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Chemical bonding in dense chalcogenides of the AVXY' and AYXY' families has been a subject of
significant debate, with competing models trying to explain their unique and exceptional properties, in
particular those corresponding to phase change materials. We present a paradigm-shifting advancement
by demonstrating that electron-deficient multicenter bonds (EDMBs) occur in the dense crystalline
chalcogenides of these two families with electron-rich elements, trying to resolve the long-standing
controversy between metavalent and hypervalent bonding models—a fundamental question that has
made difficult to get a rational materials design for decades. Through a comprehensive theoretical
investigation of monochalcogenides (GeS, SnSe, PbTe) and sesquichalcogenides (As,Ss, Sb,Ses, BirSes,
Bi,Tes) under compression, we discuss and explain why heavier chalcogenides naturally exhibit phase
change, thermoelectric, and topological properties at room pressure while lighter compounds require
compression to exhibit these exceptional properties—a phenomenon that has puzzled researchers for
years. Our systematic analysis uncovers a universal pattern in EDMB formation following two or three
well-defined stages, depending on the specific elements involved, that agrees with the recently
published unified theory of multicenter bonding. Our unprecedented application of three local energy

Received 16th June 2025, densities (kinetic, potential, and total) at bond critical points provides quantitative validation of the EDMB

Accepted 7th August 2025 model and provides a complementary and unified explanation for the anomalous sixfold coordination in
DOI: 10.1039/d5tc02328a these compounds that defies the conventional 8 — N rule. Most significantly, our work establishes clear
structure—property relationships that provide a direct pathway to rational design of hew materials with

rsc.li/materials-c tailored properties.

Introduction

Heavy chalcogenides of A™VX"" and AYX}' families (A = group 14
and 15 elements; X = chalcogens) have attracted significant atten-
tion due to their exceptional properties and diverse applications.
These materials serve as the foundation for various technological
applications, including high-performance thermoelectric devices
based on tetrel-chalcogen compounds (such as PbTe," PbSe,>
GeTe,’ and Bi,Te;*) and topological insulators utilizing the trigonal
tetradymite-like R3m phase found in several sesquichalcogenides
(including Sb,Te;, Bi,Se;, and Bi,Te;>°).

The remarkable potential of these crystalline materials
stems from their unique property portfolio, which includes
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moderate electrical conductivity and unusually high values of
Born effective charges (Z*), optical dielectric constants (e..),
and Griineisen parameters for transverse optical modes (yro)-
Additionally, these materials exhibit Effective Coordination
Numbers (ECoN) that deviate from predictions based on the
8 — N rule, also known as Pearson’s rule.””® These distinctive
properties have long been attributed to unconventional
chemical bonding mechanisms within these materials.”*°

The nature of chemical bonding in binary chalcogenides of
the AVX"! and AYXY" families has become a focal point of recent
research. At room pressure (RP), the crystalline structures of most
compounds in these families (excluding phase change materials
(PCMs)) typically show geometries that can be described as Jones-
Peierls distorted versions of the sixfold coordinated cubic rock-
salt (rs) phase.”'™ This distorted structural arrangement is
consistent with the simultaneous presence of primary covalent
bonds and secondary non-covalent bonds. These secondary
bonds are typically associated with stereochemically-active lone
electron pairs (LEPs) that result in low-symmetry crystalline
structures.'” PCMs, however, present more symmetric crystalline
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structures due to the lack of stereochemical activity of the LEPs,
however, the nature of the chemical bonds is more complex.
Their unique and unconventional properties have recently led to
the development of two competing bonding models, which aim
to explain the exceptional properties of PCMs: the metavalent
bonding model and the hypervalent bonding model.

The metavalent bonding model has proposed that the crystal-
line phases of heavy A™VX"" and AYXy' chalcogenides exhibit a
novel “brand” of chemical bonding: the metavalent bonding.***
The authors proponent of the metavalent bonding model pre-
viously considered that the PCMs featured “resonant covalent
bonds”.'®> Metavalent bonds are proposed to be electron-deficient
two-center-one-electron (2c-1e) bonds, in contrast to conventional
single covalent bonds that are two-center-two-electron (2c-2e)
bonds."®"” Proponents of this model have also suggested that
the unique properties of PCMs are directly linked to the effective
masses of charge carriers, which in turn relate to the mechanism
of metavalent bond formation. On the other hand, the hyperva-
lent bonding model suggests that the crystalline phases of heavy
A™VXY and AYX}" chalcogenides are characterized by the century-
old electron-rich multicenter bonding (ERMB). Electron-rich
multicenter bonds (ERMBs), also referred to as hypervalent
bonds or hyperbonds, encompass a variety of bonding schemes
characterized by electron delocalization involving more than two
centers. While the 3-center-4-electron (3c-4e) configuration serves
as a canonical example, proponents of the ERMB model empha-
size a broader spectrum of delocalized interactions, potentially
involving higher center counts.'®° In this context, the properties
and geometries of PCMs are attributed to this electron-rich
multicenter delocalization.

These two competing models are supported by different
methodological approaches: the metavalent bonding model is
primarily supported by density-based methods (analyzing the
topological properties of electron density), while the hypervalent
bonding model is backed by orbital-based methods (examining
orbital wavefunctions). Proponents of the two models have used
specialized computational tools for these analyses, such as
CRITIC2*" for topological analysis of electron density and the
local orbital basis suite towards electronic-structure reconstruc-
tion (LOBSTER)*>™* for studying orbital wavefunctions. It is
worth noting that independent researchers have also identified
multicenter bonds in tetradymite-like AyX3' chalcogenides, such
as Bi,Te;,> and that both methodologies are based on theore-
tical calculations performed according to the density functional
theory (DFT).

While both density-based and orbital-based methods offer
valuable insights, disagreements between these perspectives have
persisted®®® and recent analyses suggest that the metavalent
and hypervalent bonding models for PCMs may be converging
toward a common understanding.>® This convergence has led to
the proposal of a third bonding model, the electron-deficient
multicenter bonding (EDMB) model, that aims to resolve the
controversy between the previous two approaches.®® Electron-
deficient multicenter bonds (EDMBs) are also known as three-
center-two-electron (3c-2e) bonds, which have been found to form
also 2c-1e bonds in electron-rich systems.”'%*° The EDMB model
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proposes that the unique properties of the crystalline phases of
heavy chalcogenides stem from the presence of EDMBs in their
crystalline structures.”'*3° This unified approach acknowledges
both the electron-deficient character of this bonding (as
proposed by the metavalent model) and the multicenter nature
of this bonding (as suggested by the hypervalent model). By
integrating these perspectives, the EDMB model provides a more
comprehensive framework for understanding chemical bonding
in these materials. In this context, and to clarify the EDMB nature
of bonding in PCMs, the proponents of the EDMB model have
emphasized the importance of distinguishing between the two
types of multicenter bondings: ERMBs and EDMBs. These con-
siderations have culminated in the recent formulation of a new
unified theory of multicenter bonding that provides hints to solve
the issue.”'°

High pressure (HP) serves as a powerful tool for investigating
changes in chemical bonding, as it enables the gradual modula-
tion of interatomic distances. The application of HP typically
induces crystalline phase transitions that transform low-
coordinated structures observed at RP into high-coordinated
structures at HP. Therefore, HP leads to an increase in electronic
density in materials. As emphasized in the unified theory of
multicenter bonding, the increase in the electronic density of a
material can be also induced by chemical reduction (contrary to
chemical oxidation) and by the chemical substitution of ele-
ments by their heavier counterparts, so HP plays a similar role to
chemical reduction and chemical substitution.””*® However, HP
offers a distinct advantage over reduction and substitution: it
allows for a gradual and controlled increase in electronic density
due to the subtle modification of interatomic distances. There-
fore, HP studies enable us to observe the fine details of chemical
bond transformation as a continuous process, with each pres-
sure point representing a photogram of a movie.

