6667 -351.4

Sn 0.3333 -86.0
0.5000 -126.1 -143.00

-140.355 a
-142.885 b

0.6000 -136.8
0.6667 -133.4 -194.00

- I 92.543a

-193.60 8b
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Partner Element Composition MI-,O, A.H falc [kJ/mole] AHfLj, [kJ/mole]
Sr 0.3333 -178.0

0.5000 -269.6 -296.00
-295.5 00a

-296.018 b

0.6000 -302.7
0.6667 -294.8 -211.00

-211.153 a
-211.153'

Ta 0.3333 -210.9
0.5000 -291.4
0.6000 -296.7
0.6667 -275.1
0.7143 -253.7 -292.00

-292.714 a
-292.282'

Tb 0.3333 -232.0
0.5000 -340.5
0.6000 -365.0 -373.00

-373.040a
-373.045'

0.6324 -361.7 -350.00
-354.8479
-350.4 job

0.6441 -359.4 -342.314 b
0.6466 -356.4 -340.00

-336.394 a
0.6667 -348.6 -324.00

-323.842 a
-323.842'

Tc 0.3333 -99.4
0.5000 -135.0
0.6000 -135.9
0.6667 -125.2 -144.00

-144.348a

- 1 44.348'
0.7500 -102.4 -135.00

-134.934
-134.934 b

0.7778 -91.5 -124.00
- I 23.846a

-1 23.846 b

Te 0.3333 -53.0

005000 -78.1

0.6000 -85.5

0.6667 -84.1 -108.00

-108.267 a

- 1 07.808'
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Partner Element Composition M/-,O., A.H fIc [W/mole] -- AH /J, [kJ/mole]
Th 0.3333 -247.0

0.5000 -366.1
0.6000 -402.3
0.6667 -395.6 -409.00

-408.8 00a

-408.805'
TI 0.3333 -228.7

0.5000 -313.4 -260.00
-269.86 8a

-271.332'
0.6000 -316.3 -304.00

-304.177 a
-304.177'

0.6250 -308.4 -307.393a

-307.393 b

0.6364 -304.8 -309.502 a

-309.502 b

0.6667 -291.5 -315.00

-314.667 a

-314.916 b

TI 0.3333 -85.8 -56.00

-56.345a

-56.345 b

0.5000 -125.3

0.6000 -134.1 -78.00
-77.400a

-78.91 ob

0.6667 -128.4

Tm 0.3333 -233.4

0.5000 -340.0

0.6000 -360.6 -378.00

-377.732 a

-377.732 b

0.6667 -341.4

u 0.3333 -230.6

0.5000 -324.8

0.6000 -336.1

0.6667 -315.2 -362.00

-361.667 a

-361.633 b

0.6923 -304.8 -347.00

-347.077 a

-346.982 b

0.7273 -278.4 -325.00

-324.982 a

-324.983 b

0.7500 -262.7 -308.00
-305.95 Oa

-305.746'
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Partner Element Composition MI,0, AHfcaIc [kJ/mole] AHf�jt [kJ/mole]
v 0.3333 -187.5

0.5000 -247.4 -215.00
-215.400a

-215.894'
0.6000 -242.6 -245.00

-243.760 b

0.6667 -219.5 -239.00
-238.767 a
-237.860'

0.7143 -199.9 -223.00
-221.57 a

-221.513 b

w 0.3333 -139.3
0.5000 -190.9
0.6000 -193.3
0.6667 -178.7 -197.00

-196.654 a
-196.564 b

0.7312 -156.1 -210.00
-209.987 b

0.7436 -151.5 -210.00
-210.273'

0.7475 -146.8 -211.00
-210.848 b

0.7500 -146.8 -211.00
-210.727 a
-210.727 b

y 0.3333 -230.7
0.5000 -339.6
0.6000 -365.7 -381.00

-381 OOOa,

-381.062 b

0.6667 -350.5
Yb 0.3333 - 1 83.6 (Yb(11))

-205.9 (Yb(Ill))
0.5000 -272.1 (Yb(11))

-319.1 (Yb(Ill))

0.6000 -289.5 (Yb(11)) -363.00
-343.2 (Yb(Ill)) -362.920a

-362.903 b

0.6667 -268.7 (Yb(11))
-326.6 (Yb(III))

Zn 0.3333 -102.2
0.5000 -130.5 -174.00

-175.25 Oa

-175.230 b

0.6000 -122.1
0.6667 -106.7
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Partner Element Composition MI-,O, AH./calc [kJ/mole] AH.fLi, [kJ/mole]

Zr 0.3333 -256.7
0.5000 -366.4
0.6000 -384.2
0.6667 -363.7 .- 366.00

-366.7673
-365.821'

'/Land99/
'/Bari95/
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Table B2: Enthalples of formation of solid binary sulphides. Calculated values Hfc,,,,) are
obtained using equation 3). For sulphur, the parameters derived within this work have been
used (table 32). All other Miedema parameters have been taken from /Boer88/. Literature data
(A.H fi,) have been taken from /MI1174/ unless otherwise indicated. If more than one
modification exists, only values for the most stable modification are given. Errors on the last
digits are given in brackets (where available).

Partner Element Composition Ml-.,S_, AH./'calc [kJ/mole] AHfLit [kJ/mole]
Ag 0.3333 -44.9 -10.53(14)

-10.93 Oa

-10.864 b
0.5000 -53.5
0.6000 -49.2
0.6667 -42.7

Al 0.3333 -41.2
0.5000 -48.5 -132(21)
0.6000 -44.2 -145(30)

- I 29.700a
-144.800 b

0.6667 -38.2
As 0.3333 -13.9

0.5000 -17 .7 -36(5)
-17.012 a
-16.841'
-35.564 b

0.6000 -16.9 -33(4)
- 8.5 40a

-33.472 b
0.6667 -15.1

B 0.3333 34.6
0.5000 29.7
0.6000 24.5 -50(2)

-50.45 ga

-50.45 9b

0.6667 20.3 -35(7)
Ba 0.3333 -140.5

0.5000 -203.8 -222(6)
-235 .000a

-230.120b

0.6000 -213.0
0.6667 -198.2

Be 0.3333 2.3
0.5000 2.3 -117(2)

-118 .000a

-117.152 b
0.6000 1.9
0.6667 1.6
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Partner Element Composition M/-,S, AH fealc [kJ/mole] AH fLit [kJ/mole]

-BI 0.3333 -25.6
0.5000 -35.2
0.6000 -35.9 -40(l)

-31.129a

-28.620'
0.6667 -33.4

Ca 0.3333 -139.2
0.5000 -190.0 -238(l)

-237.500a

-236.605'

0.6000 -186.4

0.6667 -166.9

Cd 0.3333 -40.5

0.5000 -49.9 -75(l)

-74.700a

-74.685'

0.6000 -46.4

0.6667 -40.6

Ce 0.3333 -169.3

0.5000 -230.7 -228(4)

-228.237 a

-228.237'

0.5714 -234.1 -236(3)

-236.097 a

-236.097 h

0.6000 -230.5 -238(3

-237.651 a

-237.651'

0.6667 -210.4 -204(3)

Co 0.3333 -49.2

0.4709 -55.1 -50(2)

-5 1.000a

-50.031 b

0.5000 -54.5 -49 .000a

0.5714 -50.7 -51(4)

-49.7 00a

-68.379'

0.6000 -48.3

0.6667 -41.2 -51(3)

-51.045 b
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Partner Element Composition MI-,S, AHfcalc [kJ/molel AH�j, [J/mole]

Cr 0.3333 -69.9
0.5000 -77.8 -68(6)

-67.5 o0a

-77.823 b

0.5392 -75.4 -67(10)
-76.160a

-76.160'
0.5455 -74.5 -70(10)
0.5714 -72.6 -67(9)
0.6000 -69.2 -67(13)
0.6667 -59.1

Cs 0.3333 -75.1 -114
-114.084 a

0.5000 -113.6
0.6000 -126.4
0.6667 -120.5

Cu 0.3333 -49.6 -26.6(4)
-26.499a

-27.057 b

0.5000 -53.9 -26(2)
-28 .000a

-26.547 b
0.6000 -47.2
0.6667 -40.1

Dy 0.3333 -171
0.5000 -226.9 -230(30)
0.6000 -222.0 -244(25)
0.6667 -199.9

Er 0.3333 -171.4
0.5000 -226.1 -230(30)
0.6000 -220. 1 -247(25)
0.6667 -197.7

Eu 0.3333 - 1 3 6.5 (Eu(I 1))
-106.2 (Eu(111))

0.5000 - 1 8 9.9 (Eu(I 1)) -209(30)
- 1 80.7 (Eu(Ill)) -209.200a

-209.200b

0.5714 -193.0 (Eu(11)) -212(12)
- 1 88.7 (Eu(111))

0.6000 - 1 89.6 (Eu(11))
- 1 87.2 (Eu(111))

0.6667 -171.3 (Eu(11))
- 1 72.5 (Eu(111))
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Partner Element Composition M/-,S, A.H falc [kJ/mole] AH fLi, [kJ/mole]
Fe 0.3333 -52.3

0.5000 -58.5 -50.20(21)
-50.836 b

0.5328 -57.3 -50.773 a
-56.173'

0.6000 -52.1
0.6667 -44.5 -57(3)

-56.767 a
-57.181 b

Ga 0.3333 -43.4 -84(7)
0.5000 -53.1 -105(10)

- I 04.600a

- 1 04.600'
0.5556 -51.7 -110(5)
0.6000 -49.4 -103(3)

-103.261a
-103.26 b

0.6667 -43.3

Gd 0.3333 -170.5

0.5000 -228.5 -230(21)

0.6000 -225.2 -241(25)

0.6667 -203.8

Ge 0.3333 -5.0

0.5000 -13.7 -38(2)
-30.600a

-38.075'

0.6000 -14.3 -52(4)
-40.500a

-52.300'

0.6667 -12.9

Hf 0.3333 -170.6

0.5000 -215.4

0.6000 -205.3

0.6667 -182.4 -195(30)
0.7500 -144.3 -156(21)

Hg 0.3333 -31.3

0.5000 -39.6 -27(2)
-29.5 00a

-26.673'

0.6000 -37.6

0.6667 -33.2

Ho 0.3333 -169.6

0.5000 -224.6 -230(32)

0.6000 -219.3 -245(25)

0.6667 -197.3
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Partner Element Composition Ml-,S, AHfca1c [kJ/mole] -- AH-fLi, [kJ/mole]

In 0.3333 -43.0
0.5000 -56.0 -67(7)

-66.944 a
-66.944 b

0.5455 -56.1 -70(6)
-70.367a

-70.367 b

0.5714 -55.6 -72(6)

0.6000 -54.2 -71(4)

-71.128

-71.128'

0.6667 -48.6

Ir 0.3333 -31.3

0.5000 -37.4

0.6000 -34.6 -42(7)

-42.007 b

0.6667 -30.1 -44(7)

-44.35 Oa

-44.350 b

0.7273 -25.2 -45(6)

0.7500 -23.4 -52.509a

K 0.3333 -76.6 -138(7)
-125. 2 Oa

0.5000 -112.1

0.6000 -115.5

0.6667 -104.0 -79(4)

La 0.3333 -168.6

0.5000 -231.6 -228(10)

-228.02 8a

-228.028 b

0.6000 -232.9 -244(13)

-244.346 a

-244.346'

0.6667 -213.6 -208(11)

-207.805 a

Li 0.3333 -99.7 -223

0.5000 -105.8

0.6000 -89.6

0.6667 -74.9

Lu 0.3333 -173.0

0.5000 -226.2 -230(32)

0.6000 -218.9 -249(25)

0.6667 -195.9

Mg 0.3333 -78.8

0.5000 -95.7 -158(l)
-174. 000a

-172.862 b

0.6000 -87.9

0.6667 -76.2
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Partner Element Composition MI-,S, AH-Icalc [kJ/mole] AHfLit [kJ/mole]
Mn 0.3333 -90.8

0.5000 -100.9 -107(l)
-107.1 00a

-107.100 b
0.6000 -89.6
0.6667 -76.5 -74.6

-74.615 a
-74.615 b

MO 0.3333 -67.1
0.5000 -80.0
0.6000 -73.7 -82(3)

-81.42 a

-81.421 b
0.6667 -64.2 -92(2)

-92.048a
-92.048b

Na 0.3333 -79.3 -125(4)

-124.823 a

- 22.033'

0.5000 -102.4 -101(3)

-100.625"

-98.324 b

0.6000 -94.0 -87(5)

-86.525a

-86.525 b

0.6667 -80.7 -69(3)

-68.618a

-68.548'

Nb 0.3333 -124.0

0.5000 -150.4 -105(15)

0.6000 -140.0 -118(6)

0.6667 -122.6

Nd 0.3333 -169.9

0.5000 -229.3 -226(32)
-225.936 a

-225.936 b

0.6000 -227.2 -231(8)

-230.9573
-237.600b

0.6667 -206.3
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Partner Element Composition MI-,S, AHfcaIc [kJ/mole] AHfLj, [kJ/mole]

-NI 0.3333 -46.7
0.4000 -51.2 -43(3)

-43.263 a
-43.263 b

0.4565 -52.3 -45(2)
-44.796 b

0.5000 -51.7 -47(2)
-43.932 a
-43.932 b

0.5714 -48.1 -47(4)
-43.016 a
-43.035 b

0.6000 -45.8
0.6667 -39.0 -45(3)

-43.79--
-43.793 b

Os 0.3333 -28.7
0.5000 -34.1
0.6000 -31.4
0.6667 -27.3 -49(4)

-49.232 a
-49.232 b

0 0.2500 -21.7 -113(2)
0.3333 -26.3
0.5000 -27.6
0.6000 -23.8
0.6667 -20.0

P 0.3333 18.9
0.4286 18.4 -22.1

-32.026 a
-32.026'

0.5000 17.4
0.5556 16.1 -26.1

-33.88 1 a
-33.881 b

0.6000 15.1 -24.3
-31.246 b

0.6364 13.8 -23.1
-29.395 a
-29.395 b

0.6667 12.8
b0.7143 11.4 -22.086

Pb 0.3333 -27.3
0.5000 -37.2 -49(l)

-49.732 a
-49.316'

0.6000 -37.6
0.6667 -34.7
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Partner Element Composition Ml-xSv AH f�,Ic [U/mole] AH fLi, [kJ/mole]
Pd 0.2000 -33.6 -14(3)

-I 3.807d
-13.807 b

0.3333 -53.4
0.5000 -64.3 -35(3)

-35.355a
-35.355'

0.6000 -59.7
0.6667 -52.1 -26(4)

