Open Access Article. Published on 30 May 2024. Downloaded on 11/23/2025 2:22:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C,
2024, 12, 10447

Received 14th February 2024,
Accepted 30th May 2024

DOI: 10.1039/d4tc00604f

rsc.li/materials-c

1. Introduction
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Phase change materials (PCMs), which bear a strong relationship with pnictogens (group V or 15) and
chalcogens (group VI or 16), are mostly chalcogens related to AVBY' and AYBY' families. The exceptional
properties and technological applications of PCMs have sparked interest in the nature of the
unconventional chemical bonding present in the crystalline phases of PCMs, which has been reported as
resonant, hypervalent, electron-rich multicenter, three-center-four-electron, and metavalent bonding
along the last seventy years. This unconventional bond is also expected to occur at high pressure in
most pnictogens, chalcogens, and AVBY' and A¥BY' compounds that are not PCMs at room pressure.
These compounds are characterized at room pressure by a mixture of primary covalent ppcs-bonds and
secondary bonds in which the lone electron pairs (LEPs) are involved. In this work, we provide evidence
of the existence of an unconventional bonding (similar to that of PCMs) in the highpressure phases of
pnictogens and chalcogens using theoretical simulations. We also unravel the mechanism of its
formation and how it depends on the type of LEP present in secondary bonds. Moreover, we show that
the unconventional bond of PCMs is the electron-deficient multicenter bond. This comprehensive
understanding of chemical bonding in pnictogens and chalcogens, which can be extrapolated to
advanced materials, such as PCMs, will play a crucial role in explaining the structure and properties of
advanced materials as well as in enhancing their applications.

descriptions." Since chemical bonding is an elusive and
controversial concept and it is not directly given by a

The concept of chemical bonding is commonly used to under-
stand key features of the structures and properties of molecules
and solids. The prototypical bonding types, like covalent, ionic,
and metallic bonds, are widely discussed in the textbooks;
however, several other interactions, including hypervalent,
donor-acceptor, pnictogen, chalcogen, halogen, and multicen-
ter (both electron-rich and electron-deficient) bonding inter-
actions, have also been found beyond such idealized bonding
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quantum-mechanical operator,”” several approaches have been
developed over the last few decades to analyze the different
types of chemical bonds in solids based on quantum-
mechanical wavefunctions and electron densities. In this
regard, chemically meaningful entities, such as bonding elec-
tron pairs (Lewis pairs) and lone electron pairs (LEPs), can be
analyzed using natural bond orbitals,® Wannier functions,”®
the electron localization function (ELF),” and the chemical-
pressure formalism,'®*! among others.

A great deal of attention has been recently devoted to the
analysis of the unconventional chemical bonding in phase
change materials (PCMs) consisting of binary chalcogenides
of the A™VBY and AYBY' families, such as GeTe, SnTe, Sb,Te;,
and their related ternary compounds, such as Ge,Sb,Tes (GST).
The crystalline phases of PCMs have exceptional properties
including: (i) hypercoordination (violation of the 8-N rule), i.e. a
higher atomic coordination than that expected for compounds
with covalent ppo-bonds that obey the 8-N rule, (ii) relatively
low band gaps and shiny metallic luster, (iii) moderate
electrical conductivity, (iv) extremely high optical dielectric
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constants and Born effective charges, (v) low-frequency optical
phonons and high Griineisen parameters, (vi) low thermal
conductivity, and (vii) brittleness and high probability of multi-
ple emission events in laser-assisted field evaporation measure-
ments, which has been attributed to the softer character of
their bonds than that of the covalent ones.”>™ Thanks to the
significant changes in the properties of the amorphous and
crystalline phases of PCMs, they have a wide range of applica-
tions, such as re-writable data storage in DVDs, phase change
RAMs, and thermal energy storage systems.'*”'” Moreover,
many PCMs also show highly efficient thermoelectric and
exceptional topological properties."®>°

Until the last decade, the unconventional chemical bonding
in the crystalline phases of PCMs was considered to be a kind of
resonant bonding related to the single covalent (two-center two-
electron, 2c-2e) bond.**>* This bonding was similar to that
suggested by Pauling for benzene and graphite (later extended
to metals)>* " with the possible participation of d orbitals.
However, from the 1980 decade onwards, it was noted that:
(i) the contribution of d orbitals to the unconventional bonding
in PCMs is minor,”® (ii) the influence of s-p mixing, related to
the LEP stereoactivity, on the bonding of PCMs is essential,>*~?
and (iii) the properties of PCMs are completely different from
those of benzene and graphite.'*3*

Although the concepts of resonance and resonant bonding
have been widely used and discussed to explain the unconven-
tional bonding in the crystalline phases of PCMs, as recently
reviewed,”*° two alternative chemical bonding models (hyperva-
lent and metavalent) have rivaled for explaining their exceptional
properties in the last decade. On the one hand, several groups,
including Kolobov and coworkers,*”*®* Dronskowski and
coworkers,***! and Lee and Elliot,*>** have considered that PCMs
feature hypervalent bonding based on electron-rich multicenter
bonds (ERMBs). The ERMB is considered to be the generalization
and extension of the three-center four-electron (3c-4e) bond,
proposed by Rundle and Pimentel for molecules such as I;~ and
XeF,,"*° and is also related to the concepts of donor-acceptor
bonds*” and hypervalent bonds.**" Notably, Dronskowski and
coworkers have suggested the electron delocalization and multi-
center character of bonding in PCMs by calculations of the
projected force constants along several atoms and of the crystal-
orbital bond index (COBI), together with its integrated values for
two-center and three-center bonds, ICOBI(2c) and ICOBI(3c),
respectively.***' Moreover, the multicenter character (presence
of three-center interactions) of bonding in crystalline PCMs has
also been recently suggested.>®

On the other hand, Wuttig and coworkers have proposed
that crystalline PCMs feature metavalent bonding, i.e., a new
unconventional bonding characterized by a mixture of localized
electrons (as in covalent materials) and delocalized electrons
(as in metals). In other words, PCMs show two-center
one-electron (2c-1e) bonds that are intermediate between the
simple covalent 2c-2e bonds and the metallic bonds.'*"*3*
Consequently, these authors considered the materials with this
type of bonding as incipient metals. Interestingly, they located
incipient metals in an intermediate position between covalent
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and metallic materials in a 2D map showing the number of
electrons shared (ES) vs. the normalized number of electrons
transferred (ET), i.e. two values that are defined using Bader’s
integrated atomic charges and delocalization indices from the
quantum theory of atoms in molecules (QTAIM).>

The two alternative chemical bonding models for incipient
metals have been recently reviewed>® and it has been concluded
that both hypervalent and metavalent models describe the
same bonding scenario. Both models agree that some electrons
are localized, i.e. shared between two atoms, and some are
delocalized. The two models also agree that the unconventional
bonding in crystalline PCMs is characterized by sharing less
than two electrons per atom pair. In this sense, the supporters
of the hypervalent model assume that ERMBs have only two
bonding electrons shared between three centers, as was sug-
gested for the Rundle-Pimentel 3c-4e model.>* Consequently,
Jones has proposed that, although terms like resonant bonding
and hypervalent bonding are well extended in the scientific
literature and the term metavalent bonding has become
popular in the last five years, the unconventional bonding in
incipient metals should be called electron-rich multicenter
bonding®® since the existence of multicenter bonds was already
postulated in the early days of quantum mechanics.”>>’

In 2023, the two current bonding models of crystalline PCMs
have been defended by their supporters.’®** On one hand,
Wuttig and coworkers®® have suggested that metavalent
bonds cannot be ERMBs, as suggested by Jones.*® Wuttig and
coworkers have calculated the ES value between two atoms, as
two times the delocalization index,”*® in molecules with well-
known 3c-4e bonds, such as XeF, and SF,, and have evidenced
that they present ES values between 1.5 and 2, i.e. similar to
those of covalent bonds. This result differs from the ES values
obtained for incipient metals (ES &~ 1), so they have shown that
molecules with ERMBs are located in a different position than
incipient metals in Wuttig’s ES vs. ET map,>® thus concluding
that the unconventional bond in incipient metals cannot be of
ERMB type. In this context, Wuttig and coworkers have left
open the door for metavalent bonds to be equivalent to charge-
shift bonds,®? or even to electron-deficient multicenter bonds
(EDMBs). In this context, it has been recently demonstrated by
two groups in an independent way that metavalent bonding is
equivalent to electron-deficient bonding.’”®® Contrarily, Jones
et al.>® have insisted that crystalline PCMs feature ERMBs and
that the ES value is not a good parameter to characterize
bonding. These authors argue that Wuttig’s ES vs. ET map is
not useful for materials with different kinds of bonds in their
crystalline structures,** e.g. the case of the amorphous phases
of PCMs and crystalline AVBY" and AYBY' materials showing a
mixture of conventional 2c-2e bonds and unconventional
bonds at room pressure (RP). Finally, Dronskowski et al.®* have
recently commented on the similarity of the chemical bonding
in a PCM, such as rocksalt GeTe, and polyiodides. In summary,
the dispute regarding the nature of the unconventional bond-
ing in crystalline PCMs is unresolved.

In order to understand the different points of view of the two
groups, it is worth noting that supporters of the two different

This journal is © The Royal Society of Chemistry 2024
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bonding models in incipient metals usually work with different
methodologies, which explains in large part their conflicting
views. Researchers working with the metavalent bonding model
have mainly adopted a phenomenological view and focused on
the different properties of the materials, such as electrical
and thermal conductivities, optical dielectric constant, Born
effective charges, and phonon anharmonicity. Moreover, they
have used density-based theoretical methods, such as QTAIM
methodology, to analyze the topology of the electron density
and evaluate the ES and ET values.'>"*>*3%64768 Alternatively,
researchers supporting the hypervalent bonding model have
paid more attention to the projected force constants between
atoms, the chemical interactions between LEPs and antibonding
orbitals o* of covalent ppc-bonds and the associated electronic
band structure of the materials.”***** To understand the
chemical bonding in PCMs, these researchers have analyzed
chemical interactions through the charge density, p, and its
Laplacian, V?p, at bond critical points (BCPs), the electronic
density of states (DOS), and the ELF and have used theoretical
orbital-based methods, such as the crystal-orbital overlap
population (COOP), the projected crystal-orbital Hamiltonian
population (pCOHP) along the different bonds between two atoms
and their integrated values, IpCOHP(2c) and COBI (including
ICOBI(2c) and ICOBI(3c)). Furthermore, the supporters of the
hypervalent bonding model have proposed an explanation
for the linear bonding configurations present in PCMs based on
the valence shell electron repulsion (VSEPR) theory, taking into
account that these linear bonding configurations have been
observed in many molecules with ERMBs.***** In particular, they
have classified the molecular units in amorphous and crystalline
phases of GST depending on whether they violate or not the octet
rule, with the molecular units obeying the octet rule composed of
pure ordinary covalent bonds and LEPs and the molecular units
violating the octet rule composed of at least one ERMB in addition
to other possible covalent bonds or LEPs.*>*

In the present manuscript, we analyze the pros and cons of
the two above-commented bonding models for PCMs and work
with tools already used by the supporters of the two mentioned
models. Given the present controversy and the merits of the two
current bonding models, we rename the unconventional bond
in crystalline PCMs as the “‘electron-deficient multicenter bond
(EDMB)”. We consider that these two terms (electron-deficient
and multicenter) characterize bonds in incipient metals as
will be discussed later in detail. On the one hand, the terms
electron-deficient and metavalent are equivalent,®®®* as we
have just commented, and will be discussed later; on the other
hand, the multicenter character of the bond in PCMs has been
already suggested®* ™' and will be further substantiated later
on. Due to the excessive length of our original manuscript,®® we
have decided to split it into two parts. This paper corresponds
to the first part of ref. 63 in which we comment on the
mechanism of EDMB formation. In particular, we will show
in Sections 2 and 3 of this manuscript that the term multicenter
means that the bond is not isolated (multicenter bonds always
come in pairs) as will be proved by the mechanism of EDMB
formation. The second part of our original manuscript,® to be

This journal is © The Royal Society of Chemistry 2024
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published elsewhere, will be devoted to the discussion of the
different types of the EDMBs and ERMBs with examples of
different materials, and the geometries of these two different
bond types, and will also provide additional justification of the
EDMB nature of the bonding in incipient metals.

It must be noted that the dispute regarding the metavalent
and hypervalent bonding models in crystalline PCMs started
much earlier than shown in the preceding paragraphs. With the
change of the millennium, Hoffmann and coworkers studied
several Sb-based molecules and compounds with linear bonds
in one (1D), two (2D), and three dimensions (3D).**° In
particular, they suggested that the simple cubic (sc) phase of
Sb should show ERMBs.*" This claim is in line with the views of
Kolobov and coworkers,*”*® Dronskowski and coworkers,>**
Lee and Elliot,”*** and Jones,*** and against the position of
Wuttig and coworkers, who considered that sc-Sb shows the
same metavalent — previously resonant — bonds as incipient
metals.®®7° To this dispute, we can also add the contribution of
Lubchenko and coworkers, who suggested the presence of
multicenter bonds in Bi,Te;.** This position is in contrast to
the position of Wuttig and coworkers, who later considered the
presence of metavalent bonds in all tetradymite-like V,-VI;
chalcogenides.®” In other words, the dispute regarding the
nature of the unconventional bonding in incipient metals goes
beyond the two current research teams that have supported
their claims in 2023 and the controversy about the bonding in
these materials can be traced back to the 1950s.>'">*

Remarkably, Hoffmann and coworkers came up with several
interesting ideas that are worth exploring. One is the idea that
the multicenter bonds in several materials, such as sc-Sb,*%*!
had their origin in secondary bonds or backbonds,”* i.e. bonds
present in rhombohedral Sb at RP and, in general, in materials
showing a mixture of covalent ppo-bonds and LEPs. Since sc-Sb
has been considered a high-pressure (HP) phase of Sb,”” the
above idea suggests that there is a mechanism of multicenter
bond formation in sc-Sb as pressure increases. By this mecha-
nism, we mean the transformation path from the original
primary covalent bonds and secondary bonds in rhombohedral
Sb at RP to the final multicenter bonds in sc-Sb at HP. One of
the main objectives of this work is to analyze the mechanism
of formation of the unconventional EDMB in the sc phase of
pnictogens to resolve the dispute regarding the bonding in all
incipient metals. Another idea of Hoffmann and coworkers was
to suggest that secondary bonds, also known as donor-acceptor
bonds, charge-transfer bonds,*” or 5-hole bonds,”** are similar
if not equal to ERMBs.*® Nowadays, several types of secondary
bonds, such as hydrogen, triel, tetrel, pnictogen, chalcogen, and
halogen bonds, are considered just different types of c-hole
bonds in line with Hoffmann’s view.”>””® It is well known that
secondary bonds are, in fact, some of the workhorses in supra-
molecular chemistry.*®! Therefore, the study of the mechanism
of formation of the unconventional bond in the sc phase of
pnictogens could shed light on these bond types and could be of
utmost importance not only for solid-state chemistry but also for
supramolecular chemistry. Finally, the third idea of Hoffmann
and coworkers®**>*° (later adopted by other authors®***°°) was
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that it is very difficult to distinguish between the scenario with
primary and secondary bonds involving LEPs and the scenario
with multicenter bonds because secondary bonds and multi-
center bonds seem to be the extremes of a single type of
interaction with a continuous degree of strength. In this regard,
we will show in this work that three stages can be clearly
distinguished between the pre-EDMB and EDMB scenarios as
well as between pre-ERMB and ERMB scenarios.