In this study, we explore in depth the chemical bonding
characteristics of the AVX"" and AYX}' chacogenides, providing
detailed explanations to clarify each aspect thoroughly. We
demonstrate that the dense phases of these chalcogenides
exhibit EDMBEs, as predicted by the unified theory of multicenter
bonding.”'®*° While the low-coordinated and low-symmetry
crystalline structures of A"X"" and AYX3' compounds with light
elements are mainly characterized by distinct primary iono-
covalent bonds plus secondary non-covalent interactions, the
high-coordinated and high-symmetry crystalline structures in
these families (typical of PCMs) can feature EDMBs or mixed
bonding that includes EDMBs. To reach this conclusion, we
build upon the methodological approaches previously employed
in our theoretical framework,” which integrated concepts from
both the metavalent (density-based) and hypervalent (orbital-
based) bonding models to examine their respective advantages
and limitations for describing PCMs. The present study extends
this approach to binary chalcogenides, following our earlier
analysis of elemental pnictogens and chalcogens, which allowed
us to eliminate the complexities introduced by cation-anion
interactions and develop a clearer understanding of the bonding
mechanisms in these materials. In the present contribution, we
conduct a detailed theoretical investigation of chemical bonding
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in selected binary chalcogenides of the A™X"" and AyX}' families
under compression, applying the principles of the new theory of
multicenter bonding. We aim to demonstrate that the EDMBs
previously identified in dense pnictogens and chalcogens also
occur in dense chalcogenides, including PCMs, and that the
pressure-induced formation of EDMBs in these materials shows
the stages observed in pnictogens and chalcogens and described
in the unified theory of multicenter bonding.”*°

Crystal structure

The AVX"" semiconductors (A = Ge, Sn, Pb; X = S, Se, Te) are
isoelectronic with group 15 (or V) elements (N, P, As, Sb, Bi) and
display three distinct structural arrangements at RP. This
structural diversity closely parallels that observed in group 15
elements, reflecting similar bonding mechanisms. The lighter

View Article Online

Paper

compounds in this family (GeS, GeSe, SnS, and SnSe) adopt the
orthorhombic GeS-type structure (space group Pnma), which
serves as the binary counterpart to the black phosphorus
structure (Fig. 1(a)).*" In the GeS-type structure, both the group
14 atoms and the chalcogen atoms typically form three primary
bonds with their counterparts, creating layered arrangements.
In contrast, the heavier compounds (SnTe, PbS, PbSe, and
PbTe) crystallize in the rs structure (space group Fm3m),*
characterized by a six-fold coordination. This higher coordina-
tion reflects the increased tendency toward multicenter bond-
ing in heavier elements.?® Finally, GeTe adopts a rhombohedral
structure at RP analogous to the A7 structure exhibited by
group-15 elements such as As, Sb, and Bi.>**®

On the other hand, the AYX}' chalcogenides (A = As, Sb, Bi;
X =S, Se, Te) exhibit greater structural diversity at RP. Light
sesquichalcogenides show low-coordinated and low-symmetry
crystalline structures, in which cations and anions exhibit

b)

Fig. 1 Crystal structures of GeS and As,Sz at ambient conditions. (a) and (b) Perspective views of the Pnma phase of GeS along the b-axis. Both Ge and S
atoms are threefold coordinated with S and Ge atoms, respectively. Solid lines correspond to primary Ge-S intralayer covalent bonds of similar length
(~2.4 A) and red dashed lines correspond to secondary Ge-S intralayer non-covalent interactions (>3.0 A). (c) and (d) View of the monoclinic P2,/n
structure of As,Sz perpendicular to the b- and a-axis, respectively. The AsSz pyramids with short As—S bonds resulting in the threefold coordination of As
and twofold coordination of S. The structure can be described as AsS spiral chains (following the As1-S1-As2-S2 sequence) interconnected by S3 atoms
positioned between the chains. As atoms are threefold coordinated with S atoms (see the AsSs pyramids) and S atoms are twofold coordinated with As
atoms. Solid and red dashed lines represent the primary short covalent and secondary long non-covalent intrachain bonds, respectively, while blue
dashed lines represent the secondary long non-covalent interchain bonds.
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threefold coordination. In particular, As,S; typically crystallizes
in a monoclinic phase (P2,/n),***” consisting of zigzag layers
primarily stacked along the b-axis (see Fig. 1(c)). Similarly,
Sb,Se; adopts a zigzag layered orthorhombic structure (Pnma,
see Table S1 and Fig. 1(a)). In contrast, heavy sesquichalcogen-
ides, like Bi,Se; and Bi,Te;, are narrow bandgap semiconduc-
tors that crystallize in a highly-symmetric layered rhombohedral
(R3m) tetradymite-like structure composed of Te-Bi-Te-Bi-Te
sublayers (stacked along the c-axis of the hexagonal unit cell)
and where the central Te atoms and Bi atoms exhibit a higher
(sixfold) coordination.

In all these sesquichalcogenides, layers were traditionally
thought to be held together by weak van der Waals (vdW)
interactions,*® but recent research suggests more complex bonding
mechanisms may be involved in these sesquichalcogenides and
related layered materials.**** In particular, these studies have
revealed that the interlayer bonds in heavy sesquichalcogenides,
and related layered materials are significantly stronger than simple
vdW interactions. This enhanced bonding strength arises from
additional interlayer charge transfer originating from unconven-
tional intralayer bonds, consistent with the EDMB model. In
particular, As,Te; presents an interesting case of polymorphism,
crystallizing in two distinct modifications. o-As,Te; crystallizes in a
quasi-layered monoclinic structure (C2/m),** while p-As,Te; adopts
a tetradymite-like structure, similar to Bi,Te;.***> Both poly-
morphs show distinct pressure dependence of their structures
that are related to their different chemical bonding.***®

Computational details

In this study we have performed DFT theoretical calculations as
implemented in the Vienna Ab initio Simulation Package
(VASP).** The electronic structure calculations employed pro-
jector augmented wave (PAW) potentials®® with Ge (4s> 4p®), Sn
(4d™ 55 5p), Pb (5d"° 6s” 6p?), As (4s 4p°), Sb (5> 5p”), Bi (5d*°
6s” 6p°), S (3s* 3p”), Se (4s” 4p™), and Te (5s> 5p”) electrons treated
as valence electrons. The calculations were performed with the
generalized gradient approximation (GGA) of Perdew-Burke-Ern-
zerhof revised for solids (PBEsol).>’ The wavefunction was
expanded in plane waves with a kinetic energy cutoff sufficient
to ensure convergence of the total energy within 10~° eV per atom.
The Brillouin-zone (BZ) sampling was performed using I'-centered
Monkhorst-Pack®® grids with k-point meshes optimized for each
structure. All details of theoretical calculations as well as the
optimized structures at RP are provided in Table S1. The compu-
tational parameters were carefully selected to balance computa-
tional efficiency with the accuracy required for reliable bonding
analysis. All structural visualizations presented in this work were
generated using the VESTA program,” which allows a detailed
examination of atomic arrangements and bonding environments.