-26.080a
-26.08 Ob

PM 0.3333 -171.8
0.5000 -231.1 -226(32)
0.6000 -228.4 -230(17)
0.6667 -207.0

Pr 0.3333 -170.0
0.5000 -229.8 -226(13)

-225.936"
-225.936 b

0.5714 -232.2 -222(18)
-222.05 la
-222.051 b

0.6000 -228.1 -230(13)
0.6667 -207.4

Pt 0.3333 -39.7
0.5000 -48.4 -42(2)

-41.63 la
-41.547'

0.6000 -45.2
0.6667 -39.7 -37(3)

-36.8 Iga
-36.8 19b

Pu 0.3333 -170.4
0.5000 -209.2 -189(21)

-219.660a
-219.660 b

0.6000 -196.0 -205(13)
-197.903 a
- 1 97.903'

0.6667 -172.3
Rb 0.3333 -76.2 -117

-116.036 a

0.5000 -113.8
0.6000 -122.0
0.6667 -112.6
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Partner Element Composition MI-,S, &Hfc,,,, [U/mole] AH-fLit [kJ/mole]

Re 0.3333 -32.3
0.5000 -38.6
0.6000 -35.6
0.6667 -31.0 -60(4)

-59.552 a
-59.552'

0.7500 -24.1 52(6)
-52.091"

0.7778 -21.3 -50(2)
-50.162 a
-50.162'

Rh 0.3333 -43.4
0.4706 -51.4 -44(11)
0.5000 -51.4
0.5714 -49.1 -51(4)
0.6000 -47.2 -52(2)
0.6522 -42.9 -51(10)
0.6667 -40.9
0.6969 -37.7 -50(9)

Ru 0.3333 -32.3
0.5000 -38.1
0.6000 -34.9
0.6667 -30.2 -69(7)

-68.618 a
-68.618'

Sb 0.3333 -22.4
0.5000 -30.3
0.6000 -30.4 -41(2)

-41.003 a
-28.35 qb

0.6667 -28.0
SC 0.3333 -173.0

0.5000 -217.4 -226(21)
0.6000 -204.9 -234(33)
0.6667 -180.6

Si 0.3333 5.5
0.5000 -3.2 -80(7)

-49.315 a

0.6000 -4.8
0.6667 -4.7 -71(4)

-81.9543
Qb-71.1 8

Sm 0.3333 -170.5
0.5000 -228.8 -226(42)

-215.476 a

0.6000 -225.7 -238(25)
0.6667 -204.4
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Partner Element Composition MI-,S, AH-/'calc [kJ/mole] AH-�jt [kJ/mole]
Sri 0.3333 -34.6

0.5000 -46.2 -54(2)
-54.8313
-53.974 b

0.5714 -46.7 -53(3)
-52.898 a
-52.898'

0.6000 -45.9 -53(4)
-52.71 8a

-52.718'

0.6667 -41.9 -51

-47.2793
-51.184'

Sr 0.3333 -136.2

0.5000 -194.5 -227(6)
-240 .000a

-234.304'

0.6000 -199.5

0.6667 -183.2

Ta 0.3333 -124.5

0.5000 -151.0

0.6000 -140.6

0.6667 -123.1 -118(6)
- I 18.000a

- 17.989'

0.7500 -96.2 -94(11)

Tb 0.3333 -171.0

0.5000 -227.8 -230(21)

0.6000 -223.5 -243(25)

0.6667 -201.7

Tc 0.3333 -37.4

0.5000 -44.6

0.6000 -41.1

0.6667 -35.7 -75(7)
0.7500 -27.7 -69(3)

0.7778 -24.5 -34(3)

Th 0.3333 -183.1

0.5000 -248.7 -199(6)

-197.7013
-197.70 b

0.6000 -249.7 -216(6)
-216. 800a

-216.800 b

0.6296 -243.2 -220(5)

0.6667 -229.5 -208(7)

-208.667 a
-208.667 b

0.7000 -215.9 -192(6)
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Partner Element Composition MI-,S, AHfcaIc [kJ/mole] AHfLj, [kJ/mole]
TI 0.3333 -149.4 -94(14)

0.5000 -178.9 -136(15)
-132.5003
-135.980'

0.6000 -165.1 -149(12)
0.6667 -144.0 -136(11)

-135.701b

0.7500 -112.1 -108(8)
TI 0.3333 -36.2 -32(2)

-31.65 ga

-31.659'
0.4286 -44.8 -31(3)
0.5000 -48.0 -3](4)
0.6000 -47.2
0.6667 -42.7 -21(3)

Tm 0.3333 -171.3
0.5000 -225.0 -230(32)
0.6000 -218.5 -249(25)
0.6667 -195.9

u 0.3333 -157.7
0.5000 -196.3 -153(7)

-153.134 a
a-)b-158.992

0.6000 -185.4 -168(13)
-170.800 a
-170.8 oob

0.6250 -177.4 -152(26)
0.6552 -167.6 -146(29)
0.6667 -163.9 -146(29)

- I 46.440a
-)ob- I 75.72 o

0.7500 -129.0 -115(21)
v 0.3333 -104.5

0.5000 -119.4 -96(25)
0.6000 -107.5 -105(17)
0.6667 -92.4
0.8000 -56.9 -60(13)

w 0.3333 -53.5
0.5000 -64.4
0.6000 -59.6
0.6667 -52.1 -86(6)

-86.469a
-86.469 b

0.7500 -40.5 -73(5)
y 0.3333 -170.5

0.5000 -228.5 -226(10)
0.000a-23

0.6000 -225.2 -251(25)
0.6667 -203.8
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Partner Element Composition MI-,S, -AH falc [kJ/mole] AH fLit [kJ/mole]
Yb 0.3333 - 3 8.4 b(11))

-143.8 (Yb(Ill))
0.5000 - 86.9 (Yb(Il)) -226(32)

-204.0 (Yb(Ill))
0.6000 - 81.9 (Yb(11)) -234(13)

-201.3 b(Ill))
0.6667 - 62.0 b(11))

- 1 81.5 (Yb(111))
Zn 0.3333 -42.7

0.5000 -47.9 -102.5(l.0)
-101.5 o0a

-102.59 b

0.6000 -42.5
0.6667 -36.2

Zr 0.3333 -185.2
0.5000 -235.2
0.6000 -224.9 -204(12)
0.6667 -200.3 -192(7)

-192.333 a

-192.464 b
0.7500 -158.8 -157(16)

'/Land99/
b/BarI95/
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Table B3: Enthalpies of formation of binary selenides. Calculated values H-f,,,,) are
obtained using equation 3). For selenium, the parameters derived within this work have been
used (table 32). All other Miedema parameters have been taken from /Boer88/. Literature data
(AH�j,) have been taken from /MI]174/ unless otherwise indicated. Errors on the last digits are
given in brackets (where available).

Partner Element Composition M/-_,Se, A.HJcalc [kJ/mole] AHfLit [kJ/mole]
Ag 0.3333 -27.9 -14.50(28)

-14.505 a
-12.666 b

0.5000 -31.7
0.6000 -28.4
0.6667 -24.4

Al 0.3333 -41.2
0.5000 -48.5
0.6000 -44.2 -113(5)

-113.386 a
-113.386 b

0.6667 -38.2
As 0.3333 -3.0

0.5000 -3.6 -19(6)
0.6000 -3.4 -21(4)

-20.502 a
-20.502 b

0.6667 -2.9
Au 0.3333 -13.3

0.5000 -15.6 -6.9
-6.904b

0.6000 -14.3
0.6667 -12.4

Ba 0.3333 -122.3
0.5000 -172.1 -197(21)
0.6000 -174.7
0.6667 -159.9

Be 0.3333 14.8
0.5000 14.3 -134(21)
0.6000 12.0
0.6667 9.9

BI 0.3333 -11.5 -21.2
0.5000 -15.3 -26.6(3.1)
0.6000 -15.1 -28.02

-28.033 b

0.6667 -13.8
Ca 0.3333 -122.3

0.5000 -172.1 -184(21)
-184.096 b

0.6000 -174.7
0.6667 -159.9
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Partner Element Composition MI-xSex A.H /calc [kJ/mole] AH-/'Lit [kJ/mole]
Cd 0.3333 -23.6

0.5000 -27.9 -72.4(1.0)
-72.4003
-72.383'

0.6000 -25.4
0.6667 -22.0

Ce 0.3333 -146.9
0.5000 -192.1 -180(31)
0.6000 -186.5 -187(25)
0.6667 -167.4

Co 0.3333 -36.
0.4706 -39.4 -27.9
0.5000 -38.6
0.5260 -37.4 -31(6)
0.5556 -35.9 -32(4)
0.6000 -33.
0.6667 -28.1 -31(3)

Cr 0.3333 -48.7
0.5000 -51.4
0.6000 -44.6
0.6667 -37.6

Cu 0.3333 -31.9 -21.7(2.1)
-22.036 a
-21.757 b

0.4000 -34.1 -12.6(5.0)
0.5000 -33.1 -20.9(2.1)

-20.920a

-20.920'
0.6000 -28.4
0.6667 -23.9 -16.0(1.4)

-16.03 ga

Dy 0.3333 -147.5
0.5000 -187.5 -184(30)
0.6000 -178.4 -192(25)
0.6667 -158.1

Er 0.3333 -147.7
0.5000 -186.4 -184(30)
0.6000 -176.6 -192(25)
0.6667 -156.1

Eu 0.3333 -1 16.9 (Eu(Il))
- 1 06.2 (Eu(Ill))

0.5000 - 6.6 (Eu(Il)) -163(30)
- 80.7 (Eu(111))

0.6000 -152.1 (Eu(11))
- 87.2 (Eu(111))

0.6667 - 3 57 (Eu( 1))
- 72.5 (Eu(111))
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Partner Element Composition Ml-,Se, AHJ' AH �j, [kJ/mole]

Fe 0.3333 -35.1
0.4901 -37.5 -34.1(2.2)

-34.155'
0.5000 -37.2
0.5334 -36.1 -30.9(4)
0.5714 -34.2 -30.3(4)
0.6000 -32.3
0.6667 -27.3 -34.9(4.2)

Ga 0.3333 -25.4 -61.1
0.5000 -29.7 -79.5(6.0)

-79.496 a
-79.496'

0.6000 -27.0 -81.8(2.5)
-81.170a

-81.755'
0.6667 -23.3

Gd 0.3333 -147.4
0.5000 -189.3 -184(32)
0.6000 -181.4 -188(17)
0.6667 -161.5

Ge 0.3333 7.9
0.5000 2.4 -34.5(5.2)

-34.5 1 8a

-34.518 b

0.6000 0.9
0.6667 0.4 -37.7(7.0)

-37.656"
-37.656 b

Hg 0.3333 -16.4
0.5000 -19.9 -22(10)

-21.757 b
0.6000 -18.5
0.6667 -16.1

Ho 0.3333 -146.3
0.5000 -1 85.4 -1 84(32)

0.6000 -176.1 -192(25)
0.6667 -156.0

In 0.3333 -25.8 -43.3(4.2)
0.5000 -32.1 -59.0(6.3)

-58.995 b
0.6000 -30.3 -65.2(3.3)

-65.270b

0.6667 -26.7
Ir 0.3333 -25.4

0.5000 -28.9
0.6000 -26.0 -30(10)
0.6667 -22.3 -32(8)
0.7500 -17.1 -29(8)



151

Partner Element Composition MI-,Se, AH./'calc [kJ/mole] AWLit [kJ/mole]
K 0.3333 -56.5 -128(14)

0.5000 -80.4
0.6000 -80.6
0.6667 -72.2

La 0.3333 -146.4
0.5000 -193.3 -180(21)

- 79.912'
0.5714 -193.1 -188(12)
0.6000 -188.9 -186.6(4.2)

- 86.606'
0.6667 -170.2

Li 0.3333 -76.5 -134(14)
-139.733 b

0.5000 -78.6
0.6000 -66.5
0.6667 -55.6

Lu 0.3333 -148.9
0.5000 -186.1 -184(32)
0.6000 -175.3 -192(25)
0.6667 -154.5

Mg 0.3333 -56.8
0.5000 -65.9 -146(21)

- 46.440'
0.6000 -59.
0.6667 -51.0

Mn 0.3333 -71.3
0.5000 -75.2 -77(6)

-85.772'
0.6000 -65.2
0.6667 -55.0 -56(14)

MO 0.3333 -43.5
0.5000 -49.2
0.6000 -44.1
0.6667 -37.9 -65(14)

Na 0.3333 -58.2 -114.3(4.2)
0.5000 -72.0 -97(10)
0.6000 -65.4
0.6667 -56.1

Nb 0.3333 -95.8
0.5000 -110.5
0.6000 -100.0
0.6667 -86.2

Nd 0.3333 -147.1
0.5000 -190.4 -180(32)

- 79.912'
0.6000 -183.4 -188(25)

-188.280 b

0.6667 -163.8
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Partner Element Composition Ml-,Se, AH icalc [kJ/mole] AH Lit [kJ/mole]

-NI 0.3333 -36.4
0.5000 -38.3
0.5127 -38.0 -36.5(8.2)

-36.534'
0.5334 -37.1 -37.2(4)

-37.193 b

0.5556 -35.6 -36.9(4)
-36.912'

0.6000 -33.1
0.6667 -27.9 -36.3(4.2)

-36.261 b

Os 0.3333 -17.9
0.5000 -20.3
0.6000 -18.1
0.6667 -15.5 -40.0(4.2)

-40.027 b

0 0.2500 -43.2 -42.6
0.2857 -47.7 -59.1
0.3333 -51.0 -75.0(7)
0.5000 -50.8
0.6000 -42.9
0.6667 -35.7

P 0.3333 18.9
0.4286 18.4
0.5000 17.4
0.6000 15.1
0.6667 12.8

Pb 0.3333 -12.8
0.5000 -16.8 -50.0(1.0)

-49 .999a

-49 .999b

0.6000 -16.4
0.6667 -14.9

Pd 0.2000 -34.2 -11.8(3.4)
0.3333 -53.0
0.4706 -61.1 -25.5(7.0)
0.5000 -60.8 -25.0(6.0)
0.6000 -54.8
0.6667 -47.1 -19.7(7.0)

PM 0.3333 -148.7
0.5000 -191.7 -180(32)
0.6000 -184.2 -192(25)
0.6667 -164.2

Pr 0.3333 -147.2
0.5000 -190.9 -180(32)
0.6000 -184.2 -188(17)

----- 7o.6667 -164.7



153

Partner Element Composition MI-,Se., AH fj, [kJ/mole] AHfLit [kJ/mole]
Pt 0.3333 -39.1

0.4 44 -45.1 -26.9(4.6)
-26.964'

