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Since Linus Pauling developed the concept of electronegativity, various
heuristic models have been developed to estimate the capability of chemical
elements to form stable compounds. All these models including well-known
Miedema’s models were believed to be applicable to particular classes of
compounds and to require substantial increase of complexity to be applied
more generally. Here we demonstrate that basic chemical trends in stability of
all possible binary systems are well described by a simple chemical model
where each element is characterized by just two numbers - electronegativity X
and chemical mismatch parameter Y. These parameters were determined for
the elements from a large number of theoretical enthalpies of formation, and
were found to display strong periodicity and to correlate with Pauling's elec-
tronegativity and valence electron density. The proposed two-parameter
chemical model explains a number of anomalies found in chemical behavior of
elements. In particular, it shows why active electropositive alkali and alkaline
earth metals do not react with most elements, in contrast to inert noble metals

(which do form stable binary compounds with most elements).

The idea that stability of chemical compounds can be evaluated from
fundamental properties of the constituent atoms is at the heart of
chemistry. An early quantitative approach, proposed by Pauling in
1932, postulated that the energy of a chemical bond is enhanced
when the bonded atoms possess different electronegativity, the
extra bond stabilization being equal to the squared difference of
electronegativities'”. Pauling’s thermochemical scale of electro-
negativities, determined using experimental bond energies, has
become widely used, and helped to explain a vast number of facts,
including dipole moments of molecules?, band gap, color and hard-
ness of solids*”, and geochemical behavior of the elements®.

With regard to stability of compounds, a clearly correct conclu-
sion is that highly electronegative (e.g., Cl) and electropositive (e.g.,
Na) elements react exothermically, forming highly stable compounds.
Figure 1 shows the heat map of the lowest enthalpies of formation in
nearly all possible binary systems compared with the corresponding
heat map of squared Pauling’s electronegativity differences. These two
maps show similarity and both display periodic trends. In general, the

highest exothermic effect indeed occurs when the most electro-
negative elements react with the most electropositive ones.

Taking Pauling’s idea at face value, any two elements, by virtue of
having (even if slightly) different electronegativities, should form a
stable compound, but this is not the case in reality. Clearly, electro-
negativity is not the only factor determining the formation enthalpy
and stability of substances.

Miedema and coauthors’™ published a simple heuristic model for
metallic alloys, casting the enthalpy of formation of a binary A,B;«
alloy in the following form:

7-11

Aty =f(x)[~Pe(A®)? +Q(anys)’] M

where f(x) is a dimensionless function of composition, P and Q are
fitted constants, e is the electronic charge, A@ is the difference of work
functions in pure metals A and B (work function being approximately
equal to the chemical potential of the electron in the metal and close to
minus Mulliken's electronegativity of the metallic solid), and nys is the
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Fig. 1| Thermodynamics of binary compounds. a Lowest enthalpies of formation ~ database and supplemented with hypothetical unstable and non-existent com-
AH¢ calculated for binary compounds using density functional theory (at T=0K pounds (AH;> 0) from OQMD repository”***. Grid lines delineate boundaries
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and P=0) and b squared Pauling electronegativity difference (xA-xB)* betweenthe  between s-, p-, d-, f-block elements.

elements. The enthalpies of formation were taken primarily from Material Project
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electron density at the boundary of the atomic Wigner-Seitz cells. The
difference of chemical potentials drives charge transfer between the
atoms, and the associated energy gain is to lowest order quadratic in
the difference of chemical potentials. The second term is an energy
penalty due to the deformation of atomic electron densities: when two
different atoms are brought into contact with each other, their elec-
tron densities must become equal at the boundary between the atoms.
Function f(x) in Miedema's model is a complicated semiempirical
function taking into account ordered or disordered structure and
atomic volumes (and their changes in the alloy), and designed to work
only in alloys and intermetallides.

Although both @ and nys could be determined from experiment,
Miedema obtained them by fitting to reproduce the experimental heats
of formation available at that time. For the majority of cases, the model
provided correct predictions of alloying behavior, although for systems
combining p- and d-metals, a negative constant had to be added to the
Eq. (1). The use of asymmetric functions of concentration or size dif-
ference factor” ™ accounted for the size mismatch effects and improved
the applicability of the model to systems with large difference in the
atomic sizes. In addition to metallic alloys and intermetallides, Miede-
ma’s model was found to work for transition metal silicides, germanides,
borides and even carbides and nitrides if a special “metallization” cor-
rection of the enthalpy for these elements was added”. Various gen-
eralizations of the model were developed to treat ternary and more
complex systems'* ™ (see also ref. 19).