As discussed in the introduction, the chemical bonding
in AVX"" and AyX}' chalcogenides has been previously analyzed
through various frameworks, including conventional bonding
models (covalent, ionic, and metallic)**° as well as the more
specialized hypervalent and metavalent bonding models.'* %2377
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In the present study, we study the chemical bonding in these
systems to provide robust evidence for the EDMB model in dense
AVXYT and AYXY' chalcogenides. For that purpose, we combine
DFT calculations with the use of the Quantum Theory of Atoms in
Molecules (QTAIM) framework.”® This approach allows us to
analyze the topology of the electron density and extract quantita-
tive descriptors of chemical bonding. Specifically, we obtain the
Bader’s atomic charges and the delocalization indexes (DI)
between any two atoms. With the DI values we calculate the
number of electrons shared (ES) between any two atoms as twice
the DI, which gives an idea of the covalency of the interatomic
bonds. On the other hand, we estimate the ionicity of the
interatomic bonds with the normalized number of electrons
transferred (ET) between two atoms.”'® The combination of DFT
calculations with QTAIM analysis creates a powerful methodology
for investigating the fundamental bonding mechanisms, particu-
larly as they transform under pressure. This methodology was used
in the two papers that describe the fundamentals of the unified
theory of multicenter bonding,”'**° and has allowed us to identify
EDMBs in electron-rich elements, such as polyiodides,™ AX;
halides® and even AIO; oxide perovskites.®" In this context, it
must be stressed that our unified theory of multicenter bonding is
contrary to the common belief that EDMBs are not possible in
electron-rich elements. In this work, we provide additional pieces
of evidence of EDMB formation in electron-rich systems by
analyzing the kinetic G(r), potential V(r), and total H(r) energy
densities using the Thomas-Fermi approximation, incorporating
the semiclassical gradient correction introduced by Kirzhnits.*>%*
These topological properties provide complementary perspectives
on the nature of chemical bonding in materials, allowing us to
characterize the formation and properties of EDMBs under varying
conditions of pressure and composition.

To study the bonding properties of materials with a density-
based method as QTAIM, the DFT charge densities, p(r), were
calculated using the Yu-Trinkle method,** as implemented in
CRITIC2 program.”’ VASP output files (CHGCAR and AECCAR)
were used to calculate Bader atomic charges and atomic volumes.
At each pressure, the number of critical points satisfies the Morse
zero-sum rule. Quantum ESPRESSO (version 6.5)% was utilized for
this analysis, in conjunction with wannier90°® and the CRITIC2
programs.>' Single-point calculations were performed at the VASP
equilibrium geometries, using the same uniform k-point grids
mentioned above. A plane-wave cutoff of 100 Ry and a density
cutoff of 400 Ry were consistently applied. Norm-conserving
pseudopotentials for the Kohn-Sham states and PAW data sets
for the all-electron density were sourced from the pslibrary.®”
Delocalization index (DI) calculations, used to determine the
number of electrons shared (ES) as 2 x DI, were conducted using
a Wannier transformation as described in ref. 68.

The local energy densities are calculated at the bond critical
points (BCPs), where Vp(r) = 0, using the Kirzhnits
approximation®*®® as implemented in CRITIC2 program. The
ratios of the local energy densities to the corresponding charge
density yield dimensionless values that serve as reliable indica-
tors for classifying chemical bonding. The first approach, intro-
duced by Espinosa,® establishes Hy/pp, < 0 for shared-shell (SS)
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interactions, such as covalent and polar bonds, and Hy,/pp, > 0 for
closed-shell (CS) interactions, including ionic bonds, hydrogen
bonds, and vdW interactions. The second one was proposed to
more generically distinguish between SS interactions, character-
ized by Gy/pp < 1, and CS interactions, where G/p,, > 1.”° Lastly,
the |V,|/G, ratio defines three distinct regions of chemical
bonding: (a) a pure CS interaction, where |V;|/G, < 1, VZpp, >
0; (b) a pure SS interaction, where |V;|/Gy, > 2, Vpp, < 0; and (c)
a transitional CS interaction, where 1 < |W,|/Gp, < 2, VZp, > 0.
Therefore, by analyzing these energy densities and their ratios, we
can assess the pressure dependence of Gy, and V;, enabling the
accurate characterization of chemical bonds and their variations
under compression. Moreover, these ratios facilitate comparisons
across different systems, as they are intrinsic properties, unlike
extrinsic properties such as p(r) and its Laplacian, V*p(r).”*

Results and discussions

Chemical bonding in A™VX"" chalcogenides

GeS. At RP, Ge and S atoms in the Pnma phase (B16) are
threefold coordinated, consistent with other isoelectronic chal-
cogenides of group 15 (pnictogen) elements. The threefold
coordination satisfies the 8 — N rule (also known as Pearson’s
rule) since these chalcogenides, which have an average of five
valence electrons per atom, require three covalent bonds to
complete their valence shell and consequently satisfy the octet
rule (also known as the Lewis-Langmuir’s rule). At HP, GeS—a-
long with similar compounds GeSe, SnS, and SnSe—undergoes
one or more phase transitions from the orthorhombic Pnma
phase toward the orthorhombic Cmcm phase.”>” The Cmcm
(B33 or TlI-like) phase also has a layered structure, but in this
case, Ge and S atoms are primarily fivefold coordinated (seven-
fold coordinated when considering secondary bonds to neigh-
boring layers). As a result, Ge and S atoms in this phase do not
conform to the 8 — N rule. The apparent violation of this rule
seems to result in the violation of the octet rule because it looks
as if atoms would be establishing more covalent bonds than
those required to complete the octet (5 bonds x 2 valence
electrons = 10 valence electrons). This apparent violation of
the octet rule is not true. This can be understood if we recognize
that most bonds in the Cmcm phase are not conventional simple
covalent 2c-2e bonds since they contain fewer than two elec-
trons per atomic pair, similar to what has been observed in HP
phases of group 15 elements.’ If this interpretation holds, the
octet rule itself may not be truly violated.®

We selected GeS as our primary test case because it exhibits
the most distorted structure relative to the octahedral coordi-
nation present in several PCMs, such as PbS, PbSe, SnTe, and
PbTe. This makes GeS an excellent reference point, as our
findings can be readily extrapolated to other light A™X"!
compounds, like GeSe, GeTe, SnS, and SnSe showing similar
structures but with less distorted octahedral arrangements at
RP. Notably, beyond 9 GPa, GeS transitions to a monoclinic P2,/
m phase,”® which is only a slight distortion of its orthorhombic
Pnma phase at RP. Since this monoclinic phase has not been
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observed in GeSe, we have instead simulated the evolution of
the Pnma phase of GeS up to its second-order transition towards
the Cmcm phase, as reported in ref. 74. Importantly, our simulated
pressure-dependent structural parameters for the Pnma and Cmcm
phases of GeS up to 45 GPa (Fig. 2(a) and (b)) align well with
experimentally reported data for the Pnma, P2,/m, and Cmcm
phases.” This consistency reinforces the reliability of our
approach, allowing us to explore bond descriptors in greater detail
and gain deeper insight into the pressure-induced changes in
chemical bonding in GeS up to 45 GPa.