0.5000 -45.4
0.6000 -41.2
0.6667 -35.5 -26.5(5.6)

Re 0.3333 -16.6
0.5000 -18.8
0.6000 -16.9
0.6667 -14.5 -47.3(7.0)
0.7778 -9.8 -40.0(4.6)

Rh 0.3333 -37.5
0.5000 -42.2
0.6000 -37.6
0.6667 -32.2 -36(10)

Ru 0.3333 -22.7
0.5000 -25.4
0.6000 -22.6
0.6667 -19.3 -53.8(5.6)

-53.834 b

Sb 0.3333 -9.7
0.5000 -12.6
0.6000 -12.3 -25.52(25)

-25.522'
0.6667 -11.1

SC 0.3333 -147.7
0.5000 -177.0 -178(32)
0.6000 -162.6 -188(33)
0.6667 -141.4

-SI 0.3333 19.7
0.5000 13.6
0.6000 10.6
0.6667 8.7 -49(14)

SM 0.3333 -147.5
0.5000 -189.7 -184(32)
0.6000 -181.9 -175(17)
0.6667 -162.0

Sn 0.3333 -19.0
0.5000 -24.3 -44.4(4.2)

-44.350 b

0.6000 -23.4
0.6667 -20.9 -40.4(2.8)

-39.05 1 b

Sr 0.3333 -117.1
0.5000 -161.6 -198.5(20.9)
0.6000 -161.0
0.6667 -145.7
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Partner Element Composition MI-,Se, AH-f"Ic [kJ/mole] -- AHJLit [kJ/mole]
Ta 0.3333 -96.9

0.5000 -111.7
0.6000 -101.1
0.6667 -87.1

Tb 0.3333 -147.7
0.5000 -188.4 -184(32)
0.6000 -179.8 -192(25)
0.6667 -159.6

Th 0.3333 -158.4
0.5000 -206.3 -178.0(20.9)
0.6000 -200.9 -187.4
0.6296 -193.8 -185.9(31.4)
0.6667 -180.9 -181.3(27.9)
0.7143 -164.3

Ti 0.3333 -122.9
0.5000 -139.8 -111.0(20.9)
0.6000 -125.5 -125.6(20.9)
0.6667 -107.8 -128.3(13.9)

TI 0.3333 -19.9 -31.37(70)
-31.380 b

0.5000 -25.3 -30.65(63)
-30.648 b

0.6000 -24.2
0.6667 -21.5

Tm 0.3333 -147.6
0.5000 -185.4 -184.0(31.4)
0.6000 -175.2 -192.4(25.1)
0.6667 -154.6

u 0.3333 -132.9
0.5000 -157.4 -137.9(10.5)

-,,)b-137.86-3
0.5714 -150.3 -140.4(14.9)
0.6000 -144.5 -142.2(25.1)
0.6250 -137.2 -141.3(2.6)
0.6667 -125.5 -142.3(27.9)
0.7500 -97.5 -104.5(20.9)

v 0.3333 -79.9
0.5000 -86.6
0.6000 -76.0
0.6667 -64.4

w 0.3333 -30.8
0.5000 -35.2
0.6000 -31.7
0.6667 -27.3 -62.6(20.9)

y 0.3333 -147.4
0.5000 -189.3 -180.0(31.4)
0.6000 -181.4 -188.2(33.5)
0.6667 -161.5
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Partner Element Composition MI-,Se, AH f,, [kJ/mole] AH-fLit [kJ/mole]
Yb 0.3333 - 18.4 (Yb(Il))

- 1 20. 0 (Yb(Ill))
0.5000 -153.2 (Yb(Il)) -180.0(31.4)

- 64.4 (Yb(Il 1))
0.6000 - 45.4 b(Il)) -192.4(25.1)

-158.1 (Yb(Ill))
0.6667 -128.1 (Yb(Il))

-140.3 (Yb(Ill))
Zn 0.3333 -24.8

0.5000 -26.7 -79.5(4.2)
0.6000 -23.2
0.6667 -19.

Zr 0.3333 -159.3
0.5000 -192.7
0.6000 -178.9
0.6667 -156.5 -142.3(27.9)
0.7500 -122.2 -104.5(20.9)

'/Land99/
b/BarI95/
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Table B4: Enthalpies of formation of solid binary tellurides. Calculated values H-lc,,,,) are
obtained using equation 3). For tellurium, the parameters derived within this work have been
used (table 32). All other Miedema parameters have been taken from /Boer88/. Literature data
(A.H fi,) have been taken from /MI1174/ unless otherwise indicated. Errors on the last digits are
given in brackets (where available).

Partner Element Composition MI-je., A.H-fclc [kJ/mole] AH fh [U/mole]
Ag 0.3333 -14.8 -12.00(14)

-11.994 a
-11.994 b

0.3460 -15.2 -12.60
0.3788 -15.8 -11.89(l.58)
0.5000 -15.7
0.6000 -13.7
0.6667 -11.5

Al 0.3333 -5.7
0.5000 -5.9
0.6000 -5.1 -63.76(0.84)

-63.764 a
-63.764 b

0.6667 -4.3
As 0.3333 4.3

0.5000 4.8
0.6000 4.3 -7.54(l.67)

-7.53 a

-7.531 b
0.6667 3.7

Au 0.3333 -9.3
0.5000 -10.2
0.6000 -9.0
0.6667 -7.7 -6.20

-6.206
b-6.206

Ba 0.3333 -111.2
0.5000 -148.6 -156.0(20.9)

- 1 34.725
-156. 900b

0.6000 -144.8
0.6667 -129.6

Be 0.3333 26.7
0.5000 24.4 -62.8(20.9)
0.6000 20.0
0.6667 16.5

Bi 0.3333 -3.1 -9.2(4.2)
0.5000 -3.8 -13.6
0.5495 -3.8 -15.3(5.7)
0.5708 -3.7 -15.9(l.8)
0.6000 -3.6 -15.7(2.5)

-15.481 b

0.6667 -3.2
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Partner Element Composition M/-,Te, AH f,,, [kJ/mole] AHfLit [kJ/mole]

Ca 0.3333 -105.2
0.5000 -129.2 -146.5(20.9)

- 46.440'
0.6000 -119.4
0.6667 -103.9

Cd 0.3333 -10.8
0.5000 -11.9 -50.40(42)
0.6000 -10.5
0.6667 -9.0

Ce 0.3333 -128.8
0.5000 -158.3 -150.5(31.4)
0.6000 -147.9 -154.8(16.7)
0.6667 -129.8

Co 0.3333 -24.0
0.5000 -23.5
0.5455 -21.8 -38.31
0.6000 -19.7 -42.13c
0.6667 -16.4 -45.0(2.8)

Cr 0.3333 -25.2
0.5000 -24.8
0.6000 -20.9
0.6667 -17.

Cs 0.3333 -42.3 -120.7000
0.5000 -61.3
0.6000 -63.4
0.6667 -58.0

Cu 0.3333 -16. -13.9(4.2)
-13.947 a
- 1 3.947'

0.4149 -17.2 -12.2(3.5)
0.4329 -17.1 -12.34
0.5000 -16.1 -12.50

- 1 2.5 5 2a
-12.552 b

0.6000 -13.5
0.6667 -11.2

Dy 0.3333 -127.8
0.5000 -152.2 -156.5(31.4)
0.6000 -139.5 -163.2(25.1)
0.6667 -121.1

Er 0.3333 -127.5
0.5000 -150.6 -157.0(31.4)
0.6000 -137.6 -163.2(25.1)
0.6667 -119.2
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Partner Element Composition MI-,Te., AHfc,,, [kJ/mole] AH-�j, [kJ/mole]
Eu 0.3333 - 03.5 (Eu(Il))

-64.0 (Eu(111))
0.5000 - 3 0.4 (Eu(I 1)) -136.0(31.4)

- 06.7 (Eu(Ill))
0.6000 - 22.1 (Eu(11))

- 1 04.5 (Eu(Ill))
0.6667 -107.0 (Eu(11))

-92.9 (Eu(III))
Fe 0.3333 -16.0

0.4737 -16.3 -12.22
-12.222 a
- 2222'

0.5000 -15.8
0.5750 -14.2 30.2 (at 800'C)
0.6000 -13.3
0.6667 11.1 -24.1(1.4)

-24.128a
b

-24.128

Ga 0.3333 -10.4

0.5000 -11.4 -62.8(6.3)

-62.760a

-61.714 b

0.6000 -10.0 -55.0(4.2)

-54.978 a

-54.978'

0.6667 -8.5

Gd 0.3333 -128.3

0.5000 -154.5 -157.0(31.4)

0.6000 -142.6 -159.0(16.7)

0.6667 -124.2

Ge 0.3333 16.9

0.5000 12.6 -24.3(4.2)

-24.267 a

-24.267 b

0.6000 10.1

0.6667 8.4

Hg 0.3333 -6.0

0.5000 -6.9 -15.9(2.1)
ob

-15.89,

0.6000 -6' 2

0.6667 -5.3

Ho 0.3333 -126.7

0.5000 -150.3 -157.0(31.4)

0.6000 -137.6 -163.2(25.1)

---- 0.6667 -119.4
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Partner Element Composition Ml-,Te, AH.fc,,, [kJ/mole] AHJLit [kJ/mole]
In 0.3333 -13.1 -26.40(70)

-26.568'
0.5000 -15.2 -36.00(l.05)

-35.983 b

0.5714 -14.5 -37.7(3.0)
0.6000 -13.9 -38.32(84)

-38.325 b
0.6667 -12.0 -27.37(60)

Ir 0.3333 -19.9
0.5000 -21.1
0.6000 -18.2
0.6667 -15.4 -35.5(8.4)
0.7275 -12.6 -22.8(6.8)

K 0.3333 -42.0 -111.57(13.9)
0.5000 -56.8
0.6000 -54.8
0.6667 -48.5

La 0.3333 -129.0
0.5000 -160.1 -150.5(20.9)
0.6000 -150.5 -157.0(5.3)

-156.900 b

0.6667 -132.5
0.7500 -103.9 -118.21

Li 0.3333 -57.5 -116.3(7 .0)
-118.547 b

0.5000 -56.1
0.6000 -47.0
0.6667 -39.1

Lu 0.3333 -128.0
0.5000 -149.7 -157.0(31.4)
0.6000 -136.0 -163.2(25.1)
0.6667 -117.5

Mg 0.3333 -37.7
0.5000 -41.1 -104.5(10.5)

- I 04.600b

0.6000 -36.0
0.6667 -30.5

Mn 0.3333 -51.7
0.5000 -50.8 -55.6(6.3)

-54.183'
0.6000 -42.7
0.6667 -35.6 -42.0(13.9)

-41.840b

MO 0.3333 -15.8
0.5000 -16.7
0.6000 -14.5
0.6667 -12.2 -67.0(13.9)
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Partner Element Composition Ml-,Te,, AHfc,,, [kJ/mole] AWLit [kJ/mole]
Na 0.3333 -42.3 -115.7(7.0)

- 04.600'
0.5000 -49.2 -89.0(10.5)

-87.865b

0.6000 -43.7
0.6667 -37.3
0.7500 -28.6 -41.8(10.5)

Nb 0.3333 -64.1
0.5000 -68.8
0.6000 -60.0
0.6667 -50.8

Nd 0.3333 -128.5
0.5000 -156.1 -150.5(31.4)

-150.624b
0.6000 -144.8 -159.0(16.7)

0, b-158.992
0.6667 -126.5

Ni 0.3333 -26.6
0.5000 -26.0
0.5238 -25.3 -27.3(2.0)

-27.694b
0.6000 -21.8 -29.0(1.7)
0.6667 -18.2 -29.3(4.2)

0 0.3333 -84.1 -107.8(l.4)
0.5000 -78.0
0.6000 -64.2
0.6667 -53.0

Os 0.3333 -5.7
0.5000 -6.0
0.6000 -5.?
0.6667 -4.4 -26.7(7.0)

Pb 0.3333 -3.9
0.5000 -4.7 -34.30(l.05)

-34.3 o9a

-34.309'
0.6000 -4.5
0.6667 -3.9

Pd 0.3333 -57.1
0.5000 -60.9 -19.0(10.5)

-18.828a
- 882 8b

0.6000 -53.0

0.6667 -44.7 -18.0(7.0)

P m 0.3333 -129.6

0.5000 -156.7 -150.5(31.4)

0.6000 -145.0 -159.0(25.1)

0.6667 -126.5
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Partner Element Composition MI-,Te, -AH f,,,, [kJ/mole] -- AH ff-it [kJ/mole]
Pr 0.3333 -128.6

0.5000 -156.6 -150.5(31.4)
0.6000 -145.5 -159.0(16.7)
0.6667 -127.2

Pt 0.3333 -41.2
0.5000 -44.6 -21.0(6.3)
0.6000 -39.0
0.6667 -33.0 -19.5(5.5)

Re 0.3333 2.1
0.5000 2.2
0.6000 1.9
0.6667 1.6 -33.3(7.0)
0.7143 1.4 - 3449"

Rh 0.3333 -33.0
0.5000 -34.5 -23.0(12.6)
0.6000 -29.
0.6667 -25.0 -26.7(10.5)

Ru 0.3333 -12.
0.5000 -12.8
0.6000 -11.0
0.6667 -9.2 -36.3(8.3)

Sb 0.3333 -2.2
0.5000 -2.7
0.6000 -2.5 -11.30(42)

-11.297 b

0.6667 -2.2
SC 0.3333 -124.7

0.5000 -139.6 -151.0(31.4)
0.6000 -124.1 -142.2(25.1)
0.6667 -106.0

Si 0.3333 31.9
0.5000 26.4
0.6000 21.7 -15.5(4.2)
0.6667 18.0

Sm 0.3333 -128.4
0.5000 -154.8 -155.0(31.4)
0.6000 -143.0 -159.0(16.7)
0.6667 -124.7

Sn 0.3333 -7.7
0.5000 -9.2 -31.00(l.05)

-30.334 a
-30.962 b

0.6000 -8.5
0.6667 -7.4

Sr 0.3333 -104.5
0.5000 -136.4 -156.0(20.9)
0.6000 -130.6
0.6667 -115.9
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Partner Element Composition MI-,Te, AH'fcal, [kJ/mole] AH-�jt [kJ/mole]
Ta 0.3333 -66.0

0.5000 -70.8
0.6000 -61.8
0.6667 -52.3

Th 0.3333 -128.1
0.5000 -153.1 -157.0(31.4)
0.6000 -140.7 -159.0(25.1)
0.6667 -122.4

Tc 0.3333 -14.6
0.5000 -15.4
0.6000 -13.3
0.6667 -11.2

Th 0.3333 -136.6
0.5000 -166.7 -121.5(20.9)
0.6000 -155.7 -125.6
0.6552 -139.8 -119.7(21.6)
0.6667 -136.7 -121.3(16.7)
0.7500 -107.0