Pettifor published a hundred-page article’® with a critique of
Miedema’s model, concluding that this model has no physical basis.
Williams et al.”* argued that the success of the model in correct pre-
diction of the sign and to some extent the magnitude of the enthalpies
of formation is due to the good choice of the formula that incorporates
basic chemical trends regardless of which physical properties of the
constituent chemical elements were taken as variables. The most
common argument against Miedema’s model was that in metals all
long-range Coulomb interactions are completely screened. However,
this criticism misses the point: stabilization by charge transfer does not
require long-range interactions, but originates from the flow of the
electrons from regions of high potential (less electronegative atoms)
to regions of low potential (more electronegative atoms).

Here, we show that the power of Miedema’s model has not been fully
exploited. We propose a simplified and generalized model for predicting
the existence of stable compounds which is not limited to just metallic
systems, but covers all possible binary combinations from the periodic
table. Instead of increasing the number of parameters and complexity of
the formulae, we simplify the model and stay with the simplest physically
motivated functional form, which only has two parameters per element.
As will be shown below, the simplified two-parameter formula predicts
the signs and magnitudes of the enthalpies of formation surprisingly well
throughout the whole set of possible binary systems.

Results

We start by recognizing that the stabilizing (negative) term in Eq. (1) can
be simplified by replacing it with Pauling’s squared electronegativity
difference (when energies are expressed in eV, electronegativities have
dimensionality eV*?). The difference is that Pauling’s scale was calibrated
on energies of only single bonds in molecules and without considering
destabilizing effect, whereas our electronegativities are calibrated on
convex hulls of solid-state systems and including the destabilizing term.
Thus, our electronegativities (which we denote as X) will have somewhat
different values and are more directly applicable to solids. Likewise, the
destabilizing term in Eq. (1) can be simplified as the squared difference
of another atom-specific property that can be called a chemical mis-
match parameter Y (also with dimensionality eV¥?):

AHX)=f(x) [— (X4 — XB)Z +(Y4— YB)Z] @
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Fig. 2 | Convex hull construction for a binary A-B system (black dashed line)
and its simplified parabolic representations. This graph shows stable com-
pounds A,By., (filled circles) in coordinates of enthalpy of formation 4Hy (normal-
ized per atom) and composition x. Through each point AHAx) indicating a stable
compound we draw a parabolic curve, and then select the lowest Q value which
then characterizes this binary system A-B. If elements A and B do not form stable
compounds, the parabola is convex upwards and the Q parameter is positive.

When the term in brackets (which we call the interaction para-
meter Q and which has units of energy):

= — Xy —Xp+ (Y~ Yp)? 3)

is negative, elements A and B exothermically form stable compounds,
and otherwise when Q > 0. Both the stabilizing and destabilizing terms
should be even functions of X and Y, the simplest choice (taken by
Pauling and Miedema) being quadratic.

Complicated function f{x) in Miedema’s model (Eq. (1)) can also be
simplified. It must satisfy the condition f{0) =f(1) = 0. Here we set the
simplest hypothesis that fix)=4x(1-x), i. e. the function AHAx) is a
parabola with the extremum at x =1/2, equal to Q. Such a form is used
in theories of disordered solid solutions, and often describes well
enthalpies of formation of ordered compounds. The full expression for
the enthalpy of formation is then:

AHp=4x(1—X) [~ (X4 = Xp) "+ (Y4 = ¥p)’] @)

Unlike Miedema’s expression (1), our formula (4) has no
dimensionality conversion factors, no additive correction terms, and
no complicated form of f(x). Parameter X, instead of being the work
function, is now directly related to Pauling’s electronegativity, as it
should be. Physical meaning of parameter Y and values of X and Y
across the periodic table will be discussed below.