The crystalline structure of GeS features three primary short
intralayer Ge-S bonds: one covalent axial bond (with distance
dy) and two covalent equatorial bonds (with distance d,).
Additionally, there are two secondary non-covalent intralayer
equatorial bonds (with distance d;), as illustrated in Fig. 1(b)
and 2(c). Since AVX"" chalcogenides are isoelectronic to pnicto-
gens, the three covalent bonds in Pnma-type GeS are best
described as dative or coordinative covalent bonds, where S
atoms (with excess electrons relative to pnictogens) share more
electrons than Ge atoms (with fewer electrons relative to
pnictogens). Furthermore, these Ge-S bonds are not purely
covalent but rather iono-covalent or polar covalent due to the
electronegativity difference between Ge and S. At HP, we
observe a progressive equalization of the equatorial short (d,)
and long (d3;) Ge-S bond lengths, while the axial short Ge-S
bond (d,) exhibits distinctly different behavior (Fig. 2(c)).

The decrease of the axial short Ge-S bond length (d;) is the
typical trend of an isolated covalent bond as in C (diamond), Si,
and Ge. However, the trend toward bond length equalization
between primary short iono-covalent bonds (d,) and secondary
long non-covalent equatorial bonds (ds), and in particular the
increase of the primary short iono-covalent equatorial bond
(d,), is certainly not the typical trend of a covalent bond under
compression. This trend to equalization of primary and sec-
ondary bonds at HP concomitant with the anomalous increase
of the short primary bond at HP has been previously observed
in the pressure-induced formation of multicenter bonds (in
both ERMBs and EDMBs).>'° Therefore, we conclude that the
trend observed in GeS at HP is indicative of the pressure-
induced formation of multicenter bonds and it remains to be
determined whether the resulting multicenter bonds corre-
spond to ERMBs or EDMBs.

To demonstrate that EDMBs form in dense GeS, we calculate
the ES and ET values between any two atoms for the different two-
center bonds present in Pnma-type GeS. Fig. 2(d) shows that the
ES value of the axial Ge-S bond shows an almost flat trend with
increasing pressure, while the ES value of the primary equatorial
Ge-S bond decreases and that of the secondary equatorial Ge-S
interaction increases concurrently with pressure until the ES
values of both equatorial bonds equalize. This behavior confirms
that the short axial and equatorial bonds in the HP Cmcm phase
of GeS are fundamentally different, despite both short bonds are
considered classical iono-covalent bonds in the Pnma phase at
RP. Fig. 2(d) also confirms that all equatorial bonds in the HP
phase (above 35 GPa) become equivalent. The equalization of
equatorial bond distances in the HP phase of GeS is associated to

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 GeS: pressure dependence of structural parameters: (a) unit-cell volume; (b) lattice parameters; and (c) Ge-S bond distances corresponding to
the two nearest intralayer Ge—S bonds (axial (d;) and equatorial (d5)) and the nearest intralayer Ge- - -S distance (d3). In (a), (b), and (c), lines and symbols
correspond to theoretical and experimental”® results, respectively. Vertical dashed lines at 20 and 36 GPa indicate the limits of three stages of EDMB
formation mechanism. (d) Pressure dependence of the calculated number of electrons shared (ES) in the different Ge-S interactions. (e) Relationship
between the equatorial distances: primary covalent (d,) and secondary non-covalent (ds) at different pressures. (f) Pressure dependence of charge
density, pp, at the bond critical point (BCP). Points in (d)—(f) correspond to simulated data and are plotted to show the dense number of calculated

pressure points in the studied materials.

a charge transfer from the primary equatorial bonds toward the
secondary equatorial bonds (known as the trans influence in
chemical terminology). This leads us to conclude that the equa-
torial Ge-S bonds in the HP phase of GeS are multicenter
bonds.”*° Moreover, an ES value around 0.8 combined with an
ET value of 0.41 at 40 GPa reflects the EDMB nature of these
equatorial Ge-S bonds in the HP Cmcm phase.

In previous works, we used the 2D ES vs. ET map (Fig. 3) as a
tool for classifying chemical bonds in various materials.”***%*!
This map plots the number of electrons shared (ES) against the
normalized number of electrons transferred (ET) between any
two atoms, thus providing a comprehensive framework for
understanding different bonding types. The classification of
bonds in Pnma- and Cmcm-type GeS mentioned in the previous
paragraph is consistent with our two-dimensional ES vs. ET
map.>"'%%® In addition, the axial Ge-S bond in the Cmcm phase
can be classified as iono-covalent based on its ES (1.1) and ET
(0.41) values at 40 GPa (not shown in the map), unlike the
equatorial Ge-S bonds in the Cmcm phase (see green hexagon
for GeS at 40 GPa in Fig. 3). This classification is similar to the
different primary short Ge-S bonds in Pnma-type GeS at RP
(ES ~ 1.3, ET = 0.41, see red hexagon at 0 GPa in Fig. 3).

The transformation of GeS from a state with primary cova-
lent equatorial bonds plus secondary weak interactions (Pnma
phase) to a state with pure equatorial EDMBs (Cmcm phase)

This journal is © The Royal Society of Chemistry 2025
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occurs through three distinct stages, as illustrated by the
pressure dependence of the d, and d; bond distances and the
bond charge densities at BCPs, py, in these equatorial bonds as
shown in Fig. 2(e) and (f). This three-stage transformation
mechanism parallels our recent observations of EDMB for-
mation in dense group 15 elements.” In stage 1 (0-20 GPa):
both equatorial Ge-S bond distances (the strong primary cova-
lent bond d, and the weak secondary non-covalent bond d3)
decrease gradually with pressure, thus leading to an increase in
charge density along the two bonds. In stage 2 (20-34 GPa): d;
continues to decrease while d, anomalously increases. This
behavior provides clear evidence of the trans influence phe-
nomenon occurring in stage 2,”'® where the strengthening of
the secondary bond due to the increase in charge density affects
the primary bond, which evidences a notable decrease in
charge density. The trans influence process in stage 2 accounts
for the multicenter character of the emerging EDMB.’ Finally,
stage 3 (above 34 GPa) shows that the primary and secondary
bonds become equivalent in the orthorhombic Cmcm phase.
This stage is characterized by a quasi-linear geometry of EDMBs
in the equatorial plane and by a normal decrease in bond
distance and increase in bond charge density of EDMBs with
increasing pressure.