TI 0.3333 -95.2 -37.3(8.4)
0.4000 -102.5 -53.4(9.3)
0.5000 -100.6 -60.5(8.4)
0.6000 -87.3 -71.0(8.4)
0.6364 -79.8 -72.7(7.6)
0.6552 -75.8 -72.1(7.2)
0.6667 -73.7 -71.0(7.8)

TI 0.3333 -8.8 -26.8(4.2)
-26.77 8b

0.5000 -10.5 -22.0(2.1)
0.6000 -9.7 -18.00(84)
0.6667 -8.4

Tm 0.3333 -127.2
0.5000 -149.6 -157.0(31.4)
0.6000 -136.3 -163.2(25.1)
0.6667 -118.0

u 0.3333 -108.1
0.5000 -119.1 -91.2(10.5)
0.5714 -110.7 -97.7(12.0)
0.6000 -105.3 -104.6(25.1)
0.6250 -99.1 -99.3(20.9)
0.6667 -89.7 -106.0(20.9)
0.7000 -82.1 -79.5(16.7)
0.7500 -68.7 -68.0(20.9)

v 0.3333 -53.1
0.5000 -53.5
0.6000 -45.5
0.6667 -38.1
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Partner Element Composition M/-,Te, AH Icalc [kJ/mole] AH-fLit [kJ/mole]
w 0.3333 -3.7

0.5000 -3.9
0.6000 -3.4
0.6667 -2.9 -44.7(20.9)

y 0.3333 -128.3
0.5000 -154.5 -150.5(31.4)
0.6000 -142.6 -159.0(25.1)
0.6667 -124.2

Yb 0.3333 -104.0 (Yb (11))
-99.7 (Yb (111))

0.5000 -126.1 (Yb (11)) -150.5(31.4)
-128.6 (Yb (III))

0.6000 -1 15.8 (Yb (11))
-1 19.3 (Yb (111))

0.6667 -100.4 (Yb (11))
-103.8 (Yb (111))

Zn 0.3333 -9.8
0.5000 -10.0 -59.60(21)

-58.500"
-59.622 b

0.6000 -8.5
0.6667 -7.1

Zr 0.3333 -133.8
0.5000 -150.7
0.6000 -134.7 -100.3(27.9)
0.6667 -115.4 -73.3(20.9)

'/Land99/
b/Ban95/
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Table B5: Calculated enthalpies of formation (AHf IJ of solid binary polonides obtained
using equation 3). For polonium, the parameters derived within this work have been used
(table 32). All other Miedema parameters have been taken from /Boer88/. For comparison, the
few available literature data and values calculated by other methods within this work have

been included H�jt).

Partner Element Composition M]-,Po, AH]calc [kJ/mole] AH fLit [kJ/mole]

Ac 0.3333 -114.3
0.5000 -135.8
0.6000 -125.0
0.6667 -109.6

Ag 0.3333 1.2
0.5000 1.2
0.6000 1.1
0.6667 0.9

Al 0.3333 12.9
0.5000 13.2
0.6000 11.3
0.6667 9.6

Am 0.3333 -99.8
0.5000 -113.1
0.6000 -101.6
0.6667 -88.0
0.3333 18.5
0.5000 20.2
0.6000 I 17.8
0.6667 15.2

Au 0.3333 13.5
0.5000 14.5
0.6000 12.7
0.6667 10.8

B 0.3333 82.2
0.5000 70.2
0.6000 57.0
0.6667 47.4

Ba 0.3333 -115.0
0.5000 -149.3 -153a

-161.5b
-167.8g
-137.7h
-137.6k

0.6000 -143.9
0.6667 -129.1

Be 0.3333 51.0
0.5000 45.7 -28.6 b
0.6000 37.3
0.6667 31.1
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Partner Element Composition MI-,Po., AH f,,, [kJ/mole] -- AH-fLit [kJ/mole]

-131 0.3333 -2.3
0.5000 -2.8
0.6000 -2.6
0.6667 -2.3

Bk 0.3333 -100.1
0.5000 -112.1
0.6000 -100.0
0.6667 -86.3

C 0.3333 127.5
0.5000 96.3
0.6000 77.1
0.6667 64.2

Ca 0.3333 -103.3
0.5000 -123.3 -12 8a

- 140.4'
-132.1c
- 3 5.9g
-1 17.3'
- 21.3'

0.6000 -112.9
0.6667 -98.7

Cd 0.3333 -2.0
0.5000 -2.2

-29.2c
0.6000 -1.9
0.6667 -1.7

Ce 0.3333 -108.7
0.5000 -129.6
0.6000 -119.6
0.6667 -105.0

Cf 0.3333 -96.9 (Cf(11))
-99.9(cf(111))

0.5000 -1 19.4 (Cf(11))
-1 11.2 (Cf(111))

0.6000 -1 16 (Cf(Il))
-98.9 (Cf(111))

0.6667 -98.6 (Cf(11))
-85.3 (Cf(111))

Cm 0.3333 -99.0
0.5000 -113.0
0.6000 -101.8
0.6667 -88.

Co 0.3333 15.1
0.5000 14.3
0.6000 11.9
0.6667 10.0
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Partner Element Composition MI-,Po, AHfc,,,, [kJ/mole] A.HfLj, [kJ/mole]
Cr 0.3333 20.6

0.5000 19.8
0.6000 16.5
0.6667 13.8

Cs 0.3333 -55.8 -114 a
0.5000 -79.1
0.6000 -80.9
0.6667 -74.5

Cu 0.3333 6.5
0.5000 6.2
0.6000 5.1
0.6667 4.3

Dy 0.3333 -104.9 b

0.5000 -121.1 -115.2
-154.09

0.6000 -109.8
0.6667 -95.5

Er 0.3333 -103.6
0.5000 -118.7
0.6000 -107.2
0.6667 -93.1

Es 0.3333 -116.0
0.5000 -143.9
0.6000 -134.9
0.6667 -119.3

Eu 0.3333 -103.5 (Eu(Il))
-42.3 (Eu(111))

0.5000 - 26.6 (Eu(11)) -147 .8b

-76.3 (Eu(111)) -152.79
-1 h

0.6000 - 17.5 (Eu(11))
-75.1 (Eu(111))

0.6667 -103.4 (Eu(I I))
-67.1 (Eu(111))

Fe 0.3333 28.6
0.5000 27.4
0.6000 22.9
0.6667 19.2

Fm 0.3333 -111.1
0.5000 -132.4
0.6000 -121.3
0.6667 -106.1

Ga 0.3333 3.4
0.5000 3.6
0.6000 3.1
0.6667 2.7
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Partner Element Composition M/-,Po, AH Icalc [kJ/mole] AH fLj( [kJ/mole]
Gd 0.3333 -106.3

0.5000 -124.1
0.6000 -113.2
0.6667 -98.8

Ge 0.3333 28.4
0.5000 24.6
0.6000 20.4
0.6667 17.1

H 0.3333 74.5
0.5000 56.0
0.6000 44.8
0.6667 37.3

Hf 0.3333 -77.9
0.5000 -84.4

-3.4c

0.6000 -74.3

0.6667 -63.7

Hg 0.3333 0.5

0.5000 0.6

3.7c

0.6000 0.5

0.6667 0.4

Ho 0.3333 -103.9

0.5000 -119.6 :F 6.8
-141.49

-1 32'

0.6000 -108.2

0.6667 -94.1

In 0.3333 -7.8
0.5000 -8.8

0.6000 -7.9

0.6667 -6.9

Ir 0.3333 21.8

0.5000 22.3

0.6000 19.1

0.6667 16.2

K 0.3333 -53.4 -123"

0.5000 -70.4

0.6000 -67.5

0.6667 -60.1

La 0.3333 -109.8

0.5000 -132.2

0.6000 -122.7

0.6667 -108.1

Li 0.3333 -52.8

0.5000 -50.9

0.6000 -42.5

0.6667 -35.8
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Partner Element Composition MI-,Po, AH-fcj, [kJ/mole] AH-fLit [kJ/mole]
Lu 0.3333 -103.0

0.5000 -116.8 -72.6 b
-8.8c
- 1 3.6'

0.6000 -105.0
0.6667 -90.9

Mg 0.3333 -25.9
0.5000 -27.5 -27a

-56.9c
0.6000 -23.9
0.6667 -20.4

Mn 0.3333 -13.9
0.5000 -13.3
0.6000 -11.1
0.6667 -9.3

MO 0.3333 37.5
0.5000 I 38.3
0.6000 32.8
0.6667 27.7

N 0.3333 130.4
0.5000 87.2
0.6000 68.9
0.6667 57.5

Na 0.3333 -47.7 -1 16a
0.5000 -54.2
0.6000 -48.0
0.6667 -41.3

Nb 0.3333 -11.7
0.5000 -12.1 40.9c
0.6000 -10.5
0.6667 -8.9

Nd 0.3333 -107.5
0.5000 -126.5
0.6000 -116.0
0.6667 -101.5

-NI 0.3333 10.7
0.5000 10.2 -23.6 b

6.3c
-23.4 h
- 1 9.2'

0.6000 8.5
0.6667 7.1

Np 0.3333 -59.3
0.5000 -62.2
0 .6000 -53.9
0.6667 -45.9
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Partner Element Composition Ml-,Po, AHfc,,,[kJ/mole]--AH-fLit[kJ/mole]
0 0.3333 -79.9 -84.2(8.4)c'

-84.4e
-83.7 f

0.5000 -72.2
0.6000 -58.9
0.6667 -49.0

Os 0.3333 40.6
0.5000 41.4
0.6000 35.3
0.6667 29.8

p 0.3333 41.8
0.5000 39.7
0.6000 33.5
0.6667 28.2

Pa 0.3333 -118.9
0.5000 -131.3
0.6000 -116.6
0.6667 -100.4

Pb 0.3333 -3.1 94
0.5000 -3.7

c18.2
3 3.9'

-28.3'
0.6000 -3.5
0.6667 -3.0

Pd 0.3333 -29.6
0.5000 -30.7 -29.4c
0.6000 -26.3
0.6667 -22.3

PM 0.3333 -107.4
0.5000 -125.9
0.6000 -115.1
0.6667 -100.6

Pr 0.3333 -107.6
0.5000 -127.0
0.6000 -116.6
0.6667 -102.1

Pt 0.3333 -6.0
0.5000 -6.3
0.6000 -5.4
0.6667 -4.6

_27.4c

- 1 3.8'
-10.5

Pu 0.3333 -84.9
0.5000 -89.2
0.6000 -77.4
0.6667 -65.9
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Partner Element Composition MI-,Po, A.H Icalc [U/mole] AHfLit [kJ/mole]
Rb 0.3333 -55.0 -112 a

0.5000 -75.4
0.6000 -74.6
0.6667 -67.4

Re 0.3333 52.6
0.5000 53.9
0.6000 46.2
0.6667 39.1

Rh 0.3333 4.1
0.5000 4.1
0.6000 3.5
0.6667 3.0

Ru 0.3333 31.7
0.5000 32.0
0.6000 27.2
0.6667 23.0

S 0.3333 -11.6
0.5000 -12.2
0.6000 -10.5
0.6667 -8.9

Sb 0.3333 3.1
0.5000 3.7
0.6000 3.4
0.6667 3.0

SC 0.3333 -97.1
0.5000 -105.5 -81.1 b

-92.5c

-76.79

-124 h

0.6000 -92.8

0.6667 -79.6

Se 0.3333 1.5

0.5000 1 

0.6000 1.5

0.6667 1.3
Si 0.3333 51.5

0.5000 45.8

0.6000 38.1

0.6667 32.0

SM 0.3333 -106.4

0.5000 -124.4

0.6000 -113.6

0.6667 -99.2

Sn 0.3333 -0.2

0.5000 -0.3

0.6000 -0.2

0.6667 -0.2
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Partner Element Composition MI-,Po, AH-fc,,, [U/mole] AHfLi( [kJ/mole]
Sr 0.3333 -106.6

0.5000 -135.1 - 34"
- 55.6'
- I 41.6c
- 56.2'

0.6000 -128.2
0.6667 -114.0

Ta 0.3333 -14.7
0.5000 -15.3 76.4c
0.6000 -13.2
0.6667 -11.2

Tb 0.3333 -105.1
0.5000 -121.9 -: 27'

108.09
0.6000 -110.7
0.6667 -96.5

Tc 0.3333 29.7
0.5000 30.3
0.6000 25.9
0.6667 21.9

Te 0.3333 4.6
0.5000 5.4
0.6000 5.0
0.6667 4.3

Th 0.3333 -108.7
0.5000 -128.3
0.6000 -118.2
0.6667 -103.7

Ti 0.3333 -51.4
0.5000 -52.7 -T9 6

-29.2c
-47.5g
-45.5 h
-24.8'

0.6000 -45.2
0.6667 -38.3

TI 0.3333 -7.6
0.5000 -8.8
0.6000 -8.0
0.6667 -7.0

Tm 0.3333 -103.4
0.5000 -117.9 -120.4 b

- I 44.8g
0.6000 -106.2
0.6667 -92.1

u 0.3333 -68.1
0.5000 -72.6
0.6000 -63.4
0.6667 -54.2
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Partner Element Composition Ml-,Po, AH f,Ic [kJ/mole] -- AH-fLit [kJ/molel
V 0.3333 -7.2

0.5000 -7.1 43. 1 c
0.6000 -6.0
0.6667 -5.0

W 0.3333 51.2
0.5000 52.9
0.6000 45.4
0.6667 38.5

y 0.3333 -106.3
0.5000 -124.1 -100.4 b

-I 02.3c
-38.89

0.6000 -113.2
0.6667 -98.8

Yb 0.3333 - I 0 1. 6 (Yb(Il))
-75.9 (Yb(111))

0.5000 - 19.8 (Yb(Il)) -114. Ob

-97.0 (',(b(Ill)) - 22.2�
-125 h

0.6000 -108.9 (Yb(Il))
-89.3 (Yb(Ill))

0.6667 -94.9 ("(II))
-78.0 (Yb(Ill))

Zn 0.3333 4.0
0.5000 3.9 -24. 1 c
0.6000 11 3.3
0.6667 2.