A very useful tool to produce continuous degrees of strength
is pressure since it allows altering interatomic distances with
much better accuracy and precision than changing the atomic
composition. Pressure is the perfect tool to distinguish between
the pre-EDMB and EDMB scenarios and its importance has
been highlighted in several works related to PCMs.'33134:52
Unfortunately, the important role of pressure has still not been
fully exploited to help understand the bonding in PCMs,
despite examples of the pressure-induced metavalent bond
-now EDMB- formation in A"VBY! and AYBY' chalcogenides,
such as GeSe, SnSe, GeTe, and As,S;, have been recently
published.®?>® In particular, those works have shown how the
change from the pre-EDMB scenario to the EDMB scenario
proceeds as octahedral coordination is approached at HP. In this
context, it has been stressed that more HP studies, in particular
the computational ones, are needed to understand the effect
of pressure on these unconventional bonds, exploring the
bond strength-bond length relationship and how pressure affects
the deviation from octahedral coordination in the pre-EDMB
scenario.®>® Notwithstanding, a systematic study of the
pressure-induced EDMB formation in elemental pnictogens and
AVBY! and AYBY' chalcogenides has not been undertaken yet.

The lack of HP studies involving pnictogens and chalcogens
will be fulfilled by the present study, which can be extrapolated to
PCMs of AVB"' and AYBY’ chalcogenides. One way of addressing the
controversy regarding the nature of bonding in PCMs is to study
materials at HP from both real (bond) and reciprocal (band)
perspectives.®® In particular, it is interesting to study simple
p-type elements of groups 15 and 16, which show homoatomic/
homonuclear linkages and are much simpler systems than
binary and ternary PCMs.*® In this work, we follow this
approach to illustrate the pressure-induced mechanism of
EDMB formation in elemental pnictogens and chalcogens.
The reasons to study these elements are: (i) they are the
simplest known materials characterized by a mixture of original
primary covalent ppo-bonds and secondary bonds (related to
LEPs) at RP, i.e. they are LEP-based semiconductors at RP* and
(if) they have been predicted to show unconventional bonds (as
those of PCMs) at HP as they approach octahedral coordina-
tion, e.g. the HP phase of sc-Sb.”* In this context, it is well
known that the crystalline structures of pnictogens and chalco-
gens at RP display a small atomic coordination that satisfies the
8-N rule, except Po, and it is known that the octahedral
distortion decreases as pressure increases.”*"*> In addition,
the crystalline structures of pnictogens (As, Sb, and Bi) and
chalcogens (Se and Te) at RP are considered Jones-Peierls
distorted structures of the octahedrally coordinated sc phase,
in the same way as the crystalline structures at RP of most
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A™BY!' and AYBY' chalcogens (not PCMs) that have been con-
sidered to be Jones-Peierls distorted structures of the octahed-
rally coordinated cubic rock-salt (rs) phase present in many
PCMs.>4937%% Therefore, there is a clear relationship between
the crystalline phases of PCMs and pnictogens and chalcogens,
so the results obtained in this work for pnictogens and chalco-
gens can be applied to PCMs.

This paper is divided into two sections. In Section 2, we
analyze the effect of pressure on the structural, vibrational, and
electronic properties of the crystalline structures of pnictogens
(As, Sb, and Bi) and chalcogens (Se, Te, and Po) using density
functional theory (DFT) calculations, although our results can
be extended to the rest of the group-15 and -16 elements. Using
theoretical bonding descriptors previously used by the propo-
nents of the hypervalent and metavalent bonding models
of PCMs, we obtain evidence for the EDMB formation in the
octahedrally coordinated phases of these two elemental
families, which can be extended to all A"™VBY! and AYBY' PCMs.
We will also show that the existence of EDMBs in these
elements and crystalline PCMs is consistent with the most
recent Wuttig’s 2D map showing ES vs. ET.®”"®® Finally, in
Section 3, we describe the mechanism of the pressure-
induced transformation from the pre-EDMB scenario to the
EDMB scenario in pnictogens and chalcogens using both the
real-space (bond) and the reciprocal-space (band) pictures. We
will show that the mechanism of EDMB formation is similar
but proceeds through different stages for both elemental
families. This mechanism of EDMB formation is expected to
apply also to PCMs and it is different from the mechanism of
formation of ERMBs (although they share a common origin).
Details of the ab initio simulations for most of the materials
studied in this work are given in Section 1 of the ESL}

2. Unconventional bonding in
pnictogens and chalcogens at
high pressure

In this section, we perform a systematic theoretical DFT study
of the two families of p-type elements at HP, paying special
attention to the effect of pressure on the distortion from the
octahedral coordination in the low-coordinated trigonal R3m
and P3,21 structures of pnictogens (As, Sb, Bi) and chalcogens
(Se, Te) at RP, respectively (Strukturbericht types A7 and AS,
respectively), as well as on the high-coordinated (octahedral)
Pm3m (sc) and R3m structures of o-Po and B-Po at RP, respec-
tively (Strukturbericht types Ay, and A;, respectively).

To check the goodness of our theoretical simulations,
we compare the pressure-induced, simulated changes in the
structural and vibrational properties of the low-coordinated A7
(As, Sb, Bi) and A8 (Se, Te) phases with available experimental
results. The relatively good agreement with experimental
results using the PBEsol functional allows us to extrapolate
our results to the less well-known HP phases of these two
elemental families in order to study the pressure-induced
bonding transformation.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Phase transition sequence studied in group-15 and -16 elements. Pnictogens crystallizing in the rhombohedral A7 phase tend at HP to the cubic
Ay, phase. Chalcogens crystallizing in the hexagonal A8 phase tend at HP to the rhombohedral A; phase. The short intralayer (intrachain) d; bond distance
and the long interlayer (interchain) d, bond distance of the A7 (A8) phases in group-15 (16) elements are represented by solid and dashed orange lines,

respectively. A, and A; phases only feature a single bond distance, d.

First, we will prove that pnictogens tend to undergo a
pressure-induced A7-to-Ay, phase transition (PT) as schematized
in Fig. 1a, while chalcogens tend to undergo a pressure-induced
A8-to-A; PT as schematized in Fig. 1b. These results are in line
with the observation of the A, and A; phases either at RP or HP
in many of these elements. Second and most importantly, we
will prove that the unconventional bonding, typical of PCMs at
RP, also occurs in the A, and A; phases of Po at RP and of As, Sb,
Bi, Se, and Te at HP. For this purpose, we will calculate several
quantum-mechanical bonding descriptors with physical and
chemical meanings for the studied phases. In particular, we
will use descriptors extensively used by Wuttig and coworkers
and Manjén and coworkers,">'>*>°¢ such as the optical pho-
non frequencies, w;, and the corresponding Griineisen para-
meters, y;, which can give evidence of soft bonds and lattice
anharmonicity, the average of the diagonal components of
the Born effective charge tensor, Z*, which accounts for the
bond polarizability, and the ES and ET values, which allow
understanding the degree of bond covalency and ionicity,
respectively. We will also use other bonding descriptors used
by Lee and Elliott, Dronkowski and coworkers, and Manjon and
coworkers,*>*%*28% guch as p, V>p at the BCP, and the pCOHP,
IpCOHP(2c), and ICOBI(3c) parameters. The latter parameters
will help us to describe the evolution of the different atomic
interactions as pressure increases. All these parameters, pre-
viously used for binary and ternary PCMs, as already remarked,
will show us how physical and chemical worlds can be made
compatible to provide a richer perspective of the unconventional
bonds present in the octahedrally coordinated phases of pnicto-
gens and chalcogens. More specifically, the existence of EDMBs
will be evidenced by the small w;, softmode behavior, and large
y; for optical phonons, the extremely high values of Z*, and
the ES values close to 1. Precisely, an ES value of the order of 1
is what accounts for the electron-deficient nature of the bond in
PCMs.°>®® This is in good agreement with the picture provided by
the analogous bonding descriptor 2-ICOBI(2c),*”*” and so we will
use the ES value from now on in this manuscript. In addition, the
existence of EDMBs will be supported by: (i) the very small value
of V?p,*>% which is intermediate between the negative values,
typical for the covalent bond, and the positive values, typical for
the metallic bond®® and (i) a value of ICOBI(3c) different from

This journal is © The Royal Society of Chemistry 2024

zero, which gives account for the multicenter character of the
bond.** Moreover, the multicenter character of the bond will be
further evidenced by the inverse pressure-dependent relationship
between different magnitudes (bond lengths, p and V?p at BCPs,
ELF, and ES) of the primary and secondary bonds in the low-
coordinated phases of pnictogens and chalcogens.

2.1. Pnictogens

The relaxation of the structural parameters of pnictogens
(As, Sb, and Bi) in the A7 phase at different pressures evidences
a decrease in the octahedral distortion of the A7 structure at HP
until a final octahedrally coordinated A, (sc) structure is
reached (see Fig. 1a and Table S1 in the ESIT). This is evidenced
by the decrease of the quadratic elongation of the distorted
octahedron around each atom in the A7 structure and the
increase of the effective coordination number (see Fig. Sic,
S2c, and inset of S4a in the ESIT). In particular, a progressive
change in the effective coordination number from the trigonally
coordinated A7 structure, characterized by three primary short
covalent bonds plus three long secondary bonds (related to
LEPs), towards the octahedrally coordinated A;, structure, char-
acterized by six equal bonds each at 90°, is observed. These
results are consistent with previous expectations®"*"°> and with
the observation of the sc structure in P and As at HP.”®

Since the best and simplest example to show the pressure-
induced changes in pnictogens is provided by arsenic, with an
A7-to-A;, phase transition (PT) theoretically predicted at a
transition pressure (P) of 25 GPa in good agreement with
experimental results (see the inset of Fig. S1a in the ESI{),”*
we will mainly comment the results for As in the present work.
Most of the results on other pnictogens (Sb and Bi) will be
provided in the ESIf to complement those of As.

The optimized simulated atomic volume and lattice para-
meters for the As-I (A7) and As-II (A;) phases at different
pressures exhibit a nice agreement with available experimental
data® and previous simulations'**'%" (see Fig. S1 in the ESIY).
Remarkably, the structural relaxations of the trigonal A7 phase
do not reach the perfect A;, phase except for very high pressures
(e.g. our calculations for As just above 25 GPa show a residual
trigonal distortion of the sc phase). This result agrees with
the most recent and accurate experimental measurements on
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phosphorus, in which a distorted sc phase (pseudo-sc), as an
intermediate phase between the A7 and the A}, phases, has been
reported.’?

A characteristic experimental feature of A™VBY' and AYBY'
chalcogenides, such as GeSe, GeTe, SnTe, and As,S; that are
not PCMs at RP but become PCMs at HP, is the softening of
some optical phonon frequencies at the pre-EDMB scenario
(low-pressure phase) and hardening of these optical phonon
frequencies at the EDMB scenario (high-pressure phase). This
means that there is a change in the sign of the pressure
coefficient of the frequency in some optical modes at the
pre-EDMB-to-EDMB transition."”>**®> A similar feature is
experimentally found in As®* and nicely reproduced by our
calculations (Fig. 2a). The small values of the frequencies of the
Raman-active phonons in As at RP (below 300 cm™ ') compared
to those of Ge (above 300 cm™*'°%) and the soft behavior of the
optical phonons of As at HP compared to their increase in Ge'®
clearly suggest that the bonds in the A7 structure of As are
quantitatively and qualitatively different than those of the zinc
blende structure of Ge. This result is contrary to expectations
since both elements are close in the periodic table and have
similar masses, which could suggest similar phonon frequen-
cies and pressure behaviors.

Curiously, our calculated Raman frequencies for As-I soften
under compression above 10 GPa at a much higher rate than
the experimental ones. More specifically, the calculated Raman
frequencies of As-I tend to zero at P, unlike the experimental
ones. According to the Landau theory of PTs, the tendency of
soft phonons to exhibit zero frequency means that our simula-
tions for As indicate that the A7-to-A; PT is of second-order
character.'®*'%® This result is similar to that of the most
extensive theoretical work performed on As.'® Therefore, the
simulated results contrast with the apparent first-order char-
acter of the experimental PT.°" The disagreement could likely
be caused by anharmonic effects that have not been included in
the simulations yet. In this context, it is well known that
anharmonic effects are notable in PCMs and important for
the description of the vibrational properties as the formation of
unconventional bonds is approached.'**>%8%196107 1n fact,
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the presence of strong anharmonic interactions in As-I close
to P is also evidenced by the large values of the absolute
phonon Griineisen parameter, |y;], of the A;, mode (inset of
Fig. 2b).

It must be stressed that while optical phonons in PCMs
soften upon crystallization, i.e. when EDMBs are formed, hard-
ening of the low-energy acoustic phonons is experimentally
observed.’® The soft (hard) behavior of optical (acoustic)
phonons has been also experimentally reported in pnictogens
at HP.'*®'%° This different behavior of acoustic and optical
phonons in pnictogens can be understood in light of a recently
published simple model of three-center interactions,® which
suggests that bonding in incipient metals has a multicenter
character.