Thermodynamically stable compounds in a binary A-B system
form a convex hull in coordinates composition—enthalpy of for-
mation (Fig. 2). Although its shape is never strictly parabolic (but
is often close to it), one can calculate Q by simply dividing AH; by
4x(1-x) for each composition—in this case Q is a function of
composition. The lowest (most negative) value of Q gives infor-
mation about the ability of these elements to form a stable
compound—if the lowest Q is negative, stable compounds must
exist, and otherwise if the lowest Q is positive. Compositional
variation of Q reflects such effects as structural frustrations and
unavailability of chemically and sterically favorable crystal
structures at certain compositions, as well as unfavorability of
valence-uncompensated stoichiometries, so taking the lowest Q
we minimize these effects and focus on the most essential effects
behind compound formation, related to atomic properties.
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Electronegativity (X) and chemical mismatch parameter (¥) database”, while those for unstable ones—from the OQMD
In order to find the values of X and Y parameters, a large set of database”?*'. The enthalpies of formation in both sources were com-
enthalpies of formation of various binary compounds are needed— puted in the framework of density functional theory using VASP
including systems which do not form stable compounds. The dataon  (Vienna Ab-initio Simulation Package)” . The data cover systems
stable compounds were primarily taken from Materials Project formed by almost all chemical elements from H to Pu, with the
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Fig. 3 | Heat maps of the interaction parameter Q. a From the actual enthalpies of formation from the Materials Project’> and OQMD**** databases and b from Eq. (3) using
the proposed model and X and Y values for all elements. Grid lines delineate boundaries between s-, p-, d-, f-block elements.
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Fig. 4 | Optimized scales of X and Y. Optimized scales of a electronegativity X and b chemical mismatch Y. Both quantities are in the units of eV"2. The values for noble
gases as well as for polonium and astatine were found by linear extrapolation and are given in parentheses.

exception of noble gases and highly radioactive Ra, Po, At, and Fr.
When calculating the lowest Q, we excluded compositions with low
(<10%) concentration of any component, to avoid division of AHf by
avery small value of 4x(1-x). Figure 3a shows the heat map of the lowest
Q values determined this way, and one observes the same pattern as
in the map of the lowest enthalpies of formation in Fig. 1a.

Numerical values of X and Y of the elements were found by least-
squares optimization, so that the values calculated by Eq. (3) be as
close as possible to the reference values obtained by density-
functional calculations. Optimization started with X set at Pauling’s
electronegativities and varying Y values for those cases where initial
(Yactual - Ypredicrea)” Were positive. Then, X and Y parameters were
optimized simultaneously for the whole dataset. Figure 3b shows the
predicted Q values calculated using Eq. (3). One can see that our simple
model gives remarkably accurate values for most binary systems.

Just like Pauling’s electronegativity scale, the obtained scales of X
and Y are relative, in the sense that only the differences of X (and Y)
between the two elements matter. Just as in Pauling’s scale, we fixed X
(and also Y) of fluorine at the value of 4. The resulting scales are shown
in Figs. 4 and 5. Both X and Y demonstrate strong periodicity (Fig. 5)
and roughly similar trends across the periodic table. Within each
period, the minimum values belong to alkali and alkaline earth metals,
increasing with group number in the p-block. For d-elements, the
dependences are nonmonotonic and have similar character for all the
periods. The first two and the last two d-metals in each period have
lower values of Y compared to other elements in d-series. The values of
Xincrease almost linearly and reach maximum at the eighth element in
each d-block (Ni, Pd, Pt). For s- and p-elements both X and Y factors
decrease down the periodic table. For lanthanoids, they slowly
increase with atomic number, with Eu and Yb being anomalous—in
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Fig. 6 | Correlations of model parameters with previously established quan-
tities. a Correlation of our electronegativity X with Pauling’s electronegativity xp
and b correlation between our Y parameter and Miedema’s parameter nys.

good agreement with chemical anomalies of these elements with half-
full and full d-shell, and consistent with the recent electronegativity
scale of Tantardini and Oganov?.

The optimized X values display excellent correlation with
Pauling's electronegativity (Fig. 6a)—moderate outliers are Li, Be, S
(for which our electronegativity is above the correlation line) and N,
Mo, W, Au (for which our electronegativity is below the correlation
line). Our X-scale somewhat mitigates the obvious drawbacks of
Pauling’s electronegativity scale since it gives better periodicity
and smoothness in changing the properties of elements throughout

the periodic table. In particular, the X values for Mo, W and Au now
match the general trend for d-metals well, whereas their Pauling's
electronegativities are greatly overestimated”. Correlations of X
parameter with other electronegativity scales are slightly worse than
with Pauling’s one (Pauling: R=0.96, Allen: R = 0.94, Mulliken: R=0.92,
Tantardini-Oganov: R=0.87).