Zr 0.3333 -94.1
0.5000 -102.5 -27.6 b

-38.1c
0.6000 -90.5
0.6667 -77.7

/Kres62/
bLMTO calculations, this work
c PP-PW calculations, this work
d/Brew53/

e /Lat152/
'/Zhda85/
9 calculated from Kapustinskii lattice energies, Ionization energies and sublimation enthalpies,
this work, section 42.
h estimated from linear correlations with IA in homologous series MQ (Q = , Se, Te), this
work, section 42.
estimated from linear correlations with covalent radius of the chalcogen in homologous

series MQ (Q = S, Se, Te), this work, section 4.2.
kestimated from linear correlations with ionic radius of the chalcogen in homologous series
MQ (Q = S, Se, Te), this work, section 4.2.
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Table 136: Calculated values for the partial molar enthalpy of solution of gaseous in liquid
Elements at infinite dilution (from equation 4)), some experimental data and calculated
partial molar enthalples of evaporation of oxygen into the monoatomic state from liquid metal
solutions (from equation (I 6).

Symbol of Atomic AIT"Oh, 0 in B (1) Affsol" in B () Aff'o in B (1) (calc.)
Element B Number Z (calc.) [kJ/mole] (exp.) [kJ/mole] [kJ/mole]

Ac 89 -656.6 905.7
Ag 47 -331.1 580.3
Al 13 -328.0 577.2
Am 95 -727.6 976.8
As 33 -196.9 446.1
Au 79 -212.0 461.1
B 5 -145.1 394.3
Ba 56 -559.4 808.6
Be 4 -190.3 439.5
Bi 83 -228.1 477.3
Bk 97 -726.5 975.7
C 6 -24.8 274.0
Ca 20 -572.4 821.6
Cd 48 -298.6 547.8
Ce 58 -696.5 945.7
CflI 98 -568.5 817.7
CfII1 98 -723.3 972.5
Cm 96 -728.7 977.9
Co 27 -319.9 569.1
Cr 24 -440.3 689.5
Cs 55 -363.5 612.7
CU 29 -363.8 -1 10.6 (at 1673 Kja 612.9
Dy 66 -708.9 958.0
Er 68 -712.7 -961.9
Es 99 -658.5 907.6
Eull 63 -560.5 809.7
EuIll 63 -704.9 954.0
Fe 26 -363.3 612.4
Frn 100 -662.4 911.6
Ga 31 -320.3 569.5
Gd 64 -704.9 954.0
Ge 32 -229.4 478.6
Hf 72 -731.6 980.8
Hg 80 -258.2 507.4
Ho 67 -704.6 953.8
In 49 -301.2 550.3
Ir 77 -222.8 471.9
K 19 -379.9 629.1
La 57 -692.2 941.4
Li 3 -499.9 749.0
Lu 71 -720.8 970.0
Mg 12 -439.7 688.9
Mn 25 -481.5 730.6
MO 42 -442.9 1 1 692]
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Symbol of Atomic SON 0 in B () AR-solv in B (1) AITv i B (1) (calc.)
Element B Number Z (calc.) [kJ/mole] (exp.) [kJ/mole] [kJ/mole]

Na I -404.7 653.9
Nb 41 -628.8 877.9
Nd 60 -700.8 949.9
NI 28 -296.7 545.9
Np 93 -663.7 912.9
Os 76 -249.7 498.8
P 1 5 -100.6 349.8
Pa 91 -773.8 1023.0
Pb 82 -235.3 484.5
Pd 46 -239.8 489.0
PM 61 -709.1 958.3
Po 84 -153.3 402.5
Pr 59 -700.8 949.9
Pt 78 -208.4 457.6
PU 94 -723.7 972.9
Rb 37 -373.1 622.3
Re 75 -293.1 542.3
Rh 45 -254.4 503.6
Ru 44 -251.6 500.8
S 16 -63.1 312.3
Sb 5 1 -217.8 467.0
SC 21 -731.5 980.7
Se 34 -112.4 361.6
Si 14 -236.9 486.0
SM 62 -704.9 954.0
Sri 50 -271.4 -192.7 b 520.6

Sr 38 -555.7 804.8
Ta 73 -626.1 875.2
Tb 65 -708.9 958.0
Tc 43 -273.9 523.0
Te 52 -167.1 416.3
Th 90 -756.3 1005.4
TI 22 -684.1 933.3
TI 81 -270.8 520.0
Tm 69 -712.7 961.9
U 92 -689.7 938.9
v 23 -555.8 804.9
w 74 -399.0 648.2
Y 39 -704.9 954.0
YbII 70 -571.2 820.4
YblII 70 -712.7 9 19
Zn 30 -325.1 574.3
Zr 40 -772.3 1021.4
a /Kuba79/
b /Fisc67/
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Table 137: Calculated values for the partial molar enthalpy of solution of liquid sulphur in
liquid elements at infinite dilution (from equation 4)), some experimental data and
calculated partial molar enthalpies of evaporation of sulphur into the monoatomic state from
liquid metal solutions (from equation 16)).

Symbol of Atomic AiP WV, S in B (1) A ff SON S in B () AR IY Sin 130)

Element B Number Z (calc.) [kJ/mole] (exp.) [kJ/mole] (calc.) [kJ/mole]

Ac 89 -476.9 753.9
Ag 47 -138.8 -78.45 1/2 S-,(g) at 415.8

a1400K)
-72.6761 1/2 S(g at
1400K)'

Al 13 -135.3 412.3
Am 95 -514.3 791.3
As 33 -44.7 321.7
Au 79 -52.1 329.1
B 5 53.0 224.0
Ba 56 -425.5 702.5
Be 4 8.4 268.6
B1 83 -80.8 357.8
Bk 97 -514.6 791.6
C 6 36.2 240.8
Ca 20 -424.1 701.1
Cd 48 -130.3 407.3
Ce 58 -499.2 776.2
CflI 98 -412.9 689.9
MI 98 -512.5 789.5
Cm 96 -513.9 790.9
Co 27 -109.5 386.5
Cr 24 -178.2 455.2
Cs 55 -238.3 515.3
Cu 29 -153.9 -102.7 700 K)' 430.9
Dy 66 -505.5 782.5
Er 68 -507.3 784.3
Es 99 -483.0 760.0

Eull 63 -415.5 692.5

Eu1II 63 -503.6 780.6

Fe 26 -11 8.5 -126.6 1/2 S, (g))ab 395.5

Fm 100 -481.8 758.8

Ga 3 1 -140.2 417.2

Gd 64 -503.6 780.6

Ge 32 -71.0 348.0

Hf 72 -491.5 768.5

Hg 80 -100.2 377.2

Ho 67 -501.6 778.6

In 49 -136.9 413.9

Ir 77 -44.3 321.3

K 1 9 -242.3 519.3

La 57 -496.8 773.8

Li 3 -330.2 607.2

Lu 71 -512.9 789.9
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Symbol of Atomic AR-soh, Sin B (1) Affsoll'S in B (1) AH 1, Sin B(l)

Element B Number Z (calc.) [kJ/mole] (exp.) [kJ/mole] (calc.) [kJ/mole]

Mg 12 -254.0 531.0
Mn 25 -251.0 528.0
MO 42 -160.5 437.5
Na I -251.1 528.1
Nb 41 -344.6 621.6
Nd 60 -501.5 778.5
NI 28 -101.2 378.2
Np 93 -425.1 702.1
Os 76 -35.5 312.5
P 15 24.6 252.4
Pa 91 -566.0 843.0
Pb 82 -86.3 -38.164 1473 Kd 363.3
Pd 46 -118.3 395.3
PM 61 -507.5 784.5
Po 84 -28.0 305.0
Pr 59 -501.5 778.5
Pt 78 -71.7 348.7
Pu 94 -496.2 773.2
Rb 37 -241.4 518.4
Re 75 -46.5 323.5
Rh 45 -85.4 362.4
Ru 44 -47.9 324.9
S 16 0 277.0
Sb 51 -70.9 347.9
SC 21 -516.8 793.8
Se 34 -10.3 287.3
Si 14 -57.3 334.3
Sm 62 -503.6 780.6
Sri 50 -109.9 386.9
Sr 38 -415.1 692.1
Ta 73 -346.5 623.5
Th 65 -505.5 782.5
Tc 43 -64.3 341.3
Te 52 -37.8 314.8
Th 90 -542.3 819.3
Ti 22 -431.0 708.0
TI 81 -114.7 391.7
Tm 69 -507.3 784.3
U 92 -452.2 729.2
v 23 -290.9 567.9
w 74 -115.1 392.1
Y 39 -503.6 780.6
YbII 70 -421.8 698.8
YbIll 70 -507.3 784.3
Zn 30 -142.7 419.7
Zr 40 -537.8 814.8
a/Kuba79/, ),'Kuba93/, c/Moya7l /, d/LM86/
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Table 138: Calculated values for the partial molar enthalpy of solution of liquid selenium
liquid elements at infinite dilution (from equation 4)), some experimental data and
calculated partial molar enthalpies of evaporation of selenium into the monoatomic state from
liquid metal solutions (from equation 16)).

Symbol of Atomic A ff SON Se in B (1) (calc.) As""' Se in Aff'Se in B (1)

Element Number [kJ/mole] (exp.) [kJ/mole] (calc.) [kJ/mole]
z

Ac 89 -407.8 631.2
Ag 47 -84.2 307.6
Al 13 -75.7 299.1
Am 95 -435.8 659.2
As 33 -9.8 233.2
Au 79 -25.1 248.5
B 5 97.5 125.9
Ba 56 -364.8 588.2
Be 4 57.0 166.4
Bi 83 -36.6 260.0
Bk 97 -436.5 659.9
C 6 11.8 211.6
Ca 20 -360.3 583.7
Cd 48 -77.4 300.8
Ce 58 -425.6 649.0
CfII 98 -348.4 571.8
CfllI 98 -434.8 658.2
Cm 96 -434.9 658.3
Co 27 -64.0 287.4
Cr 24 -104.5 327.9
Cs 55 -177.1 400.5
Cu 29 -95.1 318.5
Dy 66 -430.1 653.5
Er 68 -431.3 654.7
Es 99 -409.0 632.4
Eull 63 -352.3 575.7
Eu1II 63 -428.8 652.2

Fe 26 -56.4 279.8
Frn 100 -407.1 630.5
Ga 31 -83.8 307.2
Gd 64 -428.8 652.2
Ge 32 -29.6 253.0
Hf 72 -409.1 632.5
Hg 80 -53.1 276.5
Ho 67 -426.4 649.8
In 49 -83.0 306.4
Ir 77 -19.4 242.8
K 19 -178.4 401.8
La 57 -423.8 647.2

-Li 3 -260.6 484.0
Lu 71 -435.9 659.3
Mg 12 -186.2 409.6
Mn 25 -186.2 409.6
MO 42 -78.7 302.1
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Symbol of Atomic A ff 0117 Se in B (1) (calc.) AR-so" se in Aff 'Se in 

Element B Number [kJ/mole] (exp.) [kJ/mole] (calc.) [kJ/mole]
z

Na I -185.5 408.9
Nb 41 -252.2 475.6
Nd 60 -427.3 650.7
NI 28 -63.3 286.7
Np 93 -346.6 570.0
Os 76 6.3 217.1
P 15 36.7 186.7
Pa 91 -490.8 714.2
Pb 82 -40.8 -65.208 883 K 264.2

-50.334 (1118 K-
-53.170 1365 K)"

Pd 46 -113.7 337.1
PM 61 -432.5 655.9
Po 84 3.9 219.5
Pr 59 -427.3 650.7
Pt 78 -65.0 288.4
Pu 94 -418.0 641.4
Rb 37 -178.6 402.0
Re 75 11.6 211.8
Rh 45 -61.5 284.9
Ru 44 -10.4 233.8
S 16 -11.8 235.2
Sb 51 -31.0 254.4
SC 21 -437.8 661.2
Se 34 0 223.4
Si 14 -10.4 233.8
SM 62 -428.8 652.2
Sri 50 -60.8 -54.69 921 K)" 284.2
Sr 38 -352.4 575.8
Ta 73 -255.9 479.3
Tb 65 -430.1 653.5
Tc 43 -22.6 246.0

7T e 5 2 -9.7 233.1
Th 90 -462.4 685.8
TI 22 -346.7 570.1

,f F- 8 -63.6 287.0
Tm 69 -431.3 654.7
U 92 -372.6 596.0
v 23 -209.4 432.8
w 74 -35.3 258.7
Y 39 -428.8 652.2
YbII 70 -357.8 581.2
YblII 70 -431.3 654.7
Zn 30 -85.4 308.8
Zr 40 -455.2 678.6
'/Kotc84/
b/Yass I 
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Table B9: Calculated values for the partial molar enthalpy of solution of liquid tellu 'um 

I I I n in
liquid elements at infinite dilution (from equation 4)), some experimental data and
calculated partial molar enthalpies of evaporation of tellurium into the monoatomic state from
liquid metal solutions (from equation (I 6).