As regards the A;, phase of As (As-II) above 25 GPa, it exhibits
only acoustic phonon modes (see the blue line in Fig. 2a);
however, our calculations provide non-zero optical phonon
modes above 25 GPa (red line) due to the presence of a residual
trigonal distortion of the sc structure, as already commented.
These forbidden simulated optical phonons for the A, phase
(also found for the A;, phases of Sb and Bi in Fig. S2d and S4c in
the ESIT and in the rs phase of PCMs'**%) seem to be indeed
experimentally observed in As-II above 25 GPa with a positive
pressure coefficient once the EDMBs are formed (see open
circles in Fig. 2a).”" The positive pressure coefficient of the
frequency of the only mode observed in As-II shows a relatively
good agreement with the pressure coefficient of the frequency
corresponding to the second-order mode we obtain as the over-
tone of the simulated first-order phonon (see the dashed red line
above 25 GPa in Fig. 2a). Therefore, our simulations seem to
reproduce well the experimental observations above 25 GPa, thus
suggesting that the experimental phonons observed in As-II
might be caused by a distortion of the sc structure similar to
that recently reported for phosphorus at HP.'®* It could also be
speculated that the observation of such forbidden mode comes
from an anomalously enhanced second-order Raman scattering,
as recently predicted to occur in incipient metals.'*°

The presence of EDMBs in As-II is not only supported by the
simulated change of the pressure coefficient of the optical
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Fig. 2 Pressure dependence of the properties of the As-1 (A7, red) and As-Il (A, blue) phases of As. (a) Calculated (lines) and experimental®® (circles)
phonon frequencies, m, correspond to Raman-active modes A;g and E4 of As-I. Solid and dashed red lines above 25 GPa correspond to the first and
second-order (overtone) modes of the distorted sc phase of As-I, respectively. (b) Calculated average Born effective charge, Z*. The inset shows the
absolute Grineisen parameter, ||, of the A;g mode of As-I. (c) Laplacian of the charge density at the BCP, V2p, where e is the electron charge and ag is
the Bohr radius, in primary and secondary bonds of As-I (red) and the EDMB of As-II (blue). The three stages of the mechanism of EDMB formation are
separated by vertical black dashed and red dotted lines. The latter corresponds to the calculated A7-to-A, phase transition pressure, Py.
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phonon frequencies and the high value of |y;| near P, but also
by the simulated high Z* value (Fig. 2b). The high Z* values for
As (much higher than the nominal valence (0) of pure As) are
observed for As-I near P, and also for As-II. It has been shown
that such high Z* values are also observed for A™VBY' and AYBY'
PCMs. %7 Additional confirmation of EDMB formation in As-II
comes from the pressure dependence of V?p along the main
bonds in the A7 and A, phases (Fig. 2c). As expected, V>p is
negative for the strong primary covalent intralayer bond
(d1 bond distance) and positive for the weak secondary inter-
layer bond (d, bond distance) in As-I. Both V?p values tend to
equalize, especially above 15 GPa, until they reach a value close
to zero above P.. The occurrence of a simultaneous relatively
large value of p at BCP and a relatively small (close to zero)
value of V?p at BCP is unusual and characteristic of EDMB in
elemental solids, where no polar covalent or ionic bonds can
occur and only intermediate bonds between covalent and
metallic bonds can justify the existence of a value of V>p close
to zero.''! This seems to happen only for the EDMB, as it was
already shown for Sb-Te2 and Sn-Te2 bonds in crystalline
SnSb,Te at RP*® and for Sb-Te and Ge-Te bonds in crystalline
GST.*> We must stress that the inverse relationship observed between
the pressure dependence of V?p for both primary and secondary
bonds, especially between 15 and 25 GPa, can be considered new
solid proof of the multicenter interaction taking place in this pressure
region that results in the multicentre character of the unconventional
bond (EDMB) formed above 25 GPa in As.

Significantly, the similarity of the EDMBs present in
sc-As and those present in the rs phase of AVB"! PCMs can be
understood since both are isoelectronic (10-electron) materials.>*
In particular, As and a-GeTe show a rather close behavior because
a-GeTe has a layered R3m structure at RP with primary ppc-bonds
and secondary bonds (including LEPs) similar to those of As-L.
Furthermore, a-GeTe undergoes a pressure-induced PT to the rs
phase (B-GeTe), in which EDMBs similar to those of As-II have
been identified.***>113

Following the same strategy as with elemental As, we have
simulated the effect of pressure on the A7 phases of Sb (Sb-I)
and Bi (Bi-I) (see all information in the ESIf). As already
mentioned, the A7 phases of Sb and Bi also tend to transform
into the A; phase. Interestingly, this phase has not been
observed in Bi at HP, although the monoclinic Bi-II phase is
a slightly distorted sc phase, and it remains uncertain whether
it exists or not in Sb (see discussion in Section 2 of the ESI¥). In
any case, we have calculated the A7-to-A, PT in both elements
because it provides valuable insight into the decrease of the
polyhedral distortion with respect to the octahedral coordina-
tion and to clarify the various stages of the pre-EDMB to EDMB
transformation to be discussed in the next section. The
presence of EDMBs in the hypothetical A;, phases in Sb and
Bi is suggested by the change in the sign of the simulated
pressure coefficients of the optical phonon frequencies at P,
the high value of |y;| near P,, the increase of the value of Z* in
the A7 phase and its high value in the octahedrally coordinated
Ap, phase, and the negligible value of V?p in the A, phase
(see Section 3 in the ESIt). Therefore, despite the fact that the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Ap phase could not be experimentally observed in Sb and Bi at
HP (see discussion in the ESIt), it can be concluded that both
Sb and Bi tend to exhibit EDMBs as pressure increases and
octahedral coordination is approached.

Experimentally, the pressure-induced EDMB formation in
pnictogens can be evidenced by a sign change in the pressure
coefficients of the optical phonon frequencies that occurs at 25,
9, and 3 GPa in As, Sb, and Bi, respectively (see Fig. S2d and S4c
in the ESI} for Sb and Bi)."°*"'**®> Our simulated P, values of
pnictogens (for the A7-to-A;, PT), which mark the onset of the
octahedral coordination, agree with experimental values for
As (25 GPa) and Sb (7 GPa) but not for Bi (14 GPa). Since the P,
value is expected to decrease along the series P-As-Sb-Bi, in
agreement with recent experimental results for phosphorus,'®>
the larger value for Bi than that for Sb suggests that the PBEsol
functional does not work well for Bi (see discussion in Section 3
of the ESIY). Better calculations for Bi-I can be performed with
the AMO5 functional (pink line in Fig. S4a-c), which was already
used for Bi,S3;'°%!'* 115 however, we will show here the results
obtained using the PBEsol functional for Bi for the sake of
comparison with As and Sb under similar conditions.

To conclude this subsection, we can summarize that our
simulations predict a transformation of the chemical bonding in
pnictogens as pressure increases. The A7 phase at RP features a
mixture of primary covalent ppo-bonds plus secondary bonds
(related to LEPs), whereas the octahedrally coordinated HP phases,
such as the Aj structure and its slightly distorted structures,
feature EDMBs. These EDMBs of pnictogens in the Ay, structure
show a cubic geometry similar to that of the rs phase of PCMs of
the heavy AVB"" family and have similar properties.>****+11¢

2.2. Chalcogens

Now, we present the results of theoretical simulations of the A8
phase of Se (Se-I) and Te (Te-I) as well as of the A, and A; phases
of o-Po and p-Po, respectively, at different pressures. As
expected, the octahedral distortion, measured by the quadratic
elongation of the distorted octahedron around each atom of the
trigonal A8 phase in Se and Te, decreases as pressure increases
(see Fig. S7c and S9c in the ESIT). However, the relaxation of the
A8 structure at HP results in a final octahedrally coordinated
rhombohedral A; phase instead of the previously assumed cubic
Ay, phase>*?*94116 (see Fig. 1b and Table S2 in the ESIt for the
structural parameters of the A8 and A; phases at different pres-
sures). Our simulated results agree with the experimental obser-
vation of the A; phase at HP in several chalcogens, e.g. S-V (above
150 GPa''), Se-V (above 40-60 GPa''®'"®), and Te-IV (above
10 GPa™*""), although the structure of Te-IV has been recently
questioned."* Noteworthily, the experimental P, values at which
the A; phase is observed decrease along the series S-Se-Te-Po.
This result is well reproduced in our calculations for Se (23 GPa),
Te (7 GPa), and Po (RP).

The simulated optimized atomic volume and lattice para-
meters of the A8 and A; phases of Se and Te at different pressures
agree nicely with available experimental data and previous
calculations (see Fig. S7 and S9 in the ESI}).%>12%121,1237129
A progressive change occurs in the effective coordination
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number from the twofold-coordinated A8 structure, character-
ized by two primary short covalent p-type bonds plus four long
secondary bonds (related to LEPs), towards the octahedrally
coordinated A; structure of B-Po, characterized by six equal
bonds. It must be noted that our structural relaxations of the
trigonal A8 phase of Se and Te do not reach the A; phase, except
for very high pressures, so our calculations always show a
residual bond distortion of the A; structure in the pressure range
discussed here (see data in Table S2 of the ESIt). This residual
structural distortion of chalcogens at HP with respect to the A;
phase is similar to that previously found for pnictogens at HP
with respect to the A;, phase.

Regarding the vibrational properties, the trigonal phase of
Se-I and Te-I has three Raman active modes: A; and two double
degenerated, E’ and E” modes (see Fig. 3a). Both Se-I and Te-I
exhibit a considerable experimental softening of the A; mode
corresponding to the A8 phase, whose frequency pressure
coefficient changes above ca. 18 and 7 GPa, respectively.'*
These results are well reproduced by our simulations (Fig. 3a
and Fig. S9d, ESIt), except near P, where our simulations
predict a second-order PT, similar to that found for pnictogens
in the previous subsection. Again, the disagreement is likely
caused by the lack of anharmonic interactions (that seem to be
only significant near P,) in our simulations. Note that the A;
phase should not exhibit optical Raman-active modes (only
acoustic phonon modes), but our calculations provide non-zero
optical phonon frequencies above 23 GPa in Se and Te due to
the remaining distortion of the trigonal A; phase. All the
calculated optical phonon frequencies in the distorted A; phase
of Se and Te harden with increasing pressure, as expected once
EDMBs are formed. As for pnictogens, the formation of EDMBs
in the A; phases of Se and Te is indicated by the hardening of
the optical modes in the distorted A; phases (Fig. 3a and Fig.
S9d, ESIt), the high values of Z* and |y;| for the A; mode of the
A8 phase (Fig. 3b and Fig. S9e, ESIt), and the negligible value of
V?p (Fig. 3c and Fig. SOf, ESIf). Hence, we conclude that
EDMBs are formed in Se and Te at HP as they approach the
octahedral coordination typical of the A; phase.

Our theoretical results for Se and Te can be compared with
experiments. Soft phonons are not only observed in the A8
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phase (Se-I and Te-I) but also in the Se-II and Se-III phases
(below 28 GPa) as well as in the Te-II phase (below 8 GPa). The
hardening of soft optical phonons in Se occurs experimentally
between 18 and 28 GPa (Fig. 3a), i.e. upon transition from Se-II
to Se-Ill, and especially to the Se-IV phase.'® Similarly, the
hardening of optical phonons in Te occurs experimentally
above 7 GPa,"”®" je. upon transition to Te-IIT,'>071?>128129
Notably, these changes in Se and Te are also related to their
decrease in resistivity.’*® Therefore, it can be concluded that all
these experimental features in Se and Te provide additional
support to the presence of asymmetric EDMBs in Se-IV (Te-III)
as suggested by our calculations above 23 (7) GPa. It must be
stressed that the presence of asymmetric EDMBs in these
intermediate phases of Se and Te, as already suggested to be
present in Bi-II in the previous subsection, likely occurs before
reaching the perfect A; structure of Se-V and Te-IV phases that
are experimentally found at slightly higher pressures."**'*°

A paradigmatic example of EDMB formation occurs in Po at
RP. Po is the only chalcogen that shows octahedral coordina-
tion at RP, either in the cubic A;, structure (a-Po) at RP and
room temperature or in the rhombohedral A; phase (B-Po) at RP
and high temperature. Our calculations show that B-Po at RP
features a quasi-cubic arrangement of Po atoms, i.e. 3-Po shows
a very small distortion with respect to a-Po since all six bond
distances are equal in both phases and only a small deviation of
the rhombohedral bond angle from 90° occurs in -Po at RP.
This deviation disappears at HP, thus leading to a PT to a-Po
below 2 GPa (see Fig. S11 in the ESIt). As regards the vibrational
properties, both phases of Po have only acoustic phonons and
the presence of EDMBs in Po is here only evidenced by the high
(negligible) values of Z* (V?p) at all calculated pressures (see
Fig. 4a and b).

All in all, our calculations on chalcogens (Se, Te) show that a
bonding change occurs in these elements as pressure increases.
The A8 phase at RP features a mixture of primary covalent ppc-
bonds plus secondary bonds (related to LEPs), whereas the
octahedrally coordinated HP phases, such as the A; structure
and its slightly distorted structures, feature EDMBs. The
EDMBs in the A; structure show a rhombohedral geometry
similar to that of the tetradymite phase of PCMs made of heavy
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AYBY' chalcogenides.'?®'*° Notice that both chalcogens and
AYBY' chalcogenides are almost isoelectronic. Polonium is the
only chalcogen (in both o and B phases) with all bonds being
symmetric EDMBs at RP.

2.3. Electron-deficient character of bonds in PCMs: ES vs.
ET map

Once established that EDMBs occur in the octahedrally coordi-
nated crystalline phases of pnictogens and chalcogens either
by increasing pressure or by changing composition due to
substitution by heavier elements of the same group, we will
show now that the change from the pre-EDMB scenario to the
EDMB scenario can be traced by the change in the number of
electrons shared (ES) and the normalized number of electrons
transferred (ET) in the two-center bonds of materials, as
obtained from QTAIM methodology. As already mentioned,
the ES and ET parameters of a two-center bond provide an
estimation of the degree of bond covalency and ionicity,
respectively, and have been previously used by Wuttig and
coworkers to study PCMs."'*>%¢7:68

In contrast to previous studies, we have calculated the
pressure dependence of the ES and ET values in the A7 (A8)
phases of group-15 (-16) elements not only for the primary
covalent bond (with the d; length and plotted with solid lines
in Fig. 1) but also for the secondary bonds of those phases
(with the d, length and plotted with dashed lines in Fig. 1).
Similarly, we have calculated the ES and ET values of the only
bond present in the A; and A; phases of these two elemental

a) 175

families. In this way, we can see the evolution of the number of
electrons shared by two atoms for the different bonds present in
the A7 and A8 structures as EDMB formation proceeds at HP. It
must be noted here that since we are dealing with pure elements
with a unique Wyckoff site at each crystalline structure, the
values of ET for the primary and secondary bonds are necessarily
zero; thus, we only need to calculate the values of ES for bonds in
pnictogens and chalcogens at different pressures.

As examples of both families, Fig. 5 shows the pressure
dependence of the ES value in As and Se, as well as in o-Po and
B-Po. The ES values of the primary covalent bonds in As-I and
Se-I at RP are between 1.5 and 2, which are typical for strong
primary covalent bonds, while the ES values of the secondary
bonds at RP (around 0.5) are typical for relatively weak second-
ary donor-acceptor bonds.’*! Remarkably, the ES value of the
only bond present in the A, and A; phases of As, Se, and Po is
close to 1.0. This means that an ES value close to 1.0 is
characteristic of the octahedral coordination in As (Se) above
25 (23) GPa as well as of the two phases of Po at RP. In other
words, bonds between two centers in these phases are 2c-le
bonds characterized by sharing one electron between two
atoms, as already suggested for PCMs.>®®® Therefore, the ES
values close to 1.0 indicate the presence of EDMBs in the
octahedrally coordinated phases of pnictogens and chalcogens.
In this context, it must be stressed that they are not isolated 2c-
le bonds but interacting 2c-le bonds, as suggested by the
multicenter character of this unconventional bond.**"*"*> We
want to note that the pressure dependence of the ES values
shown in Fig. 5 for the ES values obtained from QTAIM in
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pnictogens and chalcogens is confirmed by the ES values
obtained as 2 x ICOBI(2c) using the LOBSTER program (not
shown). Therefore, the picture we have described in Fig. 5 is
consistent with both density-based and orbital-based methods.
Importantly, the inverse relationship observed between the
pressure dependence of ES values for both primary and
secondary bonds in As and Se in Fig. 5 means that there is a
charge redistribution, as already found in the formation of
ERMBs, such as in HF,” (or [F-H-F]")."** Therefore, this
inverse relationship of ES values can be considered solid proof
of the multicenter character of the interaction occurring in the
A7 and A8 phases of As and Se, respectively, leading to the
formation of multicenter bonds in the octahedrally coordinated
a-Po and B-Po phases of As and Se at HP. Note that the
equalization of ES values in the octahedrally coordinated o-Po
and B-Po phases of pnictogens and chalcogens means that the
electrons shared in the new bonds of these phases come from
the original covalent bonds in the low-coordinated phases, thus
showing the connection (multicenter character) between the
weakened covalent bond and the new bond when the pressure-
induced EDMB is formed.