View Article Online
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In addition to the analysis of the chemical bonds in different
pnictogens and chalcogens as a function of pressure using the
values of ES, ET, bond lengths, and bond charge densities in
ref. 9, we also characterized the formation of unconventional
bonds in dense pnictogens and chalcogens with the Laplacian
of the charge density, Vpy, at the BCPs. Fig. 4(a) shows the
evolution of the Laplacian of different bonds in GeS under
pressure. At RP, the three Ge-S iono-covalent bonds exhibit
small positive values of Vpy, as expected for polar covalent
bonds. Similarly, the secondary non-covalent bonds show small
positive Laplacian values typical of weak bonds. Since all Ge-S
bonds show similar pressure dependence in their V?py, values
we cannot distinguish the change in chemical bonding with
V?pp,. Instead, we turn to the pressure dependence of energy
density ratios for a clearer picture of the pressure-induced
changes in chemical bonding. Fig. 4(b)-(d) illustrate the evolu-
tion of three energy density ratios in GeS under compression. At
RP, the three initial short iono-covalent Ge-S bonds show
similar but slightly different values, with a significant gap
between these values and those for the two secondary equatorial
non-covalent interactions. This gap decreases with increasing
pressure, while the differences between the ratios of the two
polar covalent bonds increase (Fig. 4(b) and (d)).

—m=— axial (d;) —e— equatorial (d,) —A— secondary (d5)

a) !
Pnma \Cmem

0.08 |

b) 0.0

1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45

P (GPa)

0 5 10 15 20 25 30 35 40 45
P (GPa)

Fig. 4 GeS: pressure dependence of topological parameters along the three Ge-S distances (axial (d;), equatorial (d,), and secondary equatorial (ds)) at
the BCP: (a) Laplacian of charge density, V2py: (b) and (c) ratios of total and kinetic local energy densities, H, and Gy, to the charge density, pp.
respectively; (d) |V,|/Gy, ratio. The vertical dashed line indicates the theoretical phase transition pressure between the Pnma and Cmcm phases related to

the formation of EDMBs.
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The different behavior of the energy densities in the differ-
ent bonds in GeS with increasing pressure allows us to classify
the different bonds. The Ge-S bonds at RP can be classified as
polar covalent bonds since they have positive V>py,, Hp/py, < 0,
Gplpp > 0,and 1 < |W,|/Gp < 2.°°7" Among these, the three
primary short polar covalent Ge-S bonds at RP exhibit the
highest absolute values of these ratios, consistent with the
shared-shell (SS) nature of these interactions. In contrast, the
secondary long interactions at RP show very low values of these
ratios, consistent with the weak nature of closed-shell (CS)
interactions.®®”" Interestingly, this picture changes at the
Pnma to Cmcm phase transition in GeS occurring around
38 GPa, as already suggested in previous simulations.”* As already
commented, a square pyramidal arrangement around Ge and S
atoms is obtained in the Cmcm phase. Our calculations show a
continuous increase in the absolute values of the three ratios for
the secondary interactions under compression (Fig. 4(b)-(d)). In
other words, secondary bonds are no longer secondary bonds in
the Cmcm phase. In contrast, the covalent equatorial bonds show
a flat pressure behavior in the Hy/p, and |V4|/Gy, ratios up to
25 GPa, after which these values decrease due to the strong
increase in Gy, (Fig. 4(b)-(d)). This behavior differs markedly from
that of the covalent axial bond, which shows a significant increase
in the |W,|/Gp ratio and the absolute value of Hy/pp. Since
Ge-S bonds can be classified as transitional CS interactions
(1 < [W|/Gy < 2, V?pp > 0), a higher absolute value of the
Hy/py ratio indicates a more covalent and stronger bond. In this
context, the axial Ge-S bond exhibits greater covalent character
and strength compared to the equatorial Ge-S bonds.*® This
comparison confirms that the axial and equatorial polar covalent
bonds are not equivalent when they are compressed, thus reflect-
ing the changing nature of the equatorial bonds under compres-
sion—specifically, the formation of EDMBs at HP in the
equatorial plane of the Cmcm phase.

The equatorial Ge-S EDMBs in Cmcm-type GeS can be
considered to be formed by infinite linear [Ge-S] chains along
two directions (¢ and b) in an infinite square planar lattice.
These bonds are characterized by small but positive V?py,
values, high |Hy|/pp and Gyp/p, ratios, and relatively small
|Vb|/Gp values compared to the polar covalent Ge-S bonds.
Based on these topological properties and their pressure depen-
dence, we can distinguish these bonds and classify the equator-
ial Ge-S bonds in Cmcm-type GeS as EDMBs. Two important
observations should be noted here. The first is that the
|[Vu|/Gp > 1 (H, < 0) value in all bond types of Pnma-type GeS
indicate that these interactions are stabilized by a local concen-
tration of charge, despite the small positive values of VZpy
suggesting charge depletion at the interatomic surface. The
same applies to the two types of bonds present in Cmcm-type
GeS. The second is that EDMBs in Cmcm-type GeS exhibit small
values of both V?py, and |V;,|/Gy, contrasting with the very large
negative and positive values of V?py, and |V;|/Gy, respectively,
observed in molecules with well-known ERMBs (such as
FHF).®® These results suggest that the energy density values
may help distinguish between ERMBs and EDMBs in a com-
plementary way to ES and ET values within the ES vs. ET map.

This journal is © The Royal Society of Chemistry 2025
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The behavior here described for GeS is expected to be
similar in isostructural GeSe, SnS, and SnSe, though the
pressure required to achieve EDMB formation in the Cmcm
phase is much lower in these compounds because they have
heavier elements than those present in GeS. Similar trends in
structural parameters have been observed in all four com-
pounds. For instance, SnSe, which is the closest compound to
PCMs, undergoes the Pnma-to-Cmcm phase transition around
10 GPa, as reported in previous studies.”>”” Our theoretical
simulations of structural parameters for SnSe up to 18 GPa
(Fig. S1) show good agreement with experimental results. The
formation of equatorial EDMBs in the Cmcm phase from the
original primary equatorial iono-covalent and secondary equa-
torial non-covalent bonds is demonstrated in Fig. S2 and S3 in
the SI. These figures show similar features to those already
discussed for GeS. The main difference is that the pressure-
induced EDMB formation in SnSe proceeds in two stages rather
than three stages as in GeS (Fig. S1 and S2). The reason is that
SnSe at RP is already in stage 2 of the process of multicenter
bond formation and not in stage 1 as GeS.

PbTe. This compound represents an important reference
point in our study of EDMBs in chalcogenides. Unlike the
lighter compounds in the A™X"' family (GeS, GeSe, SnS, and
SnSe) that require HP to increase the atomic coordination and
form EDMBs, rs-PbTe naturally exhibits EDMBs at RP. In the
rocksalt structure, each Pb atom is surrounded by six Te atoms
in an octahedral arrangement, and similarly, each Te atom is
coordinated by six Pb atoms. This sixfold coordination exceeds
what would be expected from the conventional 8 — N rule,
which would predict a coordination number of 3 for both Pb
and Te atoms since PbTe is isoelectronic to Sb and Bi. This
“hypercoordination” of atoms in rs-PbTe is a characteristic
feature of materials containing multicenter bonds,”*® and in
particular, in PbTe they correspond to EDMBs as we will show.
The bonding in PbTe can be understood as a natural extension
of the pressure-induced transformations we have already com-
mented in GeS and SnSe. PbTe already possesses this unconven-
tional bonding character at RP and not at HP as in GeS and
SnSe. The existence of EDMBs in rs-PbTe at RP can be attributed
to the increased electronic density in Pb and Te as compared to
lighter elements. This increased electronic density promotes the
formation of multicenter bonds with electron-deficient charac-
ter at smaller pressures than in lighter chalcogenides.”*°