Itis desirable for an electronegativity scale to correctly predict the
polarity of chemical bonds. We compared predictions of our X-scale,
Pauling’s?” and Mulliken’s®® electronegativity scales with atomic char-
ges calculated using Bader analysis® . The latter was cautiously used
as the “ground truth”. Predictions based on our X-scale are perfect for
cases with large electronegativity differences, and are overall very
good for d-metals. In particular, it predicts that molybdenum and
tungsten should donate electron density to boron, arsenic and
osmium—whereas Pauling’s scale incorrectly predicts the opposite
(Supplementary Table S1). At the same time, lanthanoids and actinoids
have lower X-parameters than light alkali metals, which results in the
incorrect direction of charge transfer in the Li-Eu pair (Mulliken’s scale
gives the same result). Mulliken’s electronegativities correctly predict
that hydrogen pulls electron density from all metals and also from
boron, phosphorus and arsenic (for our scale, the same is the case
except for Rh, Pd, Os, Ir, Pt, B, P, As).

Chemical mismatch parameter Y correlates well with the original
Miedema’s mean valence electron densities nsy (R = 0.90), see Fig. 6b.
Semimetallic elements (Bi, Sb, Ge, As, Si) have Y-values above the
correlation line, lanthanoids, Sr and Ba have Y-values below the cor-
relation line. There is also substantial correlation with Slater’s atomic
radii (R=0.85) and Pauling’s electronegativities (R=0.88) and some
relationship with the chemical hardness*** although the correspond-
ing correlation is moderate (R =0.64), see Supplementary Fig. SI.

Performance of the model

Our simplest model characterizing each element by just two para-
meters gives surprisingly accurate estimates of the enthalpies of for-
mation. The mean squared prediction error for Q is 0.087 eV? and the
sign of the enthalpy of formation is correctly predicted in 87.2% cases—
the errors being mostly for weakly positive or weakly negative Q
values, see Table 1.

Of course, such a simple model cannot perfectly encompass all
chemistry; Fig. 7a shows the differences Quctual - Qpred for all binary
systems. One can notice that the model overall underestimates the
magnitude of negative Q (i.e., underestimates the magnitude of the
exothermic effect), but this has little impact on the signs of Q. In
particular, for alloys of p- and d-metals Miedema included an addi-
tional term in Eq. (1) in order to account for extra stabilization caused
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Table 1| Percentages of correct and incorrect predictions of compound formation

Qpreq interval, eV Percentage of binary systems in True negative, % False True positive, %  False positive, % Percentage of correct
this interval negative, % predictions
<-0.625 23.75 23.75 - - - 100
-0.625<Q 23.38 22.58 0.80 - - 96.65
<-0.15
-0.15<Q 14.25 9.44 4.82 - - 66.20
<0
0<Q 19.68 - - 13.68 6.00 69.53
<0.15
0.15<Q 14.83 - - 13.77 1.06 92.84
<0.625
20.625 410 - - 4.02 - 97.9
(a) Quetual = by p-d hybridization®"; neglect of this correction leads to a periodic
152520353p4s 30 4p5s 4d Spes 4f  5d ep7s st predicted: pattern in the error map of Fig. 7a. We view these shortcomings as
o 1s S0 minor, given the combination of simplicity and the ability to correctly
2 5 FeT—§ o R e o — = g; capture the characteristic periodic trends in the stability map of binary
5 1§ - sm = — . gs 0.75 compounds (cf- .Fig. 3a, .b) and stabil?ty and instability of compounds in
217 .4 - - - 4‘; most systems without time-consuming procedures of crystal structure
g 2251 | Lk L | g 2 g - 05 prediction and quantum-chemical calculations.
2 29 - \ 5
2 33 f] _i | i - 4 .
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;‘5’ e L L i £ ¥4 Using the databases and our model, one can easily find the number of
b R ' I - ’ . . .
49 4 = 3 - -<0.0 elements that a given element will form stable compounds with. The
g? L o ; p——— 6s resulting highly non-trivial statistics of compound formation across
61 -f b | . ] p .25 the periodic table (Fig. 8a) are nearly perfectly reproduced by our
23 ] |8 DN - model (Fig. 8b); we shall discuss these below. One can also explore in
N P Ll NS B S more detail the chemistry of any element of interest by creating sta-
Z j L. [ D - bility maps of its compounds. Figures 9 and 10 display stability maps of
gg o ' compounds of three elements—oxygen, sodium and carbon. Such
e R O AR I SR i oo fes | . 5T | = s stability maps are a new type of graph, enabling a very compact
15 91317 21252933374145495357616569737781858993 W/ representation of the reactivity of any element. Supplementary Figs.
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S2-9 give such maps also for compounds of fluorine, nitrogen, sul-
fur, iodine, lead, boron.
Let us now discuss some interesting chemical trends:

1. The most electronegative elements (F, O, Cl, S) form stable
compounds with almost all elements, with the exception of noble
gases (fluorine, however, forms stable compounds with Kr, Xe and
Rn), see Figs. 8 and 9. Large stabilizing term in Eq. (4) (due to
electronegativity difference) between these elements and most of
the rest of the periodic table outweighs the chemical mismatch
factor in Eq. (4). Figure 9 shows the stability map of binary com-
pounds of oxygen.

2. For the less electronegative halogen, iodine (see Supplementary
Fig. S6), we see that it is able to form compounds with almost all
elements (except C, Ru, Os, and the noble gases), but the mag-
nitude of Q is greatly reduced, especially for elements of groups
IV-XVI. This is the reason why such compounds as 1,05 and many
metal iodides decompose at high temperatures into the elements:
high entropy of I, gas outweighs weak enthalpy of formation of
the compounds. This method is widely used for producing high-
purity metals, e.g., Ti and Zr. We also see that Pb-l1 bonding is
stronger than Sn-1, hence Sn-based hybrid perovskites will be less
stable to decomposition than Pb-based ones.

3. The intuitive expectation that the most electropositive highly
active elements (alkali and heavy alkaline earth metals) should
react with most elements is clearly broken: these elements do not
form stable compounds with most elements. The reason is that
these elements have very distinct ultralow Y-parameters and the
destabilizing term (Y5-Yg)? in Eq. (4) in many binary systems is
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Fig. 8 | Number of stable binary systems involving each chemical element. a from DFT enthalpies of formation, b from our model.

large enough to outweigh the stabilizing term. Figure 10a gives
the stability map for compounds of sodium as an important
example. Some nuclear power plants use liquid sodium as the
primary coolant, and it is important that liquid sodium does not
corrode steel pipes at high temperatures. According to Fig. 10a,
the best materials of such pipes are alloys of iron, vanadium,
molybdenum and tungsten: their chemical affinity to sodium is
the lowest (Q is largest positive).

4. Likewise, the intuitive expectation that inert metals (Au, Pt and
platinoids) should not form stable compounds with most ele-
ments is surprisingly broken too: these elements form stable
compounds with most elements (see Fig. 8), including d-, f- and
most s-metals.

5. Unlike their heavier analogs, light alkaline earth metals Be and Mg
do form compounds with most elements. This can be explained
by their more compact sizes, leading to larger Y-values, more
similar to other elements.

6. For binary systems of f-elements with each other Q-values
are close to zero, which indicates the tendency to form disordered
alloys (in contrast to stoichiometric and ordered intermetallic
compounds). The same is also true for systems of f- and d-metals,
though in this case stable compounds are more common.
On the other hand, most pairs of d-metals have stable
compounds, because of the large nearly linear increase of

electronegativity X in each d-block from IIl to X groups, while Y-
parameter of these elements varies non-monotonically and in a
narrower range.

d-metals with closed d-shells (groups XI and XII), i.e., Cu, Ag, Au
and to a lesser extent Zn, Cd, Hg, are more inert than other
d-metals due to a pronounced drop in their Y-factors: e.g., the
enthalpy of formation of CuS is —0.28 eV/atom, while that of FeS is
-0.76 eV/atom, and that of MnS is —1.14 eV/atom. The Q-value
calculated for the Ag-O system is -0.45eV, compared with
-1.86 eV for Ru-O.

Interesting trends are seen in carbides (Fig. 10b): early transition
metals (groups IlI-VII) form stable carbides, whereas late ones
(groups IX-XII) do not. The boundary (between groups VII-VIII) is
very important as it contains carbides of iron (steel and cast iron)
and technetium (spent nuclear fuel—see ref. 38).