It has been suggested that ES and ET values calculated for
primary bonds in materials can be used in a 2D map that allows
a classification of the different types of materials and the
definition of metavalency, i.e. a region between the covalency
and metallicity.">*”®® We have used the ES vs. ET plot
(see Fig. 6) to locate the different phases of pnictogens and
chalcogens at different pressures. As expected, the ES values
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Fig. 6 Revisited 2D map of the number of electrons shared (ES) vs. the
normalized number of electrons transferred (ET) showing the chemical bond
classification in materials. Besides the red, black, and blue regions corres-
ponding to the classical covalent, ionic, and metallic bonds, respectively, the
map shows the orange and green regions of materials with electron-rich
multicenter bonds (ERMBs) and electron-deficient multicenter bonds
(EDMBs). Red (blue) dashed arrows indicate how pure covalent (ionocovalent)
p-type materials are affected by pressure or by composition (substitution by a
heavier element). Circles correspond to materials studied in previous
studies.®%%3® Pnictogens and chalcogens here studied at different pressures
are shown as open squares. As observed, the structures of pnictogens and
chalcogens with octahedral coordination are located in the green region of
EDMBs as well as PCMs, such as cubic GeTe, SnTe, and PbS. Reproduced with
permission.®® Copyright 2021, Wiley-VCH.
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of the primary bonds in As, Sb, Se, and Te at RP are between
1.4 and 2.0, thus corresponding to classical covalent bonds.
Note that a pure covalent bond with ET = 0 would have ca. ES =
2, and thus Sb and Te cannot be considered to feature pure
covalent bonds but weakened covalent bonds. Meanwhile, the
ES value of the primary bond in Bi at RP is 1.2. This value is
close to 1.0, which corresponds to materials showing EDMBEs,
like o-Po and B-Po. This is also the case for many PCMs with rs
structure, such as B-GeTe, SnTe, and PbS, despite in these
cases ES being different from 1 due to the larger value of
ET.°® Consequently, our result for Bi-I at RP suggests that this
element is characterized by bonds that are intermediate
between covalent bonds and EDMBs. This result is consistent
with the appearance of asymmetric EDMBs in Bi-II above
2.5 GPa (the smallest pressure of all pnictogens), as already
commented. Finally, the ES values of the sixfold-degenerated
bonds in a-Po and B-Po at RP, as well as in the HP phases of the
other elements (As-1I, sc-Sb, Bi-II, and B-Po phases of Se and Te)
are all around 1.0 (see Fig. 6 and Fig. S12, ESI{). These results
evidence that all the latter phases show EDMBs that are in good
agreement with their positions in the 2D map.®®

At this point, it is worth pointing out that EDMBs (with ES =~ 1)
are an intermediate step between ionocovalent bonds (with
ES ~ 2) and metallic bonds (with ES — 0). Since pressure tends
to increase atomic coordination, the octahedral coordination will
be surpassed at high enough pressures and there will be an
increase in the number of delocalized electrons relative to loca-
lized electrons. This means that the EDMB will tend to become a
metallic bond at HP, as suggested by Wuttig and coworkers."***

The tendency of materials with p-type bonds to change from
ionocovalent bonds to EDMBs and finally to metallic bonds
upon the change in pressure or composition (substitution by a
heavier element within a group), is indicated by arrows for pure
covalent and ionocovalent p-type materials in Fig. 6. It can be
speculated that the fully metallic bond will occur in pnictogens
and chalcogens as well as in A”VB"" and AYBY" chalcogens when
the eightfold-coordinated body-centered cubic (bce, Strukturber-
icht type A2) phase is reached since the A2 phase is a common
HP phase to all of them.””"*>"** This hypothesis seems to agree
with the results of Hauserman and coworkers,"** who commen-
ted (later discussed) the notable differences between the electro-
nic band structure and DOS in the A2 HP phase and previous
phases at lower pressures in Bi. However, the hypothesis of
metallic bonding in the bce phase is contrary to the claim of
Lubchenko and coworkers, who consider that this phase is still
characterized by multicenter bonds.** Further work in this
direction must be done that is outside the scope of the present
manuscript.

It is important to stress that the usefulness of the ES vs. ET
map has been recently questioned.>® It has been stated that this
map should not be used to understand the origin of EDMBs in
PCMs because it is impossible to locate in this map materials
with more than a single type of bond. We consider that this is
true and that is likely the case why Wuttig et al. only locate
materials through their principal bond. Moreover, we believe
that even though the ES vs. ET map cannot be used to

This journal is © The Royal Society of Chemistry 2024
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univocally characterize materials, it is quite valid to character-
ize bonds in materials. We find that the ES vs. ET map is
equivalent to the map already published by Mori-Sanchez et al.
to classify bonding types with two parameters, the electron
density flatness, f, and the global charge-transfer index, c¢. In
fact, the map of Mori-Sanchez et al. has been suggested to be
equivalent to the van Arkel-Ketelaar diagram.'™" The flatness is
equivalent to metallicity and therefore is inverse to ES, while
the charge-transfer index is similar to ET. According to our
calculations, As-IT and a-Po (with sc structures) and PbS (with rs
structure) show f values close to 0.1, i.e. intermediate between
those of materials with covalent bonding, like Ge and GaAs,
and materials with metallic bonding, such as Al and Cu. These
results indicate that the region of metavalency, intermediate
between covalent and metallic regions, can also be placed in
the f vs. ¢ map, and correspondingly in the equivalent van
Arkel-Ketelaar diagram. All in all, this means that the ES vs. ET
map seems to be equivalent to the fvs. ¢ map of Mori-Sanchez
et al. and the classic van Arkel-Ketelaar diagram. Thus, our
results support Wuttig’s claim about the validity of the ES
magnitude for locating the metavalency region between the
covalent and metallic regions.'>'*>* It must be mentioned that
these results differ from those of Lubchenko and coworkers,
who suggest that the multicenter bond is only intermediate
between ionic and metallic bonds.>® On the other hand, our
results agree with the claim of Lubchenko and coworkers®' that
multicenter bonds are promoted with increasing density since
the changes in pressure and composition (going down within a
group) allow for increasing the electronic density of the material.
Finally, we have to mention that after the first submission of this
version of the manuscript to publication on December 1st,
2023, a new paper from Wuttig and coworkers has been
published that shows that the ES vs. ET map, which is based
on electron density methods, is equivalent to the map of 2 X
ICOBI vs. normalized Lowdin charge, which is based on orbital
methods.®® In a similar way, a new paper from Dronskowski and
coworkers has been just accepted for publication that in our
opinion reinforces the similarity of both maps.®” In conclusion,
we consider that the ES vs. ET map is valid to characterize bonds
in materials as it has been assessed by different groups
with different methodologies. This map provides evidence
for the electron-deficient nature of bonds in the octahedrally
coordinated crystalline phases of pnictogens, chalcogens, and
binary PCMs.

2.4. Multicenter character of bonds in the crystalline phases
of PCMs

Once confirming the electron-deficient (metavalent) character
of EDMBs in the octahedrally coordinated crystalline phases of
pnictogens and chalcogens, to finish this section, we want to
remark that the multicenter character of the unconventional
bond in the A, and A; phases of group-15 and -16 elements is
consistent with previous calculations of PCMs characterized by
the IpCOHP(2c) and the ICOBI(3c) values reported by Drons-
kowski and coworkers.*>*° For this purpose, we have analyzed
the values of the IpCOHP(2c) along the primary and secondary
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bonds of the A7 and A8 structures in pnictogens and chalco-
gens, respectively, at different pressures and also the ICOBI(3c)
along the two bonds.

As an example, we will comment on the data for As. As
exhibits a decrease (increase) of IpCOHP(2c) along the primary
d, (secondary d,) bonds in As-I from —3.451 (—0.835) at 0 GPa
to —3.135 (—2.733) at 35 GPa. This trend is indicative of the
decrease (increase) of the strength of the primary (secondary)
bond until both bonds reach the same value once the As-II
structure is attained. This pressure-induced ‘‘trans influence”,
i.e. the influence of the secondary bond on the primary bond, is
evidenced for As in Fig. 5a by the inverse pressure dependence
of the ES values of both primary and secondary bonds. On the
other hand, the increase of the absolute value of ICOBI(3c) from
—0.046 at 0 GPa to —0.076 at 35 GPa is indicative of the increase
of the multicenter (in this case three-center) interaction as one
goes from As-I to As-II. According to Dronkowski and coworkers,
the negative value of ICOBI(3c) indicates that these multicenter
bonds are ERMBs;*® however, we think that this interpretation of
the value of ICOBI(3c) should be revisited. In any case, the trans
influence of the secondary bond on the primary bond in pnicto-
gens and chalcogens, substantiated in the inverse behavior
under pressure of many parameters related to these two bonds,
evidences that there is a secondary multicenter interaction that
ends with the formation of a multicenter bond (EDMB) at HP
above a certain pressure, i.e. the EDMB that comes from the
original primary and secondary bonds at RP in the Peierls
distorted phase (A7 in pnictogens and A8 in chalcogens). This
result agrees with the previous suggestion of the multicenter
character of this bond in PCMs.*”

As a kind of conclusion for this section, we can comment
that we have shown that the A, and A; phases of group-15 and
-16 elements feature the same type of unconventional bond as
PCMs, which have been catalogued as incipient metals. These
unconventional bonds and phases are mainly observed in
pnictogens and chalcogens at HP, except for polonium. Our
results show that this unconventional bond is an EDMB, which
is an intermediate bond between covalent and metallic bonds
characterized by localized electrons (typically one) between two
atoms and delocalized electrons over more than two atoms.
This result agrees with both the hypervalent and metavalent
bonding models, which have already proved the partial deloca-
lized nature of electrons in the unconventional bonding of
PCMs using the projected force constants®® and the ES values.**
In this context, we have chosen to use the ES values in Fig. 5. On
the other hand, our view has some agreement and some
disagreement with the previous hypervalent and metavalent
bonding models of crystalline PCMs. We agree with the hyper-
valent model in the multicenter character of the unconven-
tional bonds but disagree with the electron-rich character of
this bond. On the other hand, we agree with the metavalent
model that the electron delocalization in EDMBs is responsible
for the sharing of ca. one electron (ES ~ 1) between every two
atoms; ie. the bond is electron-deficient in character. However,
we consider that the metavalent bonding has a multicenter
character. Therefore, we consider that the unconventional bond
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in PCMs is not a new-brand bond (the metavalent bond) but the
old-known electron-deficient multicenter bond present in
boron and boranes.">*”'?>

The lower ES value in the EDMBs than in covalent bonds
indicates that the electronic charge shared between two atoms
in EDMBs is smaller than in covalent bonds. Consequently,
EDMBs are softer bonds than covalent bonds, as confirmed by
lattice dynamics studies.'*® In fact, EDMBs are half bonds, i.e.
one electron bonds that are well known to be softer and longer
than covalent bonds.'>®”"*> The high probability of multiple
events observed in laser-assisted field evaporation experiments of
PCMs using atomic force microscopy has also been correlated to
the softness of EDMBs;'2*”'*> however, we consider that it could
also be correlated to the multicenter character of the unconven-
tional bonds in PCMs. The transformation of the strong covalent
p-type bonds into the softer EDMBs in group-15 and -16 elements
at HP, marked by the progressive softening of the covalent bonds
as atomic coordination increases at HP, accounts for the softening
of the optical phonon frequencies in their covalent p-type crystal-
line phases at low pressures, as already proved,> and for the lower
melting points of Bi and Po than those of Sb and Te at RP and of
Sb and Te than those of As and Se, respectively.''® In the next
section, we will explore in more detail the transformation process
from the strong covalent bonds to the soft EDMBs to unveil the
mechanism of such transformation.

3. Mechanism of EDMB formation in
pnictogens and chalcogens

The magnitude of pressure allows fine-tuning of interatomic
interactions by the gradual change in interatomic distances;
consequently, the analysis of the pressure dependence of
the parameters related to the primary and secondary bonds
in the A7 (A8) phases of pnictogens (chalcogens) could allow us
to delve deeper into the mechanism of their pressure-induced
pre-EDMB-to-EDMB transformation. For this purpose, we will
make use of several theoretical bond descriptors, such as ES
and ET, p and V?p, ELF, DOS, COOP, pCOHP, IpCOHP, and
ICOBI, that have been previously used to describe the unconven-
tional bonds in PCMs.'??*?*%%%%7 In particular, we will analyze
here the pressure dependence of the primary and secondary
bond distances, d; and d,, and their corresponding values of
charge densities, p;, and pg,, and ELF, ELF,;, and ELF,, at the
BCPs for the A7 (A8) phase of group-15 (16) elements. We will
also analyze the evolution of the pCOHP and COBI parameters
and their integrated values along the two distances d; and d,.
These values will help us to understand the bonding, nonbond-
ing, or antibonding character of the different orbitals involved in
the different bonds.**"*"'*""13° The same calculations will be
here also performed for the only bond distance present in the A,
and A, phases of Po. Finally, we will analyze the behavior of the
ELF isosurfaces of all these phases at different pressures.'*° This
information will allow us to determine the evolution of the LEPs
of the A7 (A8) phase of group-15 (-16) elements at HP when they
undergo the PT to the A, (A;) phase and to understand the
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mechanism of the transformation from the pre-EDMB scenario
to the EDMB one.

Before analyzing the precise mechanism of the transforma-
tion from the pre-EDMB scenario to the EDMB one in pnicto-
gens and chalcogens, we want to stress that the basics of this
transformation, either by the change in pressure or composi-
tion, proceed according to the sequence from left to right
displayed in Fig. 7a-c. In this section, we will show that the
pressure-induced transformation from the pre-EDMB scenario
to the EDMB one in group-15 and -16 elements (and by
extension in PCMs) proceeds via several stages: three stages
(Fig. 7a-c) in pnictogens and two stages (Fig. 7b and c) in
chalcogens. The only exception is Po, which is already in stage 3
at RP (Fig. 7c). It must be stressed that the appearance of up to
three stages in the formation of EDMBSs is no surprise since it is
related to the formation of multicenter bonds. Notice that the
same three stages have been observed in the formation of
ERMBs, such as those of HF,  (or [F-H-F]")."*

It is important to note that a similar plot to Fig. 7a-c was
schematized by Lee and Elliott for the crystallization of
GST,*”™** which was based on the progressive formation of
hypervalent ERMBs in molecules, as already commented by
Hoffmann and coworkers,”>*>°%141142 and recently reviewed.®'
However, the scheme for ERMB formation is slightly different
to that for EDMB formation. In other words, both multicenter
bonds share some features of the scheme but not all. Let us
briefly comment on their similarities and differences.