Topological analysis of the electron density in PbTe (see
Table S2 in the SI) reveals bond characteristics consistent with
EDMBs at RP: relatively low ES (around 0.87) and ET (0.31)
values, positive values of V?py, at the BCPs, and energy density
ratios similar to those observed for the EDMBs in the Cmcm
phase of GeS and SnSe (Fig. S3). These properties place PbTe
firmly in the EDMB region of our ES vs. ET classification map
(Fig. 3). Interestingly, Krebs’® offered an interpretation of the
chemical bonding in group-V and group-VI elements, such as
arsenic and selenium, as well as in binary IV-VI compounds
like PbS, in a manner that closely aligns with the framework we
present here and in our previous work® (see Fig. $4). In fact, the
presence of EDMBs in PbTe at RP explains many of its unique
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properties, including its exceptional thermoelectric performance,
high Born effective charges, and large optical dielectric constant.
These properties arise directly from the distinctive electronic
structure associated with electron-deficient multicenter bonding.

Chemical bonding in AYX}" crystals

The chemistry of AYXy' chalcogenides and their behavior under
compression has been extensively studied by our research
group.’””7°®> In one of our previous works, we conducted an
integrated experimental and theoretical study of layered mono-
clinic a-As,S; (mineral orpiment) under applied pressure.®” At that
time, we reported that the coordination of As atoms increases from
threefold at RP to over fivefold at pressures exceeding 20 GPa,
attributing this “hypercoordination” of As atoms to the formation
of metavalent bonds. We now recognize that this interpreta-
tion—which we also applied to the HP behaviour of other sesqui-
chalcogenides, such as Sb,S;, Sb,Se;, and Bi,S;*’—requires
revision. At the time of those studies, our understanding of
multicenter bonding was less developed, and we considered a
good approach the metavalent bonding model.*'* In the present
article, we aim to reinterpret the chemical bonding in o-As,S;
under compression using our recently proposed unified theory of
multicenter bonds in which we show that the new metavalent
bond is just the century-old EDMB observed in materials with
electron-rich elements.”"°

—A—As1-S2 —m—As1-S3 —e— As1-S3

—e—intralayer As1-S3 (x2) —e—intralayer As1-S1 (x2)
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As,S;. The structural and vibrational properties of a-As,S; at
RP and HP conditions were thoroughly discussed in a previous
work.>” At RP, a-As,S; forms layers in which the two indepen-
dent As atoms (As1l and As2) are threefold coordinated to S
atoms (S1, S2, and S3) through iono-covalent bonds (of approxi-
mately 2.3 A bond length) within the same layer (see green
pyramids in Fig. 1(c)), so both As and S atoms satisfy the 8 — N
and octet rules. Additionally, As1 and As2 atoms have two more
distant S neighbours within the same layer (intralayer second-
ary interactions) at distances greater than 3.0 A (see red dashed
lines in Fig. 1(d)) and two further S neighbours in adjacent
layers (interlayer secondary interactions) at distances exceeding
3.5 A (see blue dashed lines in Fig. 1(d)). On increasing
pressure, the hypercoordination of Asl and As2 atoms is
reproduced in Fig. S5a and b, which are similar to those already
reported in ref. 37 and it is clear how As1 atoms change from
threefold to fivefold coordination (plus two) above 16 GPa,
while As2 atoms change from threefold to fivefold coordination
at the same pressure. In this work, we will focus on analyzing
the bonding framework in o-As,S; using bonding descriptors
that go beyond those previously employed. In the following
sections, we analyze the chemical bonding nature of the two
non-equivalent As atoms (As1 and As2) at HP, using the same
bonding descriptors previously discussed for GeS.

Fig. 5(a) presents the ES values along the various bonds
associated with the Asl atom. For the three covalent Asi-S
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Fig. 5

(a) and (d) Calculated number of electrons shared (ES) along the different bonds of Asl and As2 atoms in the monoclinic structure of a-As,Ss up to

34 GPa. Intralayer and interlayer interactions are shown in solid and dashed lines as well as with solid and open symbols, respectively. The relationship

between the primary intralayer bonds and their corresponding secondary in
(f) charge densities at the BCP.
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bonds, the ES value is approximately 2 at RP, as expected for
almost pure covalent bonds, while the intralayer and interlayer
interactions display significantly lower ES values, as expected
for non-covalent interactions. This behavior can be explained in
terms of bond distances and charge densities at the BCPs (see
Fig. 5(b) and (c)). As pressure increases, we observe a trans
influence of the secondary intralayer As1-S3 (pink) and As1-S1
(green) bonds into the primary intralayer As1-S3 (black) and As1-
S1 (blue) bonds, respectively, since these two bond pairs tend to
equalize at approximately 16 GPa (Fig. S5a). Contrarily, the
primary intralayer As1-S2 (red) bond and the two secondary
As1-S2 interlayer interactions (open symbols), which lack neigh-
bouring secondary and primary bonds, respectively, do not
exhibit a trans influence in their distance and charge density
relationships. The weak nature of the two interlayer As1-S2
interactions is confirmed by their very low ES values, which
correspond to very low charge density at the BCPs (see Fig. 5(b)
and (c)). In this way, we can conclude that the ES values of As1
atoms show three different bonding behaviors beyond 16 GPa:
one primary covalent As1-S2 bond, two pairs (As1-S1 and As1-S3)
of EDMBs, and two secondary non-covalent As1-S2 interactions.
This explains the five plus two atomic coordination of As1 atoms.
Similarly, the coordination of As2 increases from threefold at RP
to fivefold above 16 GPa, driven by the equalization of the two
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As2-S1 and two As2-S2 intralayer bond distances (leading to two
EDMBs) and the persistence of the covalent As2-S3 bond (see Fig.
S5b in the SI). Similar bonding features regarding ES, bond
distances, and charge densities already described for As1-S
bonds are found for As2-S bonds (Fig. 5(d)-(f)).

As already shown for GeS, the change in chemical As-S
bonding in a-As,S; at HP can be traced by the changes in the
topological properties (V2py, as well as Hy/pp, Gu/pp, and | Vp| /Gy
ratios). Fig. 6 and 7 show the pressure dependence of these
topological properties for the As1 and As2 bonds, respectively.
At RP, the three primary, short As1-Sx (x = 1, 2, 3) and As2-Sx
(x = 1, 2, 3) bonds can be classified as almost pure covalent
bonds based on the following topological properties: V>p, < 0,
Hyplpy < 0,0 < Gp/pp < 1,and 1 < |W|/Gp > 2. The two longer
(secondary) intralayer bonds of As1 and As2 atoms show a non-
covalent character (and larger polarity) than the primary bonds
(see Fig. 6(a) and 7(a)) and evidence features, like V*py, > 0, Hy/
pp & 0and 1 < |V,|/Gp < 2, that classify them as transitional
CS interactions. Finally, the two long (secondary) interlayer
As1-S2 and As2-S2 bonds show characteristics of pure CS
interactions, with V?p,, > 0, Hy/pp, > 0, Gplpp, > 0, and |V3|/
Gp < 1 as illustrated in Fig. 6(b)-(d) and 7(b)—(d).