Symbol of Atomic AR-'olv Te in B () A ff so1v Te in B () Aff"Te in B (1)

Element Number Z (calc.) [kJ/mole] (exp.) [kJ/mole] (calc.) [kJ/mole]

Ac 89 -359.0 574.6
Ag 47 -41.1 256.7
Al 1 3 -20.0 235.6
Am 95 -367.8 583.4
As 33 14.4 201.2
Au 79 -9.6 225.2
B 5 150.1 65.5
Ba 56 -326.5 542.1
Be 4 111.1 104.5
Bi 83 -9.9 225.5
Bk 97 -369.4 585.0
C 6 -31.4 247.0
Ca 20 -316.4 532.0
Cd 48 -36.4 252.0
Ce 58 -367.2 582.8
CflI 98 -302.2 517.8
CflII 98 -368.4 584.0
Cm 96 -366.1 581.7
Co 27 -13.3 228.9
Cr 24 -16.1 231.7
Cs 55 -133.5 349.1
Cu 29 -41.1 256.7
Dy 66 -368.2 583.8
Er 68 -368.1 583.7
Es 99 -356.9 572.5
Eull 63 -309.6 525.2
Eu111 63 -368.1 583.7

Fe 26 18.6 197.0
I'm 100 -353.1 568.7

Ga 3 1 -35.7 251.3

Gd 64 -368.1 583.7

Ge 32 0.5 215.1

Hf 72 -326.9 542.5

Hg 80 -20.2 235.8

Ho 67 -364.8 580.4

In 49 -43.1 258.7

Ir 77 7.6 208.0

K 19 -132.5 348.1

La 57 -366.5 582.1

-Li 3 -206.1 421.7
LU 71 -371.1 586.7

Mg 12 -128.3 343.9

Mn 25 -117.9 333.5

MO 42 23.5 192.1
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Symbol of Atomic Aff so1v Te in B () Aff so1v Te in Te in 

Element B Number Z (ca1c.) [kJ/mole] (exp.) [kJ/mole] (calc.) [kJ/mole]

Na I -137.5 -261.2 a 353.1

Nb 41 -144.4 360.0

Nd 60 -367.8 583.4

Ni 28 -23.3 -46.0 238.9

(x = 052, 873 Kb

Np 93 -267.5 483.1

Os 76 58.2 157.4

P 1 5 38.8 176.8

Pa 91 -426.7 642.3

Pb 82 -12.5 -34.3 737 K)' 228.1

-36.2 879 K)'

-36.9 1210 K)e
Pd 46 -125.0 340.6

PM 61 -371.4 587.0

Po 84 13.9 201.7

Pr 59 -367.8 583.4

Pt 78 -66.7 282.3

Pu 94 -343.9 559.5

Rb 37 -133.7 349.3

Re 75 86.4 129.2
Rh 45 -40.4 256.0
Ru 44 34.4 181.2
S 16 -51.9 267.5
Sb 5 1 -7.1 222.7
SC 21 -369.0 584.6
Se 34 -11.6 227.2
Si 14 32.8 182.8
Sm 62 -368.1 583.7
Sri 50 -25.1 -30.7 298 K)'- 240.7

-31.8 725 K)'
Sr 38 -311.1 526.7

Ta 73 -151.2 366.8

Tb 65 -368.2 583.8

Tc 43 26.6 189.0

Te 52 0 215.6

Th 90 -393.1 608.7

TI 22 -257.6 473.2

TI 81 -28.7 -59.8 (integral 244.3

enthalpy of mixing at

at x = 0.1)g

Tm 69 -368.1 583.7

U 92 -293.4 509.0

v 23 -116.3 331.9

w 74 66.9 148.7
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Symbol of Atomic Afl7so1v Te in B () A ff so1v T. in B () Aff 11 Te in 

Element B Number Z (calc.) [kJ/mole] (exp.) [kJ/mole] (calc.) [kJ/mole]

Y 39 -368.1 583.7

YblI 70 -313.6 529.2

YblIl 70 -368.1 583.7

Zn 30 -35.7 25 1.3

Zr 40 -375.4 591.0

'/Walk7O/

'/Hult73/

c/Cast72/
d/M '84/on]

e/Blac83/

f/YassO I /

'/Land76/
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Table IO: Calculated values for the partial molar enthalpy of solution of liquid poloniurn in
liquid elements at infinite dilution (from equation 4)) and calculated partial molar
enthalples of evaporation of poloniurn into the monoatomic state from liquid metal solutions
(from equation (I 6).

Symbol of Atomic Number SON Po in B (1) (calc.) AH'p, in B (1) (calc.)
Element B z [kJ/mole] [kJ/mole]

Ac 89 -322.4 511.3
Ag 47 15.0 173.9
Al 13 46.5 142.4
Am 95 -279.3 468.2
As 33 63.0 125.9
Au 79 69.3 119.6
B 5 268.1 -79.2
Ba 56 -335.5 524.4
Be 4 218.1 -29.2
Bi 83 -7.3 196.2
Bk 97 -282.8 471.7
C 6 36.5 152.4
Ca 20 -309.6 498.5
Cd 48 -7.0 195.9
Ce 58 -301.8 490.7
CfII 98 -285.8 474.7
Cflll 98 -283.3 472.2

Cm 96 -275.6 464.5
Co 27 136.3 52.6
Cr 24 158.4 30.5
Cs 55 -174.3 363.2
CU 29 47.8 141.1
Dy 66 -293.8 482.7
Er 68 -290.6 479.5
Es 99 -342.5 531.4
EuIl 63 -308.3 497.2
EuIll 63 -296.7 485.6
Fe 26 188.4 0.5
Fm 100 -331.1 520.0
Ga 31 11.7 177.2
Gd 64 -296.7 485.6
Ge 32 41.7 147.2
Hf 72 -190.1 379.0
Hg 80 1.7 187.2
Ho 67 -291.0 479.9
In 49 -25.8 214.7
Ir 77 155.7 33.2
K 19 -167.1 356.0
La 57 1-304. 493.0
Li 3 -192.1 381.0
Lu 71 -290.0 478.9
Mg 12 -89.0 277.9
Mn 25 23.4 165.5
MO 42 214.1 -25.2
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Symbol of Atomic Number Aff so"' Po in B (1) (calc.) Aff"poi,,B(l) (calc.)
Element B z [kJ/mole] [kJ/mole]

Na I I -155.2 344.1
Nb 41 37.8 151.1
Nd 60 -299.4 488.3

-NI 28 119.1 69.8
Np 93 -131.4 320.3
Os 76 224.9 -36.0
p 1 5 109.5 79.4
Pa 91 -327.7 516.6
Pb 82 -10.2 199.1
Pd 46 -30.3 219.2
PM 61 -299.5 488.4
Po 84 0 188.9
Pr 59 -299.4 488.3
Pt 78 55.3 133.6
PU 94 -221.3 410.2
Rb 37 -171.7 360.6
Re 75 267.9 -79.0
Rh 45 91.6 97.3
Ru 44 193.3 -4.4
S 16 -41.0 229.9
Sb 51 10.2 178.7
SC 21 -278.6 467.5
Se 34 5.1 183.8

-Si 14 105.6 83.3
SM 62 -296.7 485.6
Sri 50 -0.7 189.6

Sr 38 -315.6 504.5
Ta 73 26.8 162.1
Tb 65 -293.8 482.7
Tc 43 185.0 3.9
Te 52 14.9 174.0
Th 90 -302.7 491.6
TI 22 -106.4 295.3
TI 81 -24.8 213.7
Tm 69 -290.6 479.5
U 92 -159.1 348.0
v 23 51.2 137.7
w 74 262.4 -73.5
Y 39 -296.7 485.6
YbIl 70 -305.5 494.4
YbIll 70 -290.6 479.5
Zn 30 14.7 174.2
Zr 40 -244.4 433.3
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Table I Calculated values for the partial molar enthalpy of solution of oxygen in solid
elements at infinite dilution (from equation 4)), mechanism of adsorption of oxygen on/in
solid surfaces of element (see chapter 54.), partial molar enthalpies of adsorption of
oxygen in/on solid surfaces of B at zero coverage (equations 23 and 24), partial molar net
enthalpies of adsorption of oxygen in/on solid surfaces of B at zero coverage (equations 19
and 20) and partial molar enthalpies of segregation of oxygen in a solid matrix of B
(equations 28 and 29).
Element Atomic Ah� SON O in B(s) Adsorption Aff ads 0 in/on B Aff adsnet 0 in/on AH seg 
B Number Meehan'Z (ca1c.) ism (calc.) (calc.) [kJ/molel (ca1c.)

[kJ/mole] [kJ/mole] [kJ/mole]

Ac 89 -679.8 in -869.0 -619.7 60.2

Ag 47 -336.5 in -563.7 -314.4 22.1

Al I 3 -328.0 in -553.2 -303.9 24.2

Am 95 -752.9 in -936.8 -687.4 65.5

As 33 -196.9 in -435.6 -186.3 10.6

Au 79 -223.4 in -462.5 -213.2 10.2

B 5 -145.1 in -415.6 -166.2 -21.1

Ba 56 -571.7 in -768.0 -518.7 53.0

Be 4 -190.3 in -444.6 -195.3 -4.9

Bi 83 -228.1 in -458.0 -208.6 19.5

Bk 97 -751.7 in -935.1 -685.8 66.0

C 6 -24.8 in -363.3 -114.0 -89.2

Ca 20 -582.9 in -779.9 -530.6 52.4
Cd 48 -298.6 in -522.9 -273.5 25.1

Ce 58 -721.0 in -904.6 -655.3 65.8

CflI 98 -579.5 in -776.7 -527.4 52.1

MI 98 -748.5 in -931.3 -682.0 66.6

Cm 96 -754.1 in -938.8 -689.5 64.7

Co 27 -360.2 in -594.8 -345.5 14.7

Cr 24 -480.9 in -707.5 -458.2 22.7

Cs 55 -363.5 in -577.3 -328.0 35.5

Cu 29 -375.1 in -603.0 -353.6 21.4

Dy 66 -733.7 in -920.5 -671.1 62.5

Er 68 -737.7 in -925.1 -675.7 61.9

Es 99 -670.9 in -858.6 -609.3 61.6

Eull 63 -570.9 in -911.4 -662.1 67.5

EuIll 63 -729.6 in -769.9 -520.6 50.3

Fe 26 -404.0 in -634.0 -384.7 19.3

Fm 100 -675.1 in -866.7 -617.4 57.7

Ga 31 -320.3 in -540.2 -290.9 29.4

Gd 64 -729.6 in -915.8 -666. 63.1

Ge 32 -229.4 in -467.3 -217.9 11.5

Hf 72 -770.1 in -962.5 -713.2 57.0

Hg 80 -258.2 in -483.5 -234.2 24.0

Ho 67 -729.4 in -917.1 -667.8 61.6

In 49 -301.2 in -523.4 -274.1 27.1

Ir 77 -263.2 in -513.6 -264.3 -1.1

K 19 -379.9 in -592.5 -343.2 36.7

La 57 -716.6 in -901.1 -651.8 64.8

Li 3 -499.9 in -703.0 -453.7 46.2
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Element Atomic Aff'501V Oin B (s) Adsorption Aff ads 0 in/on Affadsnei 0 in/on Aff seg 

B Number Meehan'
z (calc.) Ism (calc.) (calc.) [kJ/molel (calc.)

[kJ/mole] [kJ/mole] [kJ/mole]

Lu 71 -745.9 in -933.6 -684.3 61.6

Mg 12 -439.7 in -652.3 -403.0 36.8

Mn 25 -521.0 in -735.8 -486.5 34.5

MO 42 -484.1 in -713.3 -464.0 20.1

Na I -404.7 in -615.7 -366.3 38.4

Nb 41 -669.2 in -876.6 -627.3 41.9

Nd 60 -725.4 in -910.1 -660.7 64.6

Ni 28 -336.8 in -573.4 -324.0 12.7

Np 93 -702.4 in -889.6 -640.2 62.2

Os 76 -290.5 in -544.5 -295.2 -4.7

P 15 -100.6 in -348.7 -99.4 1.2

Pa 91 -810.5 in -992.6 -743.3 67.2

Pb 82 -235.3 in -464.9 -215.6 19.7

Pd 46 -278.6 in -518.1 -268.7 9.9

PM 61 -733.9 in -917.9 -668.6 65.3

Po 84 -153.3 in -390.6 -141.2 12.0

Pr 59 -725.4 in -909.5 -660.1 65.2

Pt 78 -248.2 in -492.3 -243.0 5.2

Pu 94 -761.7 in -942.6 -693.3 68.4

Rb 37 -373.1 in -586.1 -336.8 36.3

Re 75 -334.3 in -584.6 -335.3 -1.0

Rh 45 -294.3 in -537.3 -287.9 6.3

Ru 44 -292.2 in -539.5 -290.2 2.1

S 16 -63.1 in -309.9 -60.6 2.5

Sb 51 -217.8 in -451.4 -202.1 15.8

SC 21 -756.9 in -944.2 -694.8 62.1

-Se 34 -112.4 in -354.6 -105.2 7.2

St 14 -236.9 in -480.0 -230.6 6.2

Sm 62 -729.6 in -914.3 -665.0 64.6

Sn 50 -271.4 in -497.1 -247.8 23.7

Sr 38 -565.7 in -763.2 -513.9 51.9

Ta 73 -666.4 in -879.0 -629.7 36.7

Tb 65 -733.7 in -920.0 -670.7 63.0

Tc 43 -314.4 in -556.8 -307.5 6.9

Te 52 -167.1 in -404.6 -155.3 11.8

Th 90 -781.6 in -965.3 -716.0 65.6

Ti 22 -723.4 in -918.4 -669.1 54.3

T1 81 -270.8 in -497.0 -247.6 23.2

Trn 69 -737.7 in -925.3 -676.0 61.7

U 92 -728.3 ID -916.1 -666.7 61.5

v 23 -595.9 in -809.1 -559.7 36.2

w 74 -440.3 in -681.2 -431.8 8.5

y 39 -729.6 in -917.2 -667.8 61.8

Yb11 70 -581.8 in -919.2 -669.9 67.8

Yb111 70 -737.7 in -780.3 -530.9 50.9

Zn 30 -325.1 in -548.9 -299.6 25.5

Zr 40 -810.4 in -995.4 1 -746.0 64.4
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Table 2 Calculated values for the partial molar enthalpy of solution of sulphur in solid
elements at infinite dilution (from equation 4)), mechanism of sulphur adsorption on/in
solid surfaces of element (see chapter 54.), partial molar enthalpies of adsorption of
sulphur in/on solid surfaces of B at zero coverage (equations 23 and 24), partial molar net
enthalpies of adsorption of sulphur in/on solid surfaces of B at zero coverage (equations 19
and 20) and partial molar enthalpies of segregation of sulphur in a solid matrix of B
(equations 28 and 29).

Element Atomic Aff SON Sin B(s) Adsorp- Aff ads S in/on Affadsnel S in/on Aff seg S

B Number (calc.) tion (calc.) (ca1c.) (ca1c.)

Z [kJ/mole] Meha- [kJ/mole] [kJ/mole] [kJ/mole]
nism

Ac 89 -511.2 in -749.4 -472.4 38.8

Ag 47 -146.7 in -427.1 -150.1 -3.3

Al 13 -135.3 in -412.2 -135.2 0.1

Am 95 -551.4 in -788.6 -511.6 39.8

As 33 -44.7 in -331.5 -54.5 -9.7

Au 79 -68.6 in -357.7 -80.7 -12.1

B 5 53.0 on(m) -424.3(-147.3) -147.3(-7.9) -200.4

(-61.0)
Ba 56 -443.8 in -683.0 -406 37.8

Be 4 8.4 in -307.0 -30 -38.4

Bi 83 -80.8 in -354.9 -77.9 2.8

Bk 97 -551.6 in -787.9 -510.9 40.7

C 6 36.2 in -387.4 -110.4 -146.6

Ca 20 -439.8 in -682.1 -405.1 34.7

Cd 48 -130.3 in -401.8 -124.8 5.6

Ce 58 -535.2 in -768.6 -491.6 43.6

CM 98 -429.1 in -672.4 -395.4 33.7

CflII 98 -549.5 in -784.5 -507.5 41.9

Cm 96 -551.1 in -789.8 -512.8 38.2

Co 27 -167.6 in -461.1 -184.1 -16.6

Cr 24 -236.9 in -529.9 -252.9 -16

Cs 55 -238.3 in -492.8 -215.8 22.5

Cu 29 -170.3 in -455.5 -178.5 -8.2

Dy 66 -541.9 in -781.8 -504.8 37.2

Er 68 -543.9 in -785.0 -508 35.8

Es 99 -501.4 in -736.9 -459.9 41.5

Eull 63 -430.8 in -673.3 -396.3 34.5

EulII 63 -539.9 in -773.6 -496.6 43.3

Fe 26 -177.2 in -469.5 -192.5 -15.3

Fin 100 -500.5 in -742.9 -465.9 34.7

Ga 3 -140.2 in -407.3 10

Gd 64 -539.9 in -778.4 -501.4 38.5

Ge 32 -71.0 in -358.9 -81.9 -10.9

Hf 72 -547.7 in -801.3 -524.3 23.3

Hg 80 -100.2 in -369.9 -92.9 7.2

Ho 67 -538.0 in -779.0 -502 36

In 49 -136.9 in -405.0 -128 8.9

Ir 77 -102.5 in -412.1 -135.1 -32.6

K 19 -242.3 in -497.1 -220.1 22.3

La 57 -532.7 in -767.2 -490.2 42.5
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Element Atomic AHsolv S in Adsorption Aff ads Si Won Affadsnet S in/on Aff seg S

B Number (calc.) Mechanism (calc.)[U/mole] (ca1c)[Urnole] (calc.)

z [kJ/mole] [kJ/mole]

Li 3 -330.2 in -580.1 -303.1 27
Lu 7 -549.6 in -792.1 -515.1 34.5
Mg 2 -254.0 in -517.0 -240 14.1
Mn 25 -308.3 in -582.0 -305 3.3
MO 42 -219.8 in -519.2 -22.3
Na I -251.1 in -506.3 -229.3 21.8
Nb 4 -403.2 in -679.1 -402.1 1.1
Nd 60 -537.6 in -773.2 -496.2 41.4
Ni 28 -159.0 in -452.8 -175.8 -16.8
Np 93 -481.5 in -723.0 -446 35.6
Os 76 -94.3 in -414.5 -137.5 -43.2
P 1 5 24.6 in -268.7 8.3 -16.2
Pa 9 -619.7 in -856.4 -579.4 40.2
Pb 82 -86.3 in -360.7 -83.7 2.6
Pd 46 -174.3 in -462.0 -185 -10.7
PM 6 -543.8 in -779.2 -502.2 41.7
Po 84 -28.0 in -307.3 -30.3 -2.3
Pr 59 -537.6 in -772.3 -495.3 42.3
Pt 78 -128.9 in -423.7 -146.7 -17.8
PU 94 -551.6 in -785.7 -508.7 43
Rb 3 7 -241.4 in -495.8 -218.8 22.5
Re 75 -105.8 in -426.1 -149.1 -43.3
Rh 45 -142.9 in -441.7 -164.7 -21.8
Ru 44 -106.5 in -415.3 -138.3 -31.8
S 6 0 n -282.9 -5.9 -5.9
Sb 5 1 -70.9 in -350.2 -73.2 -2.3
SC 1 2 -554.0 in -797.0 -520 34
Se 34 -10.3 in -292.7 -15.7 -5.3
Si 4 -57.3 in -355.9 -78.9 -21.6
Sm 62 -539.9 in -776.0 -499 40.8
Sn 50 -109.9 in -381.3 -104.3 5.5

Sr 3 -430.0 in -671.4 -394.4 35.6
Ta 73 -405.0 in -688.3 -411.3 -6.4
Tb 65 -541.9 in -781.0 -504 37.9

Tc 43 -122.7 in -425.8 -148.8 -26

Te 52 -37.8 in -318.7 -41.7 -3.8

Th 90 -579.4 in -818.2 -541.2 38.2

Ti 22 -488.1 in -744.6 -467.6 20.5

TI 81 -114.7 in -386.3 -109.3 5.4

TM 69 -543.9 in -785.4 -508.4 35.5

U 92 -508.4 in -752.3 -475.3 33.1

v 23 -349.2 in -627.9 -350.9 -1.7

w 74 -174.7 in -489.9 -212.9 -38.1

y 39 -539.9 in -780.4 -503.4 36.4

YblI 70 -437.5 in -680.2 -403.2 34.3

YbIll 70 -543.9 in 777.9 -500.9 431 - - 3
Zn 30 -142.7 in-----4-416.4 -139.4

Zr 40 -593.5 i -837.2 -560.2 33.3



188
Table 3 Calculated values for the partial molar enthalpy of solution of selenium in solid
elements at infinite dilution (from equation 4)), mechanism of selenium adsorption on/in
solid surfaces of element (see chapter 54.), partial molar enthalpies of adsorption of
selenium in/on solid surfaces of B at zero coverage (equations 23 and 24), partial molar net
enthalpies of adsorption of selenium in/on solid surfaces of B at zero coverage (equations 19
and 20) and partial molar enthalples of segregation of selenium in a solid matrix of B
(equations 28 and 29).
Elemen Atomic SON (S) Adsorption d AHd,,,,,S
t B Number Aff Se in Mechanism AH a s S. i n/on B in/on B Aff"9 Se

Z (ca1c.) (ca1c.) (calc.)[U/mole] (calc.)
-[kJ/mole] [kJ/molel [kJ/mole]

Ac 89 -447.0 in -640.0 -416.6 30.4
Ag 47 -93.3 in -328.3 -104.9 -11.6
Al 13 -75.7 in -307.2 -83.8 -8.1
Am 95 -478.1 in -671.5 -448.1 30.0
As 33 -9.8 in -248.7 -25.3 -15.5
Au 79 -43.9 in -285.0 -61.6 -17.7
B 5 97.5 on -373.0 -149.6 -247.1
Ba 56 -385.8 in -578.2 -354.8 30.9
Be 4 57.0 on(m) -329.6(-215.7) -106.2(7.7) -163.2

(49.3)

Bi 83 -36.6 in -262.4 -39.0 -2.4
Bk 97 -478.7 in -671.1 -447.7 31.0
C 6 11.8 in -378.8 -155.4 -167.2
Ca 20 -378.2 in -574.6 -351.2 27.0
Cd 48 -77.4 in -301.7 -78.3 -1.0
Ce 58 -466.7 in -655.0 -431.6 35.1
CflI 98 -366.9 in -564.3 -340.9 26.0
Cflll 98 -476.9 in -667.8 -444.4 32.6
Cm 96 -477.4 in -672.7 -449.3 28.1
Co 27 -129.9 in -379.0 -155.6 -25.7
Cr 24 -171.2 in -423.6 -200.2 -29.0
Cs 55 -177.1 in -384.4 -161.0 16.1
Cu 29 -113.8 in -355.1 -131.7 -17.9
Dy 66 -471.7 in -667.7 -444.3 27.4
Er 68 -473.0 in -670.7 -447.3 25.7
Es 99 -430.0 in -620.5 -397.1 32.9

Eull 63 -369.9 in -659.0 -435.6 34.6
Eulll 63 -470.2 in -566.2 -342.8 27.0
Fe 26 -123.1 in -372.6 -149.2 -26.1
Fm 100 -428.5 in -627.0 -403.6 24.9
Ga 31 -83.8 in -303.5 -80.1 3.7
Cid 64 -470.2 in -664.6 -441.2 28.9
Ge 32 -29.6 in -271.0 -47.6 -17.9
Hf 72 -473.0 in -685.7 -462.3 10.8
Hg 80 -53.1 in -274.5 -51.1 2.1
Ho 67 -468.0 in -665.3 -441.9 26.1
In 49 -83.0 in -303.7 -80.3 2.7
Ir 77 -85.5 in -350.1 -126.7 -41.2
K 19 -178.4 in -386.2 -162.8 15.6
La 57 -464.7 in -654.1 -430.7 34.0

in -464.9 -241.5 19.1Li 3 -260.6 1, -I
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Element Atomic Ahrsolv Se in s) Adsorption ads Se in/on Aff ads, net Se in/on Aff seg Se

B Number (calc.) Mechanism (calc.) (calc.) [kJ/molel (ca1c.)

z [kJ/mole] [kJ/mole] [kJ/molel

Lu 71 -477.9 in -677.2 -453.8 24.0
Mg 12 -186.2 in -404.2 -180.8 5.5
Mn 25 -251.3 in -481.7 -258.3 -6.9
MO 42 -146.1 in -406.4 -183.0 -36.9
Na I -185.5 in -394.2 -170.8 14.7
Nb 41 -318.8 in -555.9 -332.5 -13.7
Nd 60 -468.5 in -659.5 -436.1 32.4
NI 28 -129.0 in -377.5 -154.1 -25.1
Np 93 -410.8 in -607.8 -384.4 26.4
Os 76 -60.5 in -339.0 -115.6 -55.1
P 15 36.7 in -206.4 17.0 -19.7
Pa 91 -552.0 in -745.5 -522.1 29.9
Pb 82 -40.8 in -267.1 -43.7 -2.9
Pd 46 -177.3 in -415.6 -192.2 -14.9
PM 61 -473.9 in -664.7 -441.3 32.6
Po 84 3.9 in -225.8 -2.4 -6.4
Pr 59 -468.5 in -658.4 -435.0 33.5
Pt 78 -129.9 in -375.9 -152.5 -22.6
Pu 94 -481.1 in -670.6 -447.2 33.9
Rb 37 -178.6 in -386.0 -162.6 16.0
Re 75 -55.7 in -336.1 -112.7 -57.0
Rh 45 -126.8 in -379.4 -156.0 -29.2
Ru 44 -76.8 in -341.8 -118.4 -41.6
S 16 -11.8 in -240.9 -17.5 -5.7
Sb 51 -31.0 in -262.3 -38.9 -7.8
SC 21 -480.2 in -680.5 -457.1 23.2
Se 34 0 in -230.8 -7.4 -7.4
Si 14 -10.4 in -264.5 -41.1 -30.7
Sm 62 -470.2 in -661.9 -438.5 31.7
Sri 50 -60.8 in -284.5 -61.1 -0.3
Sr 38 -369.6 in -564.7 -341.3 28.3
Ta 73 -322.4 in -568.0 -344.6 -22.3
Tb 65 -471.7 in -666.8 -443.4 28.3
Tc 43 -89.0 in -348.0 -124.6 -35.6
Te 52 -9.7 in -241.0 -17.6 -7.9
Th 90 -504.7 in -700.6 -477.2 27.5
Ti 22 -411.6 in -626.8 -403.4 8.2
TI 81 -63.6 in -287.7 -64.3 -0.7
TM 69 -473.0 in -671.1 -447.7 25.3
U 92 -436.6 in -636.9 -413.5 23.1
v 23 -275.6 in -514.0 -290.6 -15.0
w 74 -103.0 in -380.7 -157.3 -54.3
y 39 -470.2 in -667.0 -443.6 26.6
Ybll 70 -375.9 in -575.0 -351.6 24.3
YbIll 70 -473.0 in 1-660.1 -436.7 36.3
Zn 30 -85.4 in -313.0 -89.6 -4.3
Zr 40 -518.7 in -720.5 -497.1 21.5
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Table B 4: Calculated values for the partial molar enthalpy of solution of tellurium in solid
elements at infinite dilution (from equation 4)), mechanism of tellurium adsorption on/in
solid surfaces of element (see chapter 54.), partial molar enthalpies of adsorption of
tellurium in/on solid surfaces of B at zero coverage (equations 23 and 24), partial molar net
enthalples of adsorption of tellurium in/on solid surfaces of B at zero coverage (equations 9
and 20) and partial molar enthalpies of segregation of tellurium in a solid matrix of B
(equations 28 and 29).
Element Atom' Adsorption AlTads Te in./on B AHadsnet Te iri/on BAff seg1 c AH so 'Te in BS Te
B Number (calc.) Mechanism (calc.) (calc.) (calc.)

Z [kJ/mole] [kJ/mole] [kJ/mole] [kJ/mole]

Ac 1 8 9 -405.6 in -598.1 -382.5 23.1
Ag 4 7 -51.8 in -287.8 -72.2 -20.4
Al 3 -20.0 in -252.8 -37.2 -17.2
Am 9 5 -418.0 in -613.6 -398.0 19.9
As 3 3 14.4 in -222.8 -7.2 -21.6
Au 79 -31.8 in -271.2 -55.6 -23.8
B 5 150.1 on -380.0 -164.4 -314.5
Ba 5 6 -351.6 in -541.4 -325.8 25.8
Be 4 111.1 on -320.7 -105.1 -216.2
B 8 3 -9.9 in -231.9 -16.3 -6.5
Bk 9 7 -419.4 in -613.7 -398.1 21.3
C 6 -31.4 in -446.7 -231.1 -199.7
C a 20 -337.8 in -532.8 -317.2 20.5
Cd 4 8 -36.4 i n -259.0 -43.4 -7.0
Cc 5 8 -416.0 in -604.1 -388.5 27.5
CfI1 9 8 -324.3 in -520.5 -304.9 19.3
CfllI 9 8 -418.3 i n -610.6 -395.0 23.3
Cm 96 -416.4 i n -614.4 -398.8 17.6
C o 2 7 -90.9 i n -344.7 -129.1 -38.3
Cr 24 -94.7 in -357.3 -141.7 -46.9
C s 5 5 -133.5 in -337.7 -122.1 11.4
C u 2 9 -63.2 in -308.3 -92.7 -29.5
Dy 66 -417.5 in -615.6 -400.0 17.5
Er 6 8 -417.6 in -617.9 -402.3 15.3
Es 99 -382.0 i n -571.8 -356.2 25.8
Eull 6 3 -330.6 in -603.3 -387.7 29.5
EuIll 63 -417.2 in -528.3 -312.7 17.8
Fe 26 -60.0 in -316.5 -100.9 -41.0
Fm 100 -378.7 i n -578.4 -362.8 15.9
Ga 3 35.7 in -253.5 -37.9 -2.2
Gd 64 -417.2 i n -613.2 -397.6 19.6
Ge 3 2 0.5 in -240.7 -25.1 -25.6
Hf 72 -402.6 in -622.6 -407.0 -4.5
Hg 80 -20.2 in -237.7 -22.1 -1.9
Ho 6 7 414.1 in -613.6 -398.0 16.1
In 49 -43.1 in -261.2 -45.6 -2.5
Ir 7 7 -70.1 in -339.5 -123.9 -53.8
K 1 9 132.5 i n -337.6 -122.0 10.5
La 5 7 -415.1 in -604.5 -388.9 26.2
Li 3 -206.1 in -409.6 -194.0 12.1
Lu 71 -420.9 in -623.5 -407.9 13.0
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Element Atomic Ah� SO& TIejnB (s) Adsorption AIT ads Te in/on Aff adsnef Te in/on Aff seg Te

B Number (Calc.) Mechanism (calc.) (calc.) [kJ/molel (calc.)

z [kJ/mole] [kJ/mole] [W/niole]

Mg 1 12 -128.3 in -347.2 -131.6 -3.3
Mn 25 -194.7 in -430.1 -214.5 -19.7
MO 42 -55.9 in -328.9 -113.3 -57.4
Na I -137.5 in -344.0 -128.4 9.1
Nb 41 -223.0 in -472.1 -256.5 -33.4
Nd 60 -416.7 in -608.3 -392.7 24.0
NJ 28 -100.6 in -352.6 -137.0 -36.4
Np 93 -343.3 in -542.5 -326.9 16.4
Os 76 -20.3 in -308.7 -93.1 -72.8
P 15 38.8 in -200.2 15.4 -23.4
Pa 91 -499.3 in -695.9 -480.3 19.0
Pb 82 -12.5 in -235.4 -19.8 -7.3
Pd 46 -200.0 in -435.5 -219.9 -19.9
PM 61 -420.6 in -612.3 -396.7 23.9
Po 84 13.9 in -210.4 5.2 -8.7
Pr 59 -416.7 in -606.9 -391.3 25.4
Pt 78 -143.1 in -387.9 -172.3 -29.2
Pu 94 -418.5 in -609.6 -394.0 24.5
Rb 37 -133.7 in -338.2 -122.6 11.1
Re 75 7.3 in -285.6 -70.0 -77.2
Rh 45 -117.2 in -372.3 -156.7 -39.5
Ru 44 -43.8 in -315.3 -99.7 -55.9
S 16 -51.9 in -270.6 -55.0 -3.2
Sb 51 -7.1 in -235.4 -19.8 -12.7
SC 21 -419.2 in -623.4 -407.8 11.5
Se 34 -11.6 in -235.1 -19.5 -7.9
Si 14 32.8 in -224.9 -9.3 -42.1
Sm 62 -417.2 in -609.8 -394.2 23.0
Sri 50 -25.1 in -246.0 -30.4 -5.2
Sr 38 -331.5 in -524.5 -308.9 22.6
Ta 73 -229.7 in -489.0 -273.4 -43.7
Tb 65 -417.5 in -614.5 -398.9 18.6
Tc 43 -51.5 in -316.4 -100.8 -49.3
Te 52 0 in -226.4 -10.8 -10.8
Th 90 -443.3 in -642.7 -427.1 16.2
Tj 22 -334.4 in -556.8 -341.2 -6.9
TI 81 -28.7 in -250.1 -34.5 -5.8
TM 69 -417.6 in -618.4 -402.8 14.8
U 92 -369.0 in -572.9 -357.3 11.7
v 23 -194.4 in -442.6 -227.0 -32.7
w 74 -12.8 in -306.1 -90.5 -77.7
y 39 -417.2 in -616.1 -400.5 16.7
YbII 70 -335.1 in -530.6 -315.0 20.1
YbIII 70 -417.6 in -607.7 -392.1 25.5

-35.7 in -263.4 -47.8
Zn 30 -12.1
Zr 40 -450.4 in -658.1 -442.5 7.9
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Table B 1 5: Calculated values for the partial molar enthalpy of solution of polonium in solid
elements at infinite dilution (from equation 4)), mechanism of polonium adsorption on/in
solid surfaces of element (see chapter 54.), partial molar enthalpies of adsorption of
poloniurn in/on solid surfaces of B at zero coverage (equations 17 and 18), partial molar net
enthalples of adsorption of polonium in/on solid surfaces of B at zero coverage (equations 19
and 20) and partial molar enthalpies of segregation of polonium in a solid matrix of B
(equations 26 and 27).
Element Atomic I (s, Adsorption 'Aff ads AjTadsnet Po in/on B ( Affseg po
B Number AH so 'Po in B k Mechanism Po in/on E calc.) [kJ/mole]

Z (calc.) (ca1c.) (calc.)

[kJ/mole] [kJ/mole] [kJ/mole]

Ac 89 -369.8 in -540.7 -351.8 18.1

Ag 47 4.2 in -212.8 -23.9 -28.1

Al 13 46.5 m(on) -167.8(- 21.1(-38.9) -25.4

227.8) (-85.4)

Am 95 -330.1 in -509.6 -320.7 9.3

As 33 63.0 on -221.3 -32.4 -95.4

Au 79 47.0 in(on) -175.8(- 13.1(-65.7) -33.9

254.6) (-112.7)

B 5 268.1 on -303.2 -114.3 -382.3

Ba 56 -361.3 in -524.2 -335.3 26

Be 4 218.1 on -243.9 -55 -273

Bi 83 -7.3 in -203.6 -14.7 -7.3

Bk 97 -333.6 in -511.4 -322.5 11.1

C 6 36.5 in -375.2 -186.3 -222.8

Ca 20 -331.5 i in -501.6 -312.7 18.8

Cd 48 -7.0 in -206.7 -17.8 -10.8

Ce 58 -351.3 in -520.4 -331.5 19.8

CfII 98 -308.4 in -503.6 -314.7 19.2

CflII 98 -333.9 in -486.5 -297.6 10.8

Cm 96 -326.5 in -508.8 -319.9 6.6

Co 27 58.6 on(in) -318.5(- -129.6(l.5) -188.2

187.4) (-57.0)

Cr 24 79.6 on -337.5 -148.6 -228.2

Cs 55 -174.3 in -347.8 -158.9 15.4

Cu 29 25.5 in -204.7 -15.8 -41.3

Dy 66 -343.8 in -524.5 -335.6 8.2

Er 68 -340.8 in -524.2 -335.3 5.5

Es 99 -368.2 in -533.6 -344.7 23.4

Eull 63 -329.8 in -514.0 -325.1 21.4

EulII 63 -346.5 in -502.2 -313.3 16.5

Fe 26 109.8 on -286.5 -97.6 -207.4

Frn 100 -357.3 in -534.2 -345.3 12

Ga 31 11.7 in -184.6 4.3 -7.4

Gd 64 -346.5 in -524.7 -335.8 10.7

Ge 32 41.7 in(on) -179.0(- 9.9(-64.0) -31.8

252.9) (-105.7)

Hf 72 -266.3 in -477.0 -288.1 -21.8

Hg 80 1.7 in -191.7 -2.8 -4.4

Ho 67 -341.0 in -523.2 -334.3 6.7

In 49 -25.8 in -219.5 -30.6 -4.8

Ir 77 78.0 on -353.8 -164.9 -242.9
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Element Atomic Affsol, Po in B(s) Adsorption Aff ads Po in/on Aff adsnef Po in/on Aff seg po

B Number (calc.) Mechanism (calc.) [kJ/molel (calc.)
z [W/rnole] -kJ/molel [kJ/molel

K 19 -167.1 in -342.3 -153.4 13.7
La 57 -353.4 in -523.5 -334.6 18.8
Li 3 -192.1 in -371.0 -182.1 10
Lu 71 -340.4 in -526.8 -337.9 2.6
Mg 12 -89.0 in -286.5 -97.6 -8.5
Mn 25 -53.8 in -279.7 -90.8 -37
MO 42 134.6 on -327.4 -138.5 -273.1
Na I -155.2 in -333.7 -144.8 10.5
Nb 41 -41.2 in(on) -286.4(- -97.4(-218.8) -56.2

407.7) (-177.6)
Nd 60 -349.0 in -522.1 -333.2 15.8
Ni 28 41.7 in(on) -201.6(- -12.7(-136.7) -54.4

325.6) (-178.4)
Np 93 -207.8 in -395.3 -206.4 1.4
Os 76 146.4 on -361.3 -172.4 -318.8
P 15 109.5 on -191.3 -2.4 -111.9
Pa 91 -401.2 in -583.4 -394.5 6.6
Pb 82 -10.2 in -207.3 -18.4 -8.2
Pd 46 -105.5 in -327.1 -138.2 -32.6
PM 61 -349.3 in -522.9 -334 15.3
Po 84 0 in -196.8 -7.9 -7.9
Pr 59 -349.0 in -520.7 -331.8 17.2
Pt 78 -21.2 in -255.0 -66.1 -44.9
Pu 94 -296.7 in -474.7 -285.8 10.9
Rb 37 -171.7 in -345.9 -157 14.7
Re 75 188.8 on -341.9 -153 -341.8
Rb 45 14.7 in -231.1 -42.2 -56.9
Ru 44 115.2 on -329.6 -140.7 -255.9
S 16 -41.0 in -234.9 -46 -4.9
Sb 51 10.2 in -194.2 -5.3 -15.5
SC 21 -329.5 in -518.4 -329.5 0
Se 34 5.1 in -194.1 -5.2 -10.3
Si 14 105.6 on -260.7 -71.8 -177.4
Sm 62 -346.5 in -521.0 -332.1 14.4
Sri 50 -0.7 in -197.9 -9 -8.3
Sr 38 -336.6 in -503.3 -314.4 22.2
Ta 73 -52.0 in -307.8 -118.9 -66.9
Tb 65 -343.8 in -523.4 -334.5 9.3
Tc 43 106.9 on -314.1 -125.2 -232.1
Te 52 14.9 in -187.2 1.7 -13.2
Th 90 -353.5 in -537.5 -348.6 4.9
Tj 22 -183.7 in -397.8 -208.9 -25.2
TI 81 -24.8 in -220.6 -31.7 -6.8
TM 69 -340.8 in -524.8 -335.9 4.9
U 92 -235.3 in -428.0 -239.1 -3.7
v 23 -27.2 in -269.7 1-80.8 -53.6
w 74 182.7 on -354.3 -165.4 -348
y 39 -346.5 in -527.9 -339 7.6
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Element Atom' SON Adsorpti adsIC AH Po in B (S) ion A Po in/on E Z�,Wadsnel Po in/on E Affs'�g PO
B Number Meehan'

z (calc.) is' (calc.) (calc.) (calc.)
[kJ/mole] [kJ/mole] [kJ/mole] [kJ/mole]

Ybll 70 -327.5 in -501.3 -312.4 15.1
Ybl11 70 -340.8 in -510.2 -321.3 19.5
Zn 30 4.7 in -192.6 1 -3.7 -18.4
Zr 40 -320.1 in -517.2 -328.3 -8.2
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Appendix C: List of physical and chemical quantities

q) *: Miedema electronegativity [V]
nivs: Electron density at the Wigner-Seltz cell boundary [d.u.]

I d.u (Density unit) = 10-2 electrons/a.u. 3
= 6748* 1 0 22 electrons/cm 3
1 a.u = 52.918 prn (first Bohr radius)

E,: work function [eV]
AHM(s): Enthalpy of the element M in the pure solid state [U/mole]

AHM (g) Enthalpy of the element M in the monoatomic gaseous state [kJ/mole]

AH mbl m Enthalpy of sublimation of the element M [kJ/mole]

AH "" M = AHM(g) in case of sublimation into the monoatomic state

AH diss m, g): Enthalpy of dissociation of the gaseous molecule M2 [U/mole]

AHM, (g) Enthalpy of the element M in the dmeric molecular state [U/mole]

A.H I A I-X B., (s) Enthalpy of fon-nation of one mole of the solid compound Al-xBx

[U/mole]
'�Hsolv Ai. B S) Partial molar enthalpy of solution of element A in solid element B at

infinite dilution [U/mole]

AH1011, A in B Partial molar enthalpy of solution of element A in liquid element B at

infinite dilution [U/mole]

AH '� A in B 1) Partial molar enthalpy of evaporation of element A from liquid element

B at infinite dilution [kJ/mole]

AH v A from A, B (s): Enthalpy of evaporation of element A from the solid compound AI_,Bx

[kJ/mole]

Aff ads A on B Partial molar enthalpy of adsorption of the gaseous monoatomic

element A on a solid surface of element B at zero coverage [U/mole]

Aff ads, net AonB: Partial molar net enthalpy of adsorption of A, with respect to the

standard state of A, on a solid surface of metal B at zero coverage

X: mole fraction

AH int erfa(e Enthalpy effect at the interface between dissimilar atomic cells

[kJ/mole]

AH ...... Enthalpy for the transformation of non-metallic or semi-conducting

elements into a hypothetical metallic state [kJ/mole]

Aff vac A Enthalpy of vacancy formation in element A [kJ/mole]

svac A Enthalpy of fon-nation of surface vacancies n element A [kJ/mole]

A.H OA (g) Standard Enthalpy of the element A in the monoatomic gaseous state

[U/mole]

AH dissads P02: enthalpy of dissociative adsorption Of P02 molecules [kJ/mole P021

AHdiss P02: dissociation enthalpy of the gaseous P02-molecule [U/mole P021

A.H' P02(g): standard enthalpy of formation of the gaseous P02-molecule (from solid

Po) [kJ/mole P021

P, Q: Combination dependent constants. Values for different combinations of

metals can be found in /Boer88/.

A(D*: Difference of the Miedema electronegativity values [V]
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Difference of the electron density at the Wigner-Seitz cell boundary
[d.u.]

VA: atomic volume of pure component A [cm 3/Mole]

VA. alov: atomic volume of component A in the alloyed state[cm3/mole]
Degree, to which an atomic cell of metal A is in contact with dissimilar
atomic cells of B

R,,: Hyb'disation terin, describes additional enthalpy contribution resulting
from d-p-interactions for combinations of transition metals with main
group elements from group 13-16.

a valence factor, constant for different groups of metals, empirically
determined values can be found in /Boer88/.

r12 metallic radii (coordination number 12) [M]
A Atomic mass [g/mole]
Z Atomic Number
S'M(s) standard entropy of the element M in the solid state

[JK-lmole-1]
R Universal gas constant, 831451 JK-1mole-1
NA Avogadro constant, 6022137*1 013 Mole-'
PIC Correlation coefficient
R* degree of space filling 74% for close packed structures)
B Bulk modulus [ 1 0-6 kg/cM2]
Y: Young's modulus (elasticity modulus) [ 1 0-6kg/CM2]

01 Poisson's ratio
EN Electronegativity (n general)
EP Pauling electronegativity
EAII,,d Electronegativity after Allred and Rochow
EAllen Electronegativity after Allen
ESanderson Sanderson electronegativity
EPearson Absolute electronegativity after Perason [eV]
EHFs mean ground state egenvalues of valence electrons calculated using the

Hartree-Fock-Slater method [Ryd]
EDF mean ground state eigenvalues of valence electrons calculated using the

Dirac-Fock method [Hartree]
rcol. Covalent radius M]
oo, bol co lattice parameters [PM]
(X, Vy Angles between unit cell vectors
E, total energy derived from self-consistent ab-InItio calculations

[kJ/mole]
F Helmholtz free energy [kJ/mole]
U internal Energy [kJ/mole]
H enthalpy [W/inole]
S entropy [JK-lmole-1]
T then-nodynamic temperature [K]
P pressure [N/cm2
V volume [cm 3i

T. melting point [KI
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