The similarities between the two types of multicenter bonds
can be understood if we consider that the formation of ERMBs
and EDMBs occurs due to the existence of a mixture of strong
primary bonds and weak secondary (noncovalent) interactions
that show a multicenter interaction. Precisely, secondary bonding,
multicenter bonding, and the trans influence of the secondary
bond on the primary bond, which is characteristic of multicenter
interactions, are key concepts of supramolecular chemistry that
have been extensively revisited in the last two decades.®’ These
secondary interactions, apart from van der Waals interactions
between LEPs of different atoms and other possible minor inter-
actions, are traditionally considered to be caused by the inter-
action of the LEP (donor or Lewis base) of atom C in Fig. 7a and b
and the antibonding orbital (c*, acceptor or Lewis acid) asso-
ciated with the primary covalent ppc-bond between A and B
atoms in Fig. 7a and b. This is the donor-acceptor charge transfer
model of secondary bonding.*'

The common features of multicenter (ERMB and EDMB)
bond formation concerning Fig. 7a and c can be summarized as
follows. For both multicenter bonds, Fig. 7a represents the case
of a B atom showing a strong primary covalent ppc-bond with
the A atom (both separated a short distance d;) and a weak
secondary bond with the C atom (both separated a large
distance d,) in which a LEP is involved. This case corresponds
to d,/d, » 1. Fig. 7b represents the case of a B atom showing a
weakened primary covalent ppc-bond with the A atom and a
strengthened secondary bond with the C atom. We will show
that this case corresponds to d,/d; > 1. It has been reported
that the strength of the secondary interactions is determined by

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Graphical representation of the mechanism of EDMB formation under the effect of pressure, P, or change in chemical composition, X
(substitution of atoms by their heavy analogues). (a) and (b) Stages 1 and 2 correspond to classical primary covalent ppo-bonds plus secondary bonds in
pnictogens (As, Sb, and Bi) and chalcogens (Se and Te) at RP, respectively. (c) Stage 3 represents the EDMBs that are present in a-Po and B-Po at RP as
well as in the octahedrally coordinated HP phases of As, Sb, Bi, Se, and Te. Blue isosurfaces correspond to the bonding orbital of the covalent A-B bond,
as well as the EDMB. Pink isosurfaces represent the antibonding orbital of the covalent A—B bond and the LEP of atom C. The color intensity of different
interactions reflects the bond strength at the different stages. (d)—(f) Projected crystal-orbital Hamilton populations (pCOHPs) for the As-I phase at 0, 20,
and 35 GPa corresponding to the three stages, respectively. The colored regions in the pCOHP panels illustrate the LEP and its interactions. Vertical
dashed lines indicate the limits of the stages that we have noted as LEP distortion, LEP depopulation, and LEP delocalization.

the appropriate alignment of the directions of the LEP and ¢*, of As, Sb, Bi, Se, and Te when they reach the octahedral
which in turn depends on the d,/d; ratio. In this way, the closer coordination at HP.

the A-B-C angle to 180° and the smaller the d,/d, ratio the Let us comment now on the differences between the mecha-
stronger the LEP-¢* interaction. This consideration suggests nism of ERMB and EDMB formation. The above-described
that, in general, the strength of the secondary bond is higherin model for secondary LEP-c* donor-acceptor interaction (also
stage 2 (Fig. 7b) than in stage 1 (Fig. 7a). Finally, Fig. 7c noted as n — o*) has been usually considered for the for-
represents the case of a B atom showing a multicenter bond mation of hypervalent molecules, i.e. with ERMBs.®" Tradition-
(either an ERMB or EDMB, at least in electron-rich elements) ally, the LEP-c* interaction has been explained as a charge-
with A and C atoms. Ideally, a fully symmetric, linear multi- transfer model in which part of the charge is transferred from
center bond occurs when A and C atoms are exactly at the same the LEP donor to the o* acceptor. This trans influence of the
distance from the B atom (d,/d; = 1). We will show in this secondary bond on the primary bond, characteristic of multi-
section that: (i) Fig. 7a is the typical case of pnictogens at RP; center bonds, is accompanied by an increase in the bond
(ii) Fig. 7b is the typical case of chalcogens at RP and of As distance and a weakening of the primary covalent bond and
above 16 GPa; and (iii) Fig. 7c is the typical case of Po at RP and it is related to the formation of the molecular orbital in the
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secondary interaction.”*” This model of secondary donor-
acceptor bonding can be considered to be due to the inter-
action of two antibonding orbitals since the LEP participates in
an orbital, with assumed nonbonding character, but that has a
certain antibonding character due to s-p mixing.>*?* In our
work, there is no donor and acceptor roles for different atoms
since all pnictogen (chalcogen) atoms in A7 (A8) phases have
LEPs and associated o*, i.e. the roles of atoms in Fig. 7a—c
could be reversed because the B atom also has a LEP and the C
atom also has an antibonding orbital. This suggests that the
n — o* model is not valid to describe the EDMB formation in
incipient metals.

The secondary noncovalent interaction has been reinter-
preted in the last few decades in light of the o-hole
concept.”>7*7677981 According to the o-hole bond model, the
secondary donor-acceptor bond consists of an electrostatic
interaction between an electrophilic (acceptor) moiety and a
nucleophilic (donor) moiety. This Coulombic interaction is
related to the more electropositive potential and smaller elec-
tronic density of the acceptor moiety (o-hole) and the more
electronegative potential and larger electronic density of the
donor moiety (o-bump). In our work, the o-hole could be
considered to be located at both ends of the primary covalent
ppo-bond (e.g. As-As) and would correspond to the antibond-
ing orbital, while the c-bump could be considered to be located
at the LEP of each atom. A key difference between the n —co*
and c-hole bond models is that there is a net charge transfer
from the donor to the acceptor in the n — ¢* model, while there
is no net charge transfer from the donor to the acceptor in the
c-hole bond model, but a polarization or charge shift in the
acceptor moiety, which is induced by the proximity of the donor
moiety. Therefore, it has been considered that the c-hole model
corresponds to an early stage of the supramolecular interaction
(weak secondary bonding), while the n —oc* model corre-
sponds to a more developed stage of this interaction (strong
secondary bonding), ie. closer to the multicenter bond
formation.73,74,76779,81

A full discussion of the two models (ERMB and EDMB) for
secondary bonding in molecules and solids, including group-15
and -16 elements, in the light of the c-hole bond model is out
of the scope of the present manuscript and will be provided in
the second, forthcoming paper derived from ref. 63. Now we are
only interested in pointing out that the ERMB is typically a 3c-
4e bond in which there are three molecular levels: one bonding,
one nonbonding (slightly antibonding), and one antibonding.®*
In the ERMB formation, the LEP contributes two electrons to
populate the medium nonbonding orbital. This means that the
LEP, either transferred or not according to the n — o* or c-hole
bond models of secondary bonding, respectively, provides the
charge needed to form the ERMB. In other words, the two
nonbonding electrons initially associated with the (donor) LEP
in the secondary interaction partly become bonding electrons
(i.e. participate in the bonding) when the ERMB is formed. This
is the case of the pictures plotted by Lee and Elliot when
discussing the mechanism of 3c-4e hyperbond formation in
crystalline GST.**™**
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The situation is completely different in the process of EDMB
formation that we plot in Fig. 7a—c. In the EDMB formation, the
trans influence of the secondary bond on the primary bond
leads to a charge transfer from the primary covalent bond
towards the secondary noncovalent interaction. This is evi-
denced by the inverse relationship between the ES values of
the primary and secondary bonds exemplified in Fig. 5. We will
see next that in the process of EDMB formation the LEP plays a
minor and different role than in the process of ERMB formation.
Notice that all pnictogen (chalcogen) atoms have LEPs in the
A7 (A8) structure, so the real situation is more symmetric than
plotted in Fig. 7a-c and one cannot talk about donor and
acceptor roles of different atoms as in the case of ERMB
formation. We will see that the two nonbonding electrons
initially associated with the LEP remain as nonbonding electrons
in the EDMB (in this case forming part of a delocalized LEP).

In summary, EDMBs and ERMBs are two types of multicenter
bonds that can be formed from original primary (covalent) and
secondary (noncovalent) interactions. In ERMBs, the ES values
are larger than the values of typical covalent bonds with similar
ET values,*>**?° because the original nonbonding electrons of
the stereoactive LEP in the secondary (donor-acceptor) inter-
action partly transform into bonding electrons of the newly
formed 3c-4e bonds. In EDMBs, the ES values are smaller than
the values of typical covalent bonds with similar ET values,***°
because the original nonbonding electrons of the stereoactive
LEP in the secondary noncovalent interaction remain as non-
bonding electrons of the inactive and delocalized LEP. In other
words, most of the p-type electrons needed to form EDMBs that
are interacting 2c-le bonds come from the original primary
covalent bonds because the s-type electrons of the original LEP
do not participate in the formation of the EDMBs. Now let us
analyze in more detail the mechanism of EDMB formation in
pnictogens and chalcogens, the different stages of the pre-
EDMB-to-EDMB transformation in these two elemental families,
and the way how the LEPs of these elements become delocalized
as the EDMBs are formed upon increasing pressure.

3.1. Pnictogens

Experimental®® and theoretical data for As show that the
pressure-induced A7-to-Ay, PT is characterized by the equaliza-
tion of the (three) short primary intralayer, d;, and the (three)
large secondary interlayer, d,, bond distances in As-I as pres-
sure increases (Fig. 8a). Concomitantly, an equalizing trend is
observed for p; and p,, (Fig. 8b) and for ELF,; and ELF,, at
BCPs (see Fig. S12 in the ESIt). Remarkably, both p and ELF
values of the EDMBs in As-II at P, are smaller than those of the
covalent bonds in As-I at RP. Similar trends also occur in Sb and
Bi during the A7-to-A, PT and in Se and Te during the A8-to-A;
PT (see Fig. S3, S5, S8, and S10 in the ESIt). Furthermore,
similar trends have also been reported in A™VBY' and AjBY"
compounds.**%*8596143 Therefore, our results suggest that
EDMBs at P, in group-15 and -16 elements are weaker than
covalent bonds at RP, as already commented at the end of the
previous section. In this context, it is worth noting that the
covalent character previously attributed by many researchers to

This journal is © The Royal Society of Chemistry 2024
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the EDMBs in Bi-IIl and PCMs of the A™B! family®>"** is likely
due to the relatively high values of p and ELF found for EDMBs,
but they are typically somewhat smaller than those found
for covalent bonds (ps, and ELF). Since both p and ELF
values show similar trends hereon we will comment only those
of p values.

The most important point in Fig. 8a and b is that three
distinct stages occur in As between 0 and 35 GPa. These three
stages correspond to stages 1 to 3 in Fig. 7a—c. In stage 1 (up to
16 GPa), there is a small (strong) decrease of d; (d,) as well as a
correspondingly small (large) increase of p; (pg,). In stage 2
(from 16 to 25 GPa), there is a decrease of d, and an anomalous
increase of d; as well as a corresponding decrease (increase) of
pa, (pa,). Again, we have to stress that the inverse pressure
dependence of d; and d, as well as of p; and pg, in stage 2
evidences the trans influence of the secondary bond on the
primary bond that accounts for the multicenter interaction
present in this stage and that ends with the multicenter
character of the EDMB in As-II. Finally, stage 3 is reached once
both primary and secondary bonds equalize (above 25 GPa) in
the A, phase. This stage is characterized by linear EDMBs that
show the normal decrease of the bond distance and increase of
the bond charge density as pressure increases. A clearer picture
of the three stages along the A7-to-Aj, PT in As can be noted by
the S-like behavior of d; vs. d, and pg, vs. pg, in As (see Fig. 8c

This journal is © The Royal Society of Chemistry 2024

and d) since d, (py,) always decreases (increases) with increas-
ing pressure.

As commented in the Introduction section, it has been
traditionally considered that no clear distinction could be
made between secondary bonds and multicenter bonds.*"**>°
However, a clear difference between stages 1 and 2 in As is
provided by the sign change in the pressure coefficient of d;
and p,, around 16 GPa (Fig. 8a and b) due to the simulated
anomalous increase (decrease) of d; (pg,) that occurs in stage 2
above that pressure. These anomalous trends agree with the
results of previous calculations of the effect of pressure on As-
' and on As trimers,*" which left unnoticed. Unfortunately,
the simulated increase of d; has still not been experimentally
confirmed in pure As due to the limited resolution of the only
published results based on a lab-based diffractometer®* and the
lack of more accurate results coming from synchrotron-based
X-ray diffraction measurements. In any case, it must be pointed
out that our results for As are also consistent with the increase
of the short intrachain d; distance in Se at low pressures
(see Fig. S8a in the ESIt),"** with the equalization of bonds at
HP and the anomalous increase of the short bond distance at
HP experimentally reported along the A7-to-A;, PT in elemental
phosphorus,'®® and with the anomalous increase of the short
covalent bond experimentally reported for the Pnma-Cmcm
(or Bbmm) PT in SnSe around 10 GPa.'*?
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Interestingly, the equalization of bond distances between
strong primary covalent bonds and weak secondary closed-shell
interactions upon the increase of pressure or density were
already reported in the formation of multicenter bonds in
molecules.>"*° Moreover, an anomalous increase in the covalent
bond distance was observed in the region close to the formation
of the multicenter bond in different systems.*"*° Additionally,
simulations of the effect of pressure on elemental nitrogen have
reported an anomalous increase in the intramolecular N-N bond
distance at HP.*® Simulating the evolution of the trimer (N,);
system at HP, in which there is a coexistence of triple intra-
molecular N=N bonds in N, and secondary intermolecular N,
interactions at RP, it was found that the triple bond is destroyed
at HP and single N-N bonds are formed.*® An equalization of
intramolecular and intermolecular N-N distances in this system
occurs at HP, together with an anomalous increase of the
intramolecular N-N bond distance, until both bond distances
reach similar values at HP. Similarly, an equalization of intra-
molecular and intermolecular H-H distances occurs in elemen-
tal hydrogen at HP together with an anomalous increase of the
intramolecular bond distance above 100 GPa.'*™*® Simulating
the ring (H,); system, the equalization of distances in hydrogen
has been understood as due to the progressive charge transfer
from the primary, covalent, intramolecular H-H bonds to the
secondary (noncovalent) intermolecular H-H bonds due to the
trans influence between the primary and the secondary bonds."*®

For many years, the trans influence in the A7 structure of
pnictogens was supposed to exist and invoked to explain the
decrease of the frequencies of the optical phonons as well as the
increase in the acoustic phonon frequencies and, consequently,
the increase of the elastic constants at HP.'**'% The inverse
behavior of the simulated p; and py, in As at stage 2 (above
16 GPa) as well as of the ES values (Fig. 5a) of both primary and
secondary bonds confirms the existence of the trans influence
that results in a charge transfer from the primary covalent bond
to the secondary bond as pressure increases until they reach the
same value at P, (once the EDMBs are formed).