As pressure increases, significant changes occur in the
bonding framework around Asl and As2 atoms: (a) each pair
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Fig. 6 As,Ss: pressure dependence of topological parameters along the different As1-S distances at the BCP: (a) V2pp; (b) Ho/po; () Gu/pp; (d) [Vol/Gp.
The vertical dashed line indicates the theoretical phase transition pressure where symmetrization of bond distances occurs leading to the formation of

EDMBs.
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of intralayer covalent and non-covalent bonds converge to have
similar distances and strengths, as indicated by comparable
values of V?py, Hyp/pb, Gu/pn, and |V, |/Gy, ratios; (b) the coordi-
nation of As1 atoms increase from threefold at RP to more than
fivefold (5 + 2) above 16 GPa, while that of As2 atoms increase
from three to five in the same pressure range (see Fig. S5) due to
the equalization of several pairs of As-S bonds. Contrarily, the
primary covalent As1-S2 and As2-S3 bonds, positioned nearly
perpendicular to the square planar base formed by the other
four equatorial bonds remain relatively unchanged at HP. This
behaviour parallels what we observe for the axial Ge-S bond in
GeS. This is consistent with the covalent nature of these bonds
in the whole pressure range, as already commented with the ES
values. A uniform behavior of the topological properties is also
found for the two secondary interlayer non-covalent bonds that
remain with increasing pressure (see dashed lines in Fig. 6 and
7). On the contrary, the EDMBs formed above 16 GPa show a
distinct behaviour of the topological properties before and after
16 GPa. Noteworthy, the changes in the convergent pairs of
bonds are similar to those already reported for GeS, thus
confirming the EDMB nature of these newly formed bonds in
o-As,S; above 16 GPa.
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A key observation from our analysis is the slight difference
in the strength of the EDMB pairs formed around As1 and As2
atoms. The two EDMB pairs formed around As1 atoms show
somewhat different ES values while those around the As2 atom
have almost identical ES values (Fig. 5(a) and (d)). This distinc-
tion is also evident in the Hy/pp, Gp/pp, and |V4|/Gy ratios at HP.
For As1, the two pairs of EDMBs exhibit two separate trends,
whereas for As2, they converge into a single region (see Fig. 6
and 7). The similar bonding characteristics of the EDMBs
around the As2 atom, initially exist as two primary covalent
and two intralayer interactions, are also evident in the evolution
of their distances and charge density py,, as shown in Fig. 5(e)
and (f). The reason for the different bonding properties of
EDMBs in As1 and As2 atoms comes from the different atomic
environment of both atoms since Asl shows 5 + 2 atomic
coordination while As2 shows pure 5 coordination.

In summary, it can be concluded that above 16 GPa, the As1
(As2) polyhedral units in mineral orpiment transition from
threefold coordination to 5 + 2 (5) coordination while main-
taining the same space group. When comparing the EDMB
formation mechanism in «-As,S; to that discussed earlier for
GeS and SnSe, we observe that a-As,S; exhibits only two stages
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Fig. 7 As,Ss: pressure dependence of topological parameters along the different As2—S distances at the BCP: (a) VZpy; (b) Hp/po; (€) Gu/pp; (d) [Vil/Go.
The vertical dashed line indicates the theoretical phase transition pressure where symmetrization of bond distances occurs leading to the formation of
EDMBs. Unlike in the previous figure, the values of the long interlayer non-covalent interactions are not plotted because there is no BCP along these
distances. The critical points along these distances are of cage/ring type but not of bond type.
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of this mechanism (like SnSe and unlike GeS). Note that the
covalent As-S bonds that transform into EDMBs already show
an increase in bond length under compression at RP. This is
consistent with our previous findings that pnictogen elements
(As, Sb, and Bi) typically show a three-stage mechanism, while
chalcogen elements (Se and Te) show a two-stage one under
compression.’ Also notice that A™XY' compounds are isoelec-
tronic to pnictogens, while the average number of electrons per
formula unit in AYX3' compounds is much closer to chalcogens.
Sb,Se;. This compound crystallizes in an orthorhombic
Pnma phase (Z = 4, U,Ss-type). This structure includes two
crystallographically distinct Sb sites, labeled Sb1 and Sb2,
and the structure can be considered as composed by SbiSe,
and Sb2Se,,; coordination polyhedra.®* In these distorted
polyhedra, Sb1 is coordinated to 3 + 3 Se atoms, while Sb2
exhibits a 3 + 2 coordination environment if we consider bond
distances below 3.4 A (Fig. Sec and e in the SI). The pressure
dependence of the volume and lattice parameters is shown in
Fig. S6a and b, where a good agreement of our theoretical
calculations with experimental values®® can be appreciated. It
must be noted that a second-order phase transition from Pnma
to B-Pnma has been recently suggested around 12.5 GPa,* but
we have noted as Pnma all our data up to 30 GPa. The good
agreement between our theoretical calculations and experi-
mental values® also extends to the pressure dependence of
the Sb-Se bond distances (experimental bond distances from
ref. 82 have not been plotted in Fig. S6c and e for clarity reasons
in order to show the large number of pressure points calcu-
lated). Longer Sb-Se bonds are significantly compressed, while
shorter ones remain relatively unchanged. Notably, the bond
lengths within the Sb1Se; polyhedron converge between 10 and
20 GPa, indicating a rather quick pressure-induced symmetri-
zation. This behavior reflects the diminishing stereochemical
activity of the Sb®" LEPs under compression, which can be
considered as an indication of the EDMB formation.** The ES
values of Sb1-Se bonds are in the range of 0.8-1.2 at HP once
the symmetrization occurs. Concomitantly, the ET values of
Sb1-Se bonds are in the range of 0.30-0.32. Therefore, the Sb1-
Se bonds above 10 GPa can be placed in the region of EDMBs in
Fig. 3. A similar pressure-induced symmetrization occurs for
the Sb2-Se bonds (Fig. S6e) with the short Sb2-Se3 bond and
the long Sb2-Sel bond being EDMBs at RP and the short
covalent Sb2-Sel bond tending to become an EDMB above 10
GPa (Fig. S6f). These Sb2-Se bonds have not been plotted in
Fig. 2 for the sake of clarity. Interestingly, Sb1-Se and Sb2-Se
bonds in Sb,Se; under compression exhibit trends in their
topological parameters that closely resemble those observed for
As1-S and As2-S bonds in As,S;. In both cases, pressure
progressively drives the secondary interactions toward values
comparable to those of the original covalent bonds. This result
supports the emergence of EDMBs in Sb,Se; above 10 GPa (Fig. S7
and S8 in the SI) as it was observed for As,S; above 16 GPa.
Bi,Se; and Bi,Te;. These compounds represent particularly
significant cases of study within the AYX3" chalcogenide family,
as they naturally exhibit EDMBs at RP in the rhombohedral
R3m structure (tetradymite-type). Unlike lighter compounds in

This journal is © The Royal Society of Chemistry 2025
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this family, such as As,S; and Sb,Se;, which require HP to form
EDMBs, Bi,Se; and Bi,Te; provide an opportunity to study
these unconventional bonds without the need for pressure
application. In the R3m phase, Bi,Se; (Bi,Te;) exhibits a layered
structure consisting of quintuple Se (Te)-Bi-Se (Te)-Bi-Se (Te)
layers stacked along the c-axis of the conventional hexagonal
unit cell. Traditionally, the bonding within these quintuple
layers was described as covalent, while the interactions between
adjacent quintuple layers were considered weak vdW forces.
However, our detailed topological analysis (see Table S2) reveals
a bonding scenario that aligns with the EDMB model. In other
words, the intralayer Bi-Se (Bi-Te) bonds can be understood as
EDMBs. This result is in line with the claim of Wuttig and
coworkers that consider that intralayer bonds in tetradymite-
like compounds show metavalent (electron-deficient) bonding.”

More specifically, our analysis of the electron density topol-
ogy in the R3m phase of Bi,Se; and Bi,Te; at RP (see Table S2)
reveals several key characteristics that support the presence of
intralayer EDMBs in these compounds: (1) coordination
environment: each Bi atom in the R3m phase of Bi,Se; (Bi,Te;)
is coordinated by six Se (Te) atoms (three from each adjacent Se
(Te) layer within the quintuple layer), forming an octahedral-
like arrangement. The three external Se (Te) atoms of the
quintuple layer are Se1(Tel) atoms and the three internal Se
(Te) atoms in the quintuple layer are Se2 (Te2) atoms. This six-
fold coordination exceeds what would be expected from the
conventional 8 — N rule, which would predict a coordination
number of 3 for Bi atoms. (2) Accordingly, there are two types of
Bi-Se (Bi-Te) bonds: Bi-Sel (Bi-Tel) and Bi-Se2 (Bi-Te2). The
ES values of the Bi-Se1 (Bi-Tel) bonds are around 1.1-1.2, while
the ES values of the Bi-Se2 (Bi-Te2) bonds are around 0.8-0.9.
These values, taken together with the corresponding ET values
0.29 (0.19) for both Bi-Se (Bi-Te) bonds, indicate that these
bonds show ES vs. ET values that are significantly lower than
those expected for conventional covalent bonds, thus showing
the electron deficiency of these bonds (see Fig. 3). In particular,
those values allow us to locate these bonds in the region of
EDMBs.”'® More precisely, the internal Bi-Se2 (Bi-Te2) bonds
are pure EDMBs, while the external Bi-Sel (Bi-Tel) bonds with
larger ES values can be considered as a mixture between pure
covalent and pure EDMBs and are in the borderline between
both regions (see Fig. 3). This view is consistent with the analysis
of the chemical bonds already performed on tetradymite-like
SnSb,Te, and PbBi,Te, with septuple layers in which external
bonds within the layers were found to be more covalent in nature
than the internal bonds within the layers, which are clearly
EDMBs.**%” (3) The Laplacian and energy density ratios: all Bi-
Se (Bi-Te) bonds show V?py, > 0 combined with Hy/pp > 0, Gp/
pp > 0,and 1 < |W|/Gp < 2. These values place them in the
transitional CS interaction category since these bonds cannot be
considered either as a SS interaction as covalent bonds or a CS
interaction as non-covalent bonds. This result is consistent with
the EDMB model which considers that multicenter bonds are
longer and softer than covalent bonds and can be considered as
bonds with the shared electrons belonging partly to the covalent
sphere and partly to the vdW sphere.’® (4) Interlayer bonding:

J. Mater. Chem. C, 2025, 13,18780-18795 | 18791
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Fig. 8 Pressure-induced formation of EDMBs in AVXY' and AYXY' compounds. Blue compounds are made of light elements and show crystalline
structures at RP that satisfy the 8 — N rule and tend to form EDMBs at HP. Red compounds are made of heavy elements and crystallize in structures at RP
that do not satisfy the 8 — N rule and already exhibit EDMBs at RP. These structures are the rocksalt and tetradymite structures of AVXY'" and
AYXY' compounds, respectively. Pink compounds are made of a mixture of light and heavy elements and show polymorphism at RP with a stable structure
at RP satisfying the 8 — N rule and having conventional covalent bonds (rhombohedral structure in GeTe and monoclinic structure in As,Tes) and a
metastable structure at RP that violates the 8 — N rule and feature EDMBs (rocksalt structure in GeTe and tetradymite structure in As,Tes). The red arrow
indicates that pressure leads the compounds with light elements to behave at HP as the compounds with heavy elements at RP.

the interactions between adjacent quintuple layers, traditionally
described as vdW forces, show non-negligible ES values (ca. 0.3-
0.4) and topological properties that indicate weak but significant
bonding character. The stronger character of the interlayer
interactions in tetradymite-like AyX3' and related chalcogenides,
and other layered materials, such as BiTeX (X = Cl, Br, I)
compounds, has been ascribed to the presence of delocalized
electrons in the interlayer space,*® as a consequence of the
presence of intralayer EDMBs.*"%

In summary, the heavier AVX"" and AYX3" compounds, such as
PbTe, Bi,Se;, and Bi,Te;, have crystalline structures at RP that
exhibit a high atomic coordination, do not satisfy the 8 — N rule,
and feature EDMBs. On the contrary, the lighter A™X"' and
AYXY' compounds, such as GeS, SnSe, As,S; and Sb,Se;, which
show layered crystalline structures at RP that exhibit a low atomic
coordination, satisfy the 8 — N rule, feature covalent bonds, and
develop EDMBs at HP due to the pressure-induced equalization
of intralayer bonds. Therefore, pressure is a fundamental tool
that allows the formation of EDMBs in these compounds due to
the increase in electronic density, thus mimicking the effect of
substitution of light by heavy elements. Interestingly, the pres-
sure for the emergence of EDMBs in SnSe and Sb,Se; is similar
(above 10 GPa). This is a consistent result since both compounds
SnSe and Sb,Se; are the AVX"! and AYXY! compounds with the
heavier atoms showing conventional covalent bonds at RP. This
means that both compounds are the materials that will develop
EDMBs under compression at the smallest pressures. On the
other hand, GeS and As,S; tend to form EDMBs at much larger
pressures due the lighter elements present in these two com-
pounds. This trend of pressure-induced formation of EDMBs in
A™XY" and AYXY' compounds is shown in Fig. 8. The lighter
compounds of both families (GeS and As,S;) that are farther from
the heavier compounds of both families (PbTe and Bi,Te;) will
develop EDMBs at much larger pressures than the rest of the
compounds of these two families.

Conclusions

In this work, we have conducted a comprehensive theoretical
investigation of chemical bonding in chalcogenides of the

18792 | J Mater. Chem. C, 2025,13,18780-18795

AVXY" and AYXY' families under compression, applying the
principles of our recently proposed unified theory of multi-
center bonding.”'® Our findings provide strong evidence that
electron-deficient multicenter bonds (EDMBs) are a fundamen-
tal bonding mechanism in the binary crystalline phases of case
study chalcogenides, offering a revolutionary unified frame-
work that resolves the long-standing controversy between the
previously proposed metavalent and hypervalent bonding
models in the crystalline phase of chalcogenide-based phase
change materials. The systematic analysis of GeS, SnSe, PbTe,
As,S3, Sb,Ses, Bi,Ses, and Bi,Te; reveals a clear pattern in the
formation of EDMBs. In the lighter compounds of the two
families, such as GeS and As