Group VI metals (Cr, Mo and W) also exhibit unexpected behavior
in that they form stable compounds with surprisingly few ele-
ments (Fig. 8), and this unexpected behavior is reproduced per-
fectly by our model. The reason is that in each d-series, group VI
elements (Cr, Mo, W) have the maximum values of the Y-para-
meter, very different from most metals (Fig. 5). The intermediate
values of electronegativities along with the high values of che-
mical mismatch parameters Y make Cr, Mo and W form far fewer
stable binary systems than other d-metals.
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Fig. 9 | Stability map of binary compounds of oxygen, showing Q values (in eV). a Calculated from DFT enthalpies of formation and b from our model.

10. This model can rationalize the formation of surface compounds.
For example, boron, while forming stable compounds with most
elements, has no bulk compounds with Cu, Ag, Au—however,
copper borides are unstable only slightly (see Supplementary
Fig. S9). Copper atoms at the crystal surface have increased
reactivity due to unsaturated valence, which leads to the forma-

tion of a stable 2D surface compound CugB;4*.

Discussion
In this work, we have presented and applied a simplified and general-
ized two-parameter Miedema-like model. This gave a universal model
applicable to all binary systems irrespective of the type of chemical
bonding and crystal structures.

We have introduced the interaction parameter Q characterizing
the ability of a given binary system to form stable compounds, as well
as their most exothermic enthalpy of formation. For the interaction

parameter, we adopted a very simple model containing a stabilizing
and a destabilizing terms. The stabilizing part was represented as
minus the squared difference of electronegativities X, while the
destabilizing term is equal to the squared difference of element-
specific chemical mismatch parameters Y (which correlate well with
mean valence electron densities of the atoms). The values of X and Y of
the elements were found by numerical optimization using a large
dataset of the enthalpies of formation of compounds. Remarkably, this
simple model gives correct predictions of stability or instability in
87.2% of all cases and reproduces all the basic chemical trends and
periodicity in stability of binary systems, giving the simplest way to
estimate the likelihood of compound formation without recourse to
experiments or time-consuming quantum-mechanical calculations.
Introduction of the interaction parameter Q allows us to quantify
chemical affinity of the elements to each other and build its maps
across the periodic table (stability maps). These maps represent
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Fig. 10 | Stability map showing Q values (in eV) of binary systems, calculated from DFT enthalpies of formation. a For sodium and b for carbon.

chemistry of each element in a very compact and insightful form and
have been shown above to lead to technologically important
conclusions.

Statistics of the reactivity of the elements are very unexpected:
“active” alkali and alkaline earth metals react with the fewest elements
(second only to noble gases), whereas “inert” noble metals (gold, pla-
tinum and platinoids) form stable compounds with an unexpectedly
large number of elements. Our simple model reproduces and explains
this behavior.

The extension of this model to ternary and more complex systems
is straightforward and explains, among other things, acid-base inter-
actions. For example, for the Na,0-CO, system we can estimate Xand Y
values of Na,0 and CO, as arithmetic means of the atomic parameters.
Substituting them into Eq. (3), we obtain Q(Na,0-CO,) =—-0.18 eV. The
variety of such, ternary and more complex, compounds of the alkali
and alkaline earth elements is large (in contrast to binary ones),

because Y-parameters of bases such as Na,O is much less outstanding
than that of elemental Na, leading to much smaller destabilizing term
(AY)? in Eq. (3); the stabilizing term -(AX)? is also reduced, but the
balance favors stability of compounds in a wide range of systems.
Our model can also be extended to high pressure, but some
expectations about high-pressure reactivity can be drawn a priori. It
has been shown® that the spread of electronegativities increases with
pressure, so the stabilizing term -(AX)* should overall increase with
pressure. At the same time, we expect a decrease in the destabilizing
term (AY)* elements with anomalously low Y-values (e.g., alkali metals)
are characterized by large size and high compressibility. Under pres-
sure their Y-parameters will rise the most, approaching Y-values of
other elements. As a result of increasing stabilizing and decreasing
destabilizing effects, we expect more elements to react with each
other under pressure. For example, K-Fe system has no stable binary
compounds at ambient conditions, but such compounds have been
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predicted to appear under high pressure’®*'. However, this expecta-
tion is based on the interpretation of Y-parameter as a measure of
mean valence electron density of an atom, and needs to be checked.

Data availability
Data are available on request to A.R.O. Source data are provided with
this paper.
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