As regards stage 3 in As (As-II), the normal decrease (increase)
of the interatomic bond distance (bond charge density) of
EDMBs in this stage is a common behavior of covalent materials
with sp® geometry and no secondary bonding, such as zinc
blende Si and Ge."* This normal behavior of the bond distances
and the charge densities of EDMBs is consistent with the
experimentally and theoretically observed hardening of all pho-
nons in As-I (Fig. 2a), as it occurs for Si and Ge.'®*'*° This
normal behavior of phonon modes at the EDMB scenario in As-II
(also in rs-GeTe'®) contrasts with the soft optical phonons in the
pre-EDMB scenario in As-I (also in the R3m phase in GeTe)."* The
normal behavior in sc-As and zinc blende Si and Ge is the result
of the lack of trans influence due to the lack of secondary bonds
in these crystalline structures. In other words, there is only a
single type of bond in these crystalline structures. This normal
behavior of EDMBs under pressure makes it difficult to distin-
guish these unconventional bonds from conventional covalent
bonds. Based on the above observations regarding phonons, we
tentatively conclude that the existence of soft optical phonons in
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materials with primary covalent ppo-bonds and secondary
bonds is a clear fingerprint for the previously suggested instabil-
ity of these primary bonds at HP.">*™** The softening of optical
phonons in p-type covalent materials with secondary bonds, as
shown by a recent three-center interaction model,>> can be
understood as an instability of the structure due to the transfor-
mation of covalent bonds into EDMBs at HP. This instability
of covalent p-type materials is analogous to the instability of
tetrahedrally coordinated sp® ionocovalent materials, such as
zinc blende Si and Ge, whose soft acoustic modes at the Brillouin
zone edges are signatures of the instability of the sp® c-bonds
against octahedral coordination at HP.">®

3.1.1. Band picture analysis of the EDMB formation in
pnictogens. A deeper understanding of chemical bonding in As
can be obtained from the reciprocal-space (band) picture,"*®**’
since the three stages of As can be distinctively characterized by
orbital-based methods. The electronic bands and DOS of As-I at
0 GPa have been thoroughly discussed in the literature and are
briefly commented on in Section 6 of the ESI.{ Here we analyze
the pCOHP (Fig. 6d-f) and COBI (Fig. S13 in the ESIT) as well as
their integrated values (IpCOHP, ICOBI(2c), and ICOBI(3c))
along the d; and d, bonds in As-I at 0, 20, and 35 GPa that
correspond to stages 1, 2, and 3, respectively.

The most important point in our calculations for As is that
bands with antibonding character (a positive value of pCOHP'*")
appear below the Fermi level both along d; and d, at RP. A
similar feature was already reported in previous simulations of
Te-1."*° These bands come from the interaction between the LEP
and the bonding orbital of the covalent bond (along d;) and
between the LEP and the antibonding orbital of the covalent
bond (along d,), as already discussed by Hoffmann and
coworkers.*® The antibonding character of these bands, in which
LEPs are involved, comes from the s—-p mixing, i.e. the mixing of
the s-type electrons of the LEP and the p-type electrons of the
bonding and antibonding orbitals of the covalent bond.>***

In stage 1 of As-I at 0 GPa (Fig. 7d), the larger pCOHP
absolute values of the bonding bands (negative values of
pCOHP"") as well as the larger IpCOHP and ICOBI(2c) values
along d; than along d, indicate a much stronger bonding in
primary than in secondary bonds, as already commented at the
end of Section 2. In addition, since negative (positive) values of
ICOBI(3c) are interpreted to correspond to electron-rich or 3c-
4e (electron-deficient or 3c-2¢) interactions,*®*° the small nega-
tive ICOBI(3c) value compared to the high positive ICOBI(2c)
value along d; seems to indicate that three-center interactions
are negligible in As-I at 0 GPa.

In stage 2 of As-I at 20 GPa (Fig. 7e), the profiles of the
PCOHP along d; and d, become more similar (both above and
below the Fermi level). The decrease (increase) of the strength
of primary (secondary) interactions due to the trans influence is
reflected in the smaller (larger) values of the pCOHP than at
0 GPa. Moreover, the antibonding bands below the Fermi level
along d, (d,) show a smaller (larger) value of the pCOHP in
comparison to As-I at 0 GPa. This could be interpreted as if the
LEP in this stage experiences a much larger interlayer inter-
action (LEP-c*) than intralayer interaction. We interpret this
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feature as the signature that the LEP starts to become inactive
(non-stereoactive) with increasing pressure due to LEP deloca-
lization. The smaller and weaker (larger and stronger) primary
(secondary) bonds in stage 2 than in stage 1 due to the trans
influence are also reflected in the smaller (larger) values of
IpCOHP(2¢) and ICOBI(2c) along d; (d,).***° Moreover, the
ICOBI(3c) value at 20 GPa is a much larger negative value than
at 0 GPa, which seems to be consistent with the process of
multicenter bond formation in As at HP.

Finally, pCOHP profiles are similar for the primary and
secondary bonds in As-I at 35 GPa (Fig. 7f) as expected for
EDMBs in stage 3. The slightly different profiles for both bonds
are due to the slight distortion of the simulated A7 phase above
25 GPa with respect to the cubic symmetry, as already men-
tioned (both pCOHP profiles are exactly equal in As-II at 35 GPa
when the cubic symmetry is forced, as shown in Fig. S13d in the
ESIT). The most representative feature of stage 3 in As (As-II) is
that an intense, broad antibonding band appears in the pCOHP
just below the Fermi level. Unlike in the pre-EDMB scenario,
this band overlaps with the antibonding orbitals of the con-
duction band, and so the value (negative) of the pCOHP at the
Fermi level is different from zero. This result is the same as
previously obtained for Te-II"*° and the antibonding character
at the Fermi energy in As-II (Te-II) is clearly due to the repulsion
between the inactive (weakly active) LEPs at reduced interlayer
(interchain) distances."™’

At this point, we want to stress that our pCOHP results for As
between stages 1 and 3 are fully consistent with the pCOHP
results previously reported for Te, where completely different
PCOHP profiles for the two different bonds in Te-I contrast with
the similar profiles of the two different bonds in Te-I1.**° The
similarity of the bonding orbitals along d; and d, in stage 3 of
As (also in Te-II in ref. 139) indicates that p-type orbitals
contribute equally to all bonds since they are of similar length,
while s electrons forming part of the LEP are inactive in As-II
and very weakly active in Te-II. Note that there is a small
distortion of the triclinic structure of Te-II with respect to the
cubic Ay structure,”®® which is similar to the distortion of the
HP A, phase of Te that we have simulated. Moreover, the weak
LEP stereoactivity or even inactivity due to the LEP delocalization
in stage 3 is consistent with the non-layered 3D structures of As-
II and Te-II (as well as the other phases of As and Te at higher
pressures). Noteworthily, the loss of the LEP stereoactivity and
the occurrence of a flat/steep band near the Fermi level in Te-II
have been postulated as signatures of superconductivity in the
HP phases of group-15 and -16 elements™*® and also for the
transition between trivial- and topological-insulating phases in
the same materials."*®

We have to comment that the absolute value of ICOBI(3c)
for As-As-As interaction in elemental As gradually increases
(in the negative value) over the three stages (Fig. 7d-f), with
the ICOBI(3c) value at stage 3 in As-II being similar to that
recently reported for f-GeTe, in which ERMB formation was
suggested.>® However, we have already commented that bonds
in As-II must be electron-deficient and not electron-rich, as
suggested by the ES values and the charge transfer from the
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View Article Online

Paper

primary bond to the secondary one. In this context, we consider
that there must be an unfortunate misinterpretation of the
ICOBI(3c) value. Note that the negative values of ICOBI(3c)
found in EDMBs, such as those of As-II and B-GeTe, are close to
zero, i.e. much smaller in absolute value than those reported for
molecules with ERMBs, such as XeF,.*°

To conclude this subsection, we have to comment that our
simulations on Sb and Bi also provide evidence of the presence
of the three stages of the mechanism of EDMB formation along
the A7-to-A, PT (see discussion in Section 3 in the ESIY).
As already commented, these three stages seem to be charac-
teristic of the process of multicenter bond formation, as con-
firmed by the work of Espinosa et al.'** In this context, we
observe a progressive decrease of the pressure range of stages
1 and 2 on going from As (stage 1: 0-15 GPa; stage 2: 15-25 GPa)
to Sb (stage 1: 0-3.5 GPa; stage 2: 3.5-7 GPa) and Bi (stage 1:
0-2.5 GPa;j stage 2: 2.5-2.7 GPa).

3.2. Chalcogens

Experimental and theoretical data show that the pressure-
induced A8-to-A; PT in Se and Te is characterized by the
equalization of the (two) short primary intrachain (d,) and
the (four) large secondary interchain (d,) bond distances as
pressure increases (Fig. S8a and S10a in the ESIt). Concomi-
tantly, an equalizing trend is observed for pg, and pg, (Fig. S8b
and S10b, ESIt) and for ELF,, and ELF,, at BCPs (Fig. S12d and
e in the ESIT). The most important point is that the two stages
that occur in Se and Te at HP in the above-mentioned figures
correspond to stages 2 and 3 in Fig. 7b and c. In stage 2
(near RP), there is a strong decrease of d, and an anomalous
increase of d; that matches with available experimental values
for Se (see Fig. S8a, ESIT)."** This anomalous increase of d; is
similar to that previously commented for As in stage 2 above
16 GPa. Correspondingly, there is an increase (decrease) of pg,
(pa,) and of ELF,, (ELFg) at BCPs in Se and Te, respectively.
Finally, in stage 3, the A; phase is reached and both primary and
secondary bonds of Se and Te become EDMBs that show a
normal decrease (increase) of the bond distance (bond charge
density) at HP. Again, the partial S-like behavior of d; vs. d,
(Fig. S8c and S10c, ESIt) and pg, vs. pg, (Fig. S8d and $10d, ESI+)
provides a clearer picture of the two stages present in Se and Te
at HP. Regarding the two mentioned stages of the pressure-
induced pre-EDMB to EDMB transformation in Se and Te, it is
worth noting that the behavior of bond distances and bond
charge densities in stage 2 of Se and Te is similar to that
previously found in stage 2 in pnictogens. The inverse behavior
of pg, and p,, in elemental chalcogens at HP is caused by the
trans influence between primary and secondary bonds (see ES
in Se Fig. 5b), as already mentioned for pnictogens in stage 2,
and gives support to the multicenter character of the EDMBs
formed at HP.

As for pnictogens, the trans influence in elemental chalco-
gens was invoked a long time ago to explain the strong soft-
ening of the A; mode of the A8 phase as well as the increase of
the frequencies of the acoustic phonons and the values of the
elastic constants in Se-I and Te-I at HP.'>»15%1%0 1 fact, the
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softening of the A; mode was attributed to the negative con-
tribution of the intrachain bond stretching force constant,
indicating a weakening of the intrachain covalent bonds."®
On the other hand, the normal decrease of the interatomic
bond distance and the increase of the bond charge density of
EDMBs in stage 3 are consistent with the hardening of all
phonons in the distorted A; phase (Fig. S7d and S9d, ESI¥).
Again, it is interesting to remark that the pressure range of
stage 2 decreases in group-16 elements from Se (0-23 GPa) to Te
(0-7 GPa), ie. it decreases for heavier cations, as already
observed for group-15 elements.

A completely different behavior from pnictogens and chal-
cogens is found for both phases of Po. The normal, slight
decrease (increase) of the bond distance (charge density) in
both phases of Po at HP (Fig. 4c) clearly evidences that both
phases of Po do not show several stages at HP. The reason is
that they are already in stage 3 at RP because they show fully
symmetric EDMBs at RP. The pCOHP features of a-Po and f-Po
at RP (Fig. S11d, ESIf) are very similar and show similar
values of IpCOHP(2c) to those found in As-II at 35 GPa
(Fig. S13d, ESIt). Again, the negative value of ICOBI(3c) sug-
gests the presence of ERMBs according to Dronskowski and
coworkers,*>*® although we consider that this interpretation
should be revisited. In this context, we must stress that,
although the value of ICOBI(3c) in Po is smaller than in As-II,
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the ratio ICOBI(3¢)/IpCOHP(2c) is larger in Po than in As-IL
This picture is also consistent with the pressure dependence of
the ES (Fig. 5c¢) and ELF (Fig. S12f, ESIT). Notice that both
phases of Po have ES x~ 1 and a negligible increase of ES with
pressure. This is an expected result for the EDMBs in stage 3
since there is no trans influence in this stage and bonds show
no gain or loss of charge at HP, just a monotonous decrease
(increase) of the bond distance (charge density) similar to that
of materials with four ionocovalent bonds distributed in an sp?
geometry, such as Si and Ge.

A clearer comparison among all the studied pnictogens and
chalcogens regarding the process of pressure-induced EDMB
formation can be seen by plotting d; and p4, vs. normalized d,
and normalized pg, respectively (Fig. 9). This figure nicely
shows the three (two) stages of the mechanism of EDMB
formation in group-15 (16) elements. Moreover, the strength
of the secondary interaction along the three stages can be
traced by the change in the background color (from light blue
to pink). The comparison of all elements in normalized values
allows us to observe the decrease in the pressure range of stages
1 and 2 in pnictogens and of stage 2 in chalcogens upon
moving down the group (from As to Bi and from Se to Po),
with the only exception of Bi due to the issue of the PBEsol
functional above 6 GPa commented in Section 2. Therefore, we
conclude that the pressure-induced transformation from the
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electron charge and ag is the Bohr radius. Normalization is performed with respect to the corresponding values at P,. The stages for each group of
elements are separated by vertical dashed and dotted lines. The gradual change in the background color reflects the strength of the secondary bonds

until the EDMB is formed at the normalized value of 1.
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pre-EDMB scenario to the EDMB scenario in group-15 (16)
elements proceeds via three (two) stages, with Po being the
only element of these two families whose two crystalline
structures feature EDMBs at RP.

3.3. Bond vs. band analysis in the mechanism of EDMB
formation

At this point, we want to stress that several questions regarding
the mechanism of EDMB formation are still not clearly under-
stood and need further exploration: Why do pnictogens show a
three-stage mechanism and chalcogens only a two-stage one?
Why is the Ay, phase preferred by pnictogens at HP, while the A;
phase is preferred by chalcogens at HP? What is the relation-
ship between stage 2 in group-15 and -16 elements? To provide
an answer to these questions, here we study the mechanism of
EDMB formation through the real-space (bond) picture that is
complementary to the previously commented reciprocal-space
(band) picture.*°

Since the analysis of the ELF topology is a good tool for
understanding the formation of secondary bonds, as already
shown for CO,,"®" we have analyzed the ELF isosurfaces corres-
ponding to the values of the secondary bonds in which LEPs for
the studied elements at different pressures are involved (Fig. 10).
In group-15 elements, each atom in the layered A7 structure at RP
(stage 1) is characterized by a single ELF attractor perpendicular to
the layers corresponding to the LEP (Fig. 10a). This single-basin
LEP is formed by s-type orbitals, and it is not aligned along any of
the three secondary bonds of the A7 structure. At a certain
pressure, the s-type LEP dissociates or splits into three similar
lobes (onset of stage 2) that appropriately align with the directions

Stage 1
LEP distortion

Stage 2
LEP depopulation

View Article Online
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of the three secondary bonds (Fig. 10b). At P, (upon the A7-to-Ay
PT), three new lobes along the primary bonds appear that become
equal to those of the secondary bonds. This final LEP delocaliza-
tion marks the onset of stage 3. At this stage, six lobes can be
observed around each atom corresponding to the three pairs of
EDMBs in the A;, phase (Fig. 10c). Noteworthily, six ELF attractors
of similar size to those of the A;, phase in As are also observed in
Bi-Il (Fig. Sef, ESIt), thus indicating that Bi-II already exhibits
asymmetric EDMBs. It is important to mention that six equal ELF
lobes are also present in o-Po at RP; thus, we conclude that six
equal ELF attractors are characteristic of fully symmetric EDMBs
with cubic symmetry in electron-rich elements.

Considering the LEP picture, the results in Fig. 10a-c for
pnictogens can be understood in the following way: in stage 1,
the single-basin LEP found at RP suffers a considerable distor-
tion due to the increasing interlayer interaction as pressure
increases, which is caused by the strong compression of the
interlayer distance. At the same time, the ¢rans influence in
stage 1 slightly increases the charge of the secondary bond at
the expense of the primary covalent ppo-bond. The LEP distor-
tion ends with the splitting of the single ELF basin into three
ELF basins (onset of stage 2), which are aligned along the three
secondary bonds. Upon further increase of pressure, the LEP
starts to become inactive due to a gradual decrease in the LEP
charge and an increase in the LEP delocalization. The lack of
LEP stereoactivity is evidenced in As by the decrease of the
strength of the band located below the Fermi level in the
PCOHP profile along the primary bond (Fig. 7d-f). In other
words, the LEP becomes increasingly depopulated and deloca-
lized in stage 2 as pressure increases, as already reported in Te

Stage 3
LEP delocalization

a)  Group-15: As - Sb - Bi (RP)

P <16 GPa

[
|
|
|
|
|
|
|
As (A7) |
Id) Group
|
|
|

P <23 GPa

¢) As-Sb-Bi(HP)

 As (Ay)
P>25GPa
e) Se-Te (HP) - Po (RP)

{p.
(AB)

<

Se

P>23 GPa

Fig. 10 ELF isosurfaces of elemental pnictogens (a)—(c) and chalcogens (d) and (e) at the three possible stages of the mechanism of EDMB formation at
different pressures. RP and HP stand for room and high pressures, respectively. The LEP basins are defined by an ELF isosurface (yellow color) arbitrary
choice for the element/stage. At RP, As, Sb, and Bi are located in stage 1, Se and Te are located in stage 2, and Po is located in stage 3.
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at HP."® These results are consistent because the decrease of
the LEP stereoactivity at HP is a well-known phenomenon in
many materials, e.g. B-Bi,05.'°> Concomitantly, a much larger
trans influence occurs in stage 2 than in stage 1 (Fig. 5a), which
is consistent with the strong decrease of phonon frequencies in
As and Sb above 16 and 4 GPa, respectively. The trans influence
ends at P, when both the primary and secondary bonds acquire
the same charge (onset of stage 3). In this stage, six lobes or
basins are observed around each pnictogen atom that corre-
spond to the three pairs of orthogonal EDMBs in the Ay, phase.

A similar interpretation of the ELF isosurfaces can be made
for chalcogens. Each Se and Te atom in the A8 structure at RP
(stage 2) is characterized by two ELF attractors or lobes that are
already aligned in the directions of two of the four secondary
bonds, i.e. they form an angle of nearly 180° with the nearest
covalent bond (Fig. 10d). These features agree with previous
calculations,>'*® and are typical of p-type LEPs. In other
words, there is a p-type LEP distributed along two (of the four)
secondary bonds of each atom of Se and Te at RP, and no LEP
lobe pointing along the other two secondary bonds of the same
atom. As pressure increases, the two LEP lobes become severely
distorted and spread over the four secondary bonds. Finally,
upon the A8-to-A; PT at P, (stage 3), an ELF attractor with a
toroidal shape is observed around each atom (Fig. 10e). This
toroidal shape of the ELF is also found in B-Po at RP; thus, we
conclude that a toroidal ELF attractor is characteristic of EDMBs
with rhombohedral symmetry in electron-rich elements.

The results in Fig. 10d and e for chalcogens can be under-
stood in the following way: in stage 2, the p-type LEP of Se and
Te at RP shows two ELF basins that are aligned along two of the
four secondary bonds. This stage of chalcogens mirrors stage 2
of pnictogens, where the lobes are also appropriately aligned
along the secondary bonds. Therefore, it seems that group-15
and -16 elements show a different number of stages that are
related to the different LEP spatial distributions (or a kind of
LEP) involved in the secondary bonds. This allows us to under-
stand the relationship between stage 2 in both pnictogens and
chalcogens and why the short primary bond distance (charge
density) shows an anomalous increase (decrease) with increas-
ing pressure at this stage in both elemental families. The
reason is the strong trans influence present in this stage of
the pre-EDMB to EDMB transformation, which is also respon-
sible for the strong decrease of the A; phonon frequencies in Se
and Te already at RP. All the above results are consistent with
previous results for Te at HP."**"*® Finally, the trans influence
ends at P, when both the primary and secondary bonds acquire
the same charge (onset of stage 3). In this stage, a toroidal lobe
or basin is observed around each chalcogen atom that corre-
sponds to the weakly active LEP in the A; phase.

As previously mentioned for pnictogens, the p-type LEP of
chalcogens in stage 2 becomes gradually inactive as pressure
increases due to the LEP depopulation and delocalization;
however, we have to stress that the behavior of the LEP of
chalcogens at this stage is different from that of pnictogens. In
stage 2, the ELF basins of the p-type LEPs in chalcogens become
increasingly distorted with increasing pressure and become
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elongated towards the direction of the two secondary bonds
with no ELF attractor at RP. This behavior is consistent with the
electron transfer of the p-type LEP to the antibonding orbitals
in Te-I at HP proposed in ref. 158 and also with the breakdown
and delocalization of the LEP in Te-I at HP, so that one of the
p-type electrons becomes itinerant in Te-II as suggested in
ref. 139. These results contrast with the behavior of s-type LEPs
in stage 2 of pnictogens that barely change their profiles as they
become progressively inactive. Due to the itinerant p-type
electron, the ELF isosurface of Se and Te at the end of stage 2
shows a toroidal shape around each atom that is maintained in
stage 3 and is characteristic of the A; phase and different from
that of the A;, phase, where no itinerant electrons are observed.
This itinerant electron in the A; phase can be ascribed to the
extra valence electron present in group-16 elements as com-
pared to group-15 elements. Therefore, it is clear why group-15
elements (with five valence electrons) tend to the A;, phase at
HP, as rationalized by Papoian and Hoffmann,” and why
group-16 elements (with six valence electrons) tend to the A;
phase at HP.

Now we are in a better position to show the correlation
between the three (two) stages found in group-15 (-16) elements
with the three stages represented in Fig. 7a-c and their exten-
sion to A™VBY" and AyBY' compounds related to PCMs. Stage 1 in
Fig. 7a corresponds to a material with primary, short, and
strong covalent 2c-2e ppo-bonds (distance d;) between A and
B atoms and secondary, large, and weak bonds to atom C
(distance d,), which usually correspond to a ratio d,/d; > 1.
This stage seems to occur in materials showing a single-basin-
type LEP, such as pnictogens at RP. Therefore, we can speculate
that this situation could also be found in isoelectronic AVB""
compounds showing no rs structure at RP (GeS, GeSe, o-GeTe,
SnS, and SnSe) as well as AyBY' compounds showing no
tetradymite-like structure at RP (As,S;, As,Sez, 0-As,Tes,
Sb,S;, Sb,Se;, and Bi,S;). The step going from stage 1 to stage
2 is characterized by the single-basin-type LEP dissociation or
splitting, i.e. the LEP in stage 1 splits into several basins aligned
along the directions of the secondary bonds. Therefore, stage 2
(Fig. 7b) corresponds to a material with weakened primary
covalent ppo-bonds and strengthened secondary bonds caused
by the charge transfer (¢trans influence) from the primary bonds
to the secondary bonds. This stage occurs upon the decrease of
the d,/d, ratio (d,/d; > 1) and it is caused by either the effect of
pressure or composition (substitution by a heavier element).
Stage 2 is the prior step to the EDMB formation, and so
asymmetric EDMBs could be likely formed in stage 2 for values
of d,/d; close to 1 (tentatively below 1.05-1.10). Stage 2 is
observed at RP in materials with p-type LEPs, such as Se and
Te, and also at HP in materials with single-basin-type LEPs,
such as pnictogens and perhaps the above commented A"B"
and AyBY' materials. The step going from stage 2 to stage 3 is
characterized by the disappearance (or almost) of the LEP
stereoactivity, due to a progressive LEP depopulation and
delocalization, which finally leads to octahedral coordination
in materials with p-type bonds. Curiously, the decrease of the
LEP stereoactivity in group-15 and -16 elements at HP upon

This journal is © The Royal Society of Chemistry 2024
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approaching the octahedral coordination is related to the appear-
ance of superconductivity in all these elements at HP, except for
Bi, which already shows superconductivity at Rp.'3%162163

The ideal stage 3 (Fig. 7c) corresponds to a material with
fully developed and symmetric EDMBs and with equal A-B and
B-C bonds. This stage occurs for d,/d; = 1. For instance, stage
3 occurs in the A}, and A; phases of Po at RP and octahedrally
coordinated pnictogens and chalcogens at HP. This stage with
EDMBs is also observed at RP in the rs phase of A™VBY' PCMs
and of related ternary compounds, such as GeSb,Te, and GST.
Moreover, stage 3 can be considered to be also present at RP in
the tetradymite-like phases of AYBY' PCMs (BiSes, B-As,Tes,
Sb,Te;, and Bi,Te;)®® and of ternary A™B,'C,"" compounds
(GeSb,Te, and SnSb,Te,),’® although not all atoms in the
tetradymite-like phases show EDMBs due to their layered crystal-
line structures.>® The above observations support the idea
already mentioned that the LEP stereoactivity decreases at HP
and on going down a group in the periodic table. A total
disappearance of the LEP stereoactivity is noticed in stage 3 if
a cubic phase is obtained, such as in the Ay, structure (of P, As,
and o-Po) or the rs structure (of A™BY' PCMs). However, a
residual LEP stereoactivity is observed in stage 3 if a distorted
cubic phase is obtained, such as distorted sc phases (Bi-II and Bi-
I1T) and rhombohedral phases (chalcogens and tetradymite-like
AYBY" PCMs). Finally, it must be mentioned that EDMBs can be
formed in one, two, or three directions. In this manuscript, we
have only commented on the case of EDMBs in three directions
and the cases of EDMBs along one and two directions will be
commented on in the second paper derived from ref. 63.

The unanswered question regarding LEP stereoactivity,
already posed by Papoian and Hoffmann more than 20 years
ago,”" is why a-Po crystallizes in the A, phase at RP and low
temperatures if chalcogens have an extra electron that tends to
distort the sc structure typical of pnictogens with five valence
electrons. As we have already commented, this distortion
causes chalcogens to crystallize in the rhombohedral A; phase
of B-Po at HP. Papoian and Hoffmann suggested that the sixth
electron of o-Po could be divided over the three p-bands (1/3 to
each py, py, and p,); therefore, the extra electron in chalcogen
atoms would be shared with the neighbors. However, our
results show that the extra electron is not shared between the
chalcogen atoms in the EDMBs since the values of electrons
shared (ES) between two atoms are similar in both phases of Po
(Fig. 5¢) and are even slightly smaller than those of the Aj, phase
of As-II (Fig. 5a). Instead, our results suggest that the extra
electron in a-Po resonates between the six lobes of the ELF of
the A, phase since the values of the ELF isosurfaces showing
the inactive LEP in the Ay, phase are smaller for As-II (0.825)
than for o-Po (0.875). In other words, there is a larger charge
density at the inactive LEP in a-Po than in As-II. Therefore, it
looks like that low temperature helps to freeze the extra p-type
electron of Po into the six lobes of the inactive LEP. It remains
to be seen if this effect also occurs in Se and Te at HP and low
temperatures or if it is only possible in Po due to the secondary
periodicity caused by the strong spin-orbit interaction (relati-
vistic effect).'®*

This journal is © The Royal Society of Chemistry 2024
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Before finishing this manuscript, it must be commented that
our observation of three (two) stages in group-15 (16) elements,
which are characterized by the progressive equalization of
primary and secondary bonds at HP and include the anomalous
increase of the covalent bond lengths in stage 2, also seems to be
consistent with the experimental observation of bond equaliza-
tion and anomalous elongation of short covalent bonds in
trimers during the process of ERMB formation. These features
were observed in molecules forming trimers of Sb and Te with
halogen atoms by Hoffmann and coworkers and later replotted
by Lubchenko and coworkers.>"*® They attributed the anoma-
lous increase of the short covalent bond to the trans influence
corresponding to stage 2, despite the fact that no critical bond
distance was noted by those authors. Therefore, our proposal for
the existence of up to three stages during the EDMB formation in
pnictogens and chalcogens agrees with the three stages found
during the ERMB formation."** Further support for the existence
of the proposed stages in ERMB formation has been recently
provided by the existence of critical points marking regions
separating the continuum between supramolecular bonds and
covalent bonds in molecules.?’ Therefore, it can be concluded
that the presence of three stages seems to be characteristic of the
process of multicenter bond formation.

At this point, we consider it interesting to comment that the
three-stage mechanism observed during the pressure-induced
EDMB formation in pnictogens and the ERMB formation in
different compounds*** shows a parallelism with the molecular,
semimolecular, and atomic/polymeric stages that have been
suggested but not fully explained in nitrogen and hydrogen at
HP.3%1457148 A previously remarked, the pressure dependence of
the intramolecular and intermolecular bond distances in N, and
H, seems to show different stages between the pure covalent
molecular stage and the HP metallic atomic stage. A deep analysis
of these systems would require future calculations that are out of
the scope of the present paper. In any case, the three-stage
mechanism we propose for pnictogens seems to be consistent
with the simulations of the (N,); system at HP carried out by
Hoffmann and coworkers.®® They pointed out that there is a
significant contraction of the intermolecular distance (contraction
of the van der Waals region between N, molecules) and a
corresponding negligible change of the intramolecular distance
at low pressures (molecular regime, stage 1). This stage is followed
by a pressure region in which there is an anomalous increase of
the intramolecular distance once the intermolecular distance
decreases below 1.6 A (semimolecular regime, stage 2). Finally, a
third pressure region was found where there is a normal contrac-
tion of both intramolecular and intermolecular bond distances
once all single N-N bonds are formed (atomic/polymeric regime,
stage 3). Interestingly, a similar behavior has been observed in
hydrogen at HP."**™*® A normal decrease of both intramolecular
and intermolecular H-H distances up to 100 GPa (stage 1) is
followed by an anomalous increase (decrease) of the intra-
molecular (intermolecular) distances as pressure increases (stage
2), which is caused by the charge transfer from intramolecular to
intermolecular bonds."**™**® The trans influence ends once both
bond distances equalize and each bond has a single electron per
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atom pair, i.e. all H-H bonds are 2c-1e bonds (stage 3). This seems
to be the case above 500 GPa once the atomic/polymeric phases of
hydrogen (that are expected to show metallic conductivity)
appear.’*®*® In other words, we believe that EDMBs can be
formed in elemental nitrogen and hydrogen at HP. Moreover,
we can speculate that no metallic conductivity is going to appear
in the phases of hydrogen that form close to 500 GPa. The reason
is that the 2c-1e bonds that are going to appear in hydrogen
around this pressure are EDMBs that correspond to directed
bonds. These directed bonds feature a moderate electrical con-
ductivity, as already commented concerning incipient metals,*®
but not a full metallic electrical conductivity. The lack of true
metallicity in hydrogen around 500 GPa due to EDMB formation
could explain recent results of electrical measurements that
consider that elemental hydrogen behaves as a semimetal in this
pressure range,'®® just as is the case of incipient metals, such as Bi
close to RP. Moreover, the pressure-induced formation of EDMBs
in nitrogen is further supported by the recent discovery of the
black phosphorus phase in nitrogen around 140 GPa.'®® Note that
the A, phase has been observed in phosphorus at a pressure
larger than that for the formation of the black phosphorus
phase.'® Therefore, it could be expected that the A, phase or a
slightly distorted one with sixfold coordination could be observed
in elemental nitrogen well above 140 GPa.

4. Conclusions

We have performed systematic HP theoretical work on pnicto-
gens and chalcogens intending to study the mechanism of
EDMB formation. The reason to study these elements is that
they are the simplest materials that undergo a change from the
pre-EDMB scenario to the EDMB one, either by the effect of
pressure or the change in the composition by heavier analog
elements. We have used bond descriptors previously used by
researchers defending either the metavalent (electron-
deficient) or hypervalent (electron-rich multicenter) bonding
models in PCMs as well as the bond and band pictures. In
particular, we have deeply studied how pressure decreases the
octahedral distortion of the trigonal R3m (A7) and trigonal
P3,21 (A8) crystalline structures of group-15 and -16 elements
at RP, respectively, and the Ay, (sc) and A; phases of o-Po and
B-Po, respectively. As a result, we conclude that:

(1) The A7 structure of group-15 (As, Sb, Bi) elements tends
at HP towards the Ay, phase of a-Po at RP, while the A8 phase of
group-16 (Se, Te) elements tends at HP towards the A; phase of
B-Po at RP. These results are consistent with the observation of
a-Po and B-Po as HP phases in several pnictogens (P, As) and
chalcogens (S, Se, Te), respectively. This finding agrees with the
electron count of Papoian and Hoffmann in the formation of
hypercoordinated units® since the formation of the cubic a-Po
structure in group-15 elements is favored by their five valence
electrons, while the formation of the rhombohedral -Po structure
in group-16 elements with six valence electrons occurs because
the extra valence electron avoids the complete inactivation of the
LEP at HP and induces a distortion in the cubic structure.
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(2) with the use of different techniques, we have shown that
EDMBs, ie. electron-deficient bonds with multicenter charac-
ter, are present in both the HP octahedrally coordinated A, and
A; phases of pnictogens (As, Sb, and Bi) and chalcogens (Se and
Te), respectively. Since these HP phases are not experimentally
found in some of these elements, our results must be reinter-
preted in a more general way: group-15 and -16 elements
change in bonding from covalent ppc-bonds plus secondary
bonds to EDMBs as the octahedral atomic coordination is
approached upon increasing pressure. In particular, we pro-
pose that fully developed EDMBs occur in As-II above 25 GPa, in
Sb-II above 8 GPa, in Bi-III above 2.7 GPa, in Se-V above 40 GPa,
and in Te-III above 8 GPa. Additionally, we propose that a
mixture of covalent bonds and EDMBs or even asymmetric
EDMBs could also occur in intermediate HP phases, such as in
Bi-II above 2.5 GPa, in Se-III and Se-VI above 23 GPa, and in Te-
II above 4 GPa.

(3) Polonium, in its two polymorphs at RP (a-Po and B-Po), is
the only element, together with tetragonal boron,*” that exhi-
bits EDMBs at RP. Remarkably, Po is the only element with all
bonds being fully EDMBs at RP, unlike tetragonal boron, which
exhibits a mixture of EDMBs and covalent bonds. Since EDMBs
are softer than covalent bonds, one can understand the low
melting temperature of Po, which has been considered a
common metal or semimetal, despite displaying the octahedral
coordination of incipient metals.*®

(4) The formation of EDMBs in group-15 and -16 elements
either at RP or at HP is in good agreement with the 2D map
showing the number of electrons shared (ES) vs. the normalized
number of electrons transferred (ET) used by Wuttig and cow-
orkers to classify bonds in materials.®® In addition, the ES vs.
ET map can be used to follow the changes in bonding upon
changes in pressure and/or composition.

Moreover, by working with elemental solids exhibiting pure
covalent bonds, we have shown that EDMBs can occur between
purely covalent and metallic bonds. This is in contrast to a
previous claim that considered that the formation of multi-
center bonds could only occur between ionic and metallic
bonds.>" It can be concluded that EDMBs are unconventional
2c-1e bonds that are characterized by ES = 1, i.e. half the value
expected for a pure covalent bond. In conclusion, the EDMB is a
directional bond intermediate between ionocovalent p-type
bonds (with fully localized electrons) and metallic bonds (with
fully delocalized electrons), where the number of electrons
shared between two atoms is around one instead of two as in
ionocovalent bonds or in ERMBs. In other words, the EDMB is
an intermediate bond between covalent and metallic bonds,
which is characterized by localized electrons (typically one)
between two atoms and delocalized electrons over more than
two atoms.

(5) In general, EDMBs occur at smaller pressures along the
series Se-Te-Po and As-Sb-Bi. This means that the effect of
pressure is equivalent to the substitution of the composition of
elements by their heavy analogues. This result is consistent
with the larger distortion of octahedral coordination for the
lighter elements. In other words, the result is consistent with

This journal is © The Royal Society of Chemistry 2024
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the smaller structural distortion of Bi-I (Te-I) than Sb-I and As-I
(Se-I) with respect to the A; (A;) phase. This result agrees with
previous studies that relate the stronger structural distortion in
different materials with larger s-p mixing and consequently
with stronger LEP stereoactivity.”** Our result is also consis-
tent with the well-known rule that pressure is equivalent to
going down the group in the periodic table since pressure
induces a decrease of the LEP stereoactivity in the same way
as going down the group to heavier elements.>** Therefore,
both pressure and composition tend to transform covalent
ppo-bonds into EDMBs and finally into metallic bonds. Inter-
estingly, both pressure and composition lead to an increase in
mass density, which in turn results in an increase in electronic
density. Therefore, other ways of increasing electronic density
could also lead to a decrease in the LEP stereoactivity and the
formation of EDMBs. Two examples are chemical pressure'®’
and reduction, i.e. providing electrons to the system.>"

(6) Using the bond and band pictures, we have shown that
the formation of EDMBs with increasing electronic density
proceeds in a similar gradual way in both group-15 and -16
elements. This result is in line with previous suggestions that
proposed the formation of multicenter bonds by the increase in
mass density, e.g. by increasing pressure.>"*” This result is in
contrast to the sudden change in coordination and properties
between materials with covalent bonds and EDMBs previously
reported by Wuttig and coworkers upon a change in composi-
tion between PCMs and non-PCMs of the A™VBY' and A)YBY'
families.®®

(7) Unlike what was previously assume we have
shown that the transformation process from secondary bonds
towards multicenter bonds involves several intermediate stages
until fully (or almost fully) symmetrical EDMBs are formed.
Notably, we have shown that the mechanism of EDMB for-
mation proceeds via different stages that depend on the type of
LEP involved in the secondary bonds. In group-16 elements
(with a p-type LEP involved in secondary bonds), the mecha-
nism of EDMB formation comprises two stages, while in group-
15 elements (with an s-type LEP involved in secondary bonds)
the mechanism comprises three stages. Therefore, we conclude
that the LEP stereoactivity, related to the s-p mixing, is the
primary factor that rules the EDMB formation in group-15 and
-16 elements, extending to binary AVBY" and AYB}" chalcogen-
ides and other related complex chalcogenides. This result
agrees with previous works that reflect the importance of s—p
mixing in these elemental families.>>* In other words, we
suggest that the unveiled mechanism of EDMB formation could
be universal, at least, in p-type elements, and that all materials
undergoing a bonding change from a covalent ppo-bond plus a
secondary bond to an EDMB upon increase of electronic
density will follow a two- or three-stage mechanism depending
on the type of LEP involved in secondary bonds.

(8) EDMBs and ERMBs are two types of multicenter bonds
that can be formed from original primary (covalent) and
secondary (noncovalent) interactions and the process of multi-
center bond formation comprises three stages. In ERMBs, the
ES values are larger than the values of typical covalent bonds

d,31’42’50
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with similar ET values,*"**>° because the original nonbonding
electrons of the stereoactive LEP in the secondary donor-
acceptor interaction transform into bonding electrons of the
newly formed 3c-4e bonds. In EDMBSs, the ES values are smaller
than the values of typical covalent bonds with similar ET
values,*"*>>° because the original nonbonding electrons of
the stereoactive LEP in the secondary donor-acceptor inter-
action remain as nonbonding electrons of the inactive and
delocalized LEP. In other words, the electrons needed to form
EDMBs that are 2c-1e bonds come mainly from the original
primary covalent bonds.

(9) EDMBs in solids will be easily recognized by the scientific
community if clear observables are defined for incipient
metals. We have proposed two measurable magnitudes to
identify EDMB formation: (i) the change (from a negative to a
positive pressure coefficient) in the optical phonon frequencies,
i.e. a sign change in Griineisen parameters and (ii) the increase
of the average Born effective charge. These are some of the
easiest ways to evidence the change from the pre-EDMB sce-
nario to the EDMB scenario at HP. This will occur simulta-
neously with a pressure-induced change from an anomalous
increase to a normal decrease in the short bond distances. In
this context, we have come up with the idea that soft optical
modes of high frequency in p-type materials are the signatures
of the instability of the ionocovalent ppc-bonds at HP. This
situation is similar to that of soft acoustic modes at the
Brillouin zone edges that are the signatures of the instability
of ionocovalent sp*c-bonds.

Both ERMBs and EDMBs are longer than covalent bonds. It
has been estimated that they are between 1.1 and 1.3 times
longer than covalent bonds under the same pressure/tempera-
ture conditions. Unlike ERMBs, EDMBs have ca. half the
electronic charge of covalent bonds since they have ca. half
ES and ELF values, and thus EDMBs should have typical charge
densities 60 to 65% smaller than covalent bonds. These
descriptors can help researchers identify EDMBs in solids.
For instance, the formation of EDMBs is expected to occur in
iodates at HP since recent studies have evidenced the equal-
ization of the short and long I-O bonds with increasing
pressure, which is concomitant with the softening of high-
frequency optical phonons.'®¥7'7*

As a final remark, we want to stress that the results of this
work have very far-reaching consequences for the broad scien-
tific community, especially for chemists and condensed matter
scientists. This work provides a comprehensive framework to
understand how EDMBs are formed in solid elemental and
complex materials (from primary ionocovalent ppc-bonds plus
secondary bonds involving LEPs). We have provided several
descriptors that can be used to identify EDMBs at RP and HP in a
wide variety of materials from simple elements to complex
materials, such as PCMs, topological insulators, superconduc-
tors, highly efficient thermoelectrics, and highly efficient photo-
voltaic materials. Therefore, this work opens the door for a better
understanding of the chemical bonding mechanisms in the
above-commented advanced materials for improving their
performance.’®” We hope that this work will promote further
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studies to understand EDMBs in solids and their associated
exceptional properties.

5. Future perspectives

This work allows us to predict that EDMBs can be potentially
observed at HP in all materials that show at RP a mixture of
primary covalent ppc-bonds and secondary bonds in which
LEPs are involved. Consequently, our results can be readily
extrapolated to all group-15, -16, and -17 elements (including N,
O, and F). In particular, EDMB formation is expected to occur in
phosphorus at the A7-to-A;, PT experimentally reported at
HP,'*>'7% and N could form EDMBs at pressures higher than
those for which the black phosphorus structure is found.'®®
Finally, sulfur will start showing some EDMBs in S-III or S-IV
phases above 30 GPa since these phases exhibit positive pressure
coefficients of all Raman-active modes,'*’ although the A; phase
is reported in S-V above 150 GPa.'"” In addition, the observation
of EDMBs is also expected in hydrogen above 500 GPa. In this
context, it must be mentioned that since EDMBs are character-
ized by a mixture or coexistence of localized and delocalized
electrons, in general, EDMBs are expected to be found in many
materials at sufficiently high pressures as a prior step to full
electron delocalization corresponding to the metallic bond.

Our results can be also extrapolated to other families of
materials with covalent ppo-bonds and LEPs, such as binary
A"VBY and AYBY' families and related ternary compounds that
are, in turn, related to PCMs. Moreover, we propose that
EDMBs could also be found in compounds with p-type covalent
bonds in which cations show the presence of LEPs (typical of
elements at their smallest valence state), such as CI>*, Br*", I°",
s*, set, Te*, As®', sb*", Bi**, Ge*, sn**, Pb*’, Ga', In", and
TI'. The EDMB formation in these compounds at different
pressures will depend on the strength of the LEP stereoactivity
at a given electronic density. EDMBs will be formed at RP when
LEP stereoactivity is negligible at RP, but they will not be formed
when LEP stereoactivity is strong. In such a case, HP will help to
promote the appearance of EDMBs. This consideration agrees
with the results of Waghmare et al.*° and is also consistent with
the decrease of LEP stereoactivity for a given cation, e.g., Sn*",
Sb>*, when linked to chalcogen atoms in the series S-Se-Te.'”
This explains why PCMs at RP are observed mainly in Te-based
compounds, e.g., in SnTe and Sb,Te; at RP, and not in SnS, SnSe,
Sb,S;, and Sb,Se; at RP. In the latter compounds, EDMBs are
expected to be formed at HP, as already proved for GeSe, which is
isostructural to SnS and SnSe.®” It is also well known that cation
LEP stereoactivity decreases along a group, e.g. along the series
Ge-Sn-Pb or As-Sb-Bi. Therefore, EDMBs are only encountered,
for instance, in Se-based compounds PbSe and Bi,Se; at RP and
not in GeSe, SnSe, As,Se;, and Sb,Se; at RP. In the latter
compounds, EDMBs are expected to be formed at HP, as already
proved for GeSe®” and As,S; (isostructural to As,Se;).*

In addition, we predict that either a two or three-stage
process for EDMB formation at HP is likely to occur in other
group-15 (N, P) and -16 (O, S) elements, also in group-17
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elements (Br, 1), and in A™BY" and A}BY' compounds that are
not PCMs at RP. A more detailed discussion of the different
stages of EDMB formation in A™BY" and AYBY' chalcogenides
that are not PCMs at RP will be published elsewhere. In these
more complex binary compounds than elemental pnictogens
and chalcogens, the presence of two or three stages must be
further clarified in a future paper, but a hint of these stages has
been already observed in GeSe and As,S; at HP.**%> We have also
shown that these stages show a parallelism with the molecular,
semimolecular, and atomic/polymeric stages in nitrogen and
hydrogen at HP, with EDMBs likely being present in nitrogen
and hydrogen above 140 and 500 GPa, respectively. Since both
ERMBs and EDMBs are multicenter bonds and have a similar
process of formation, we have proposed that three stages could
also be found in the mechanism of ERMB formation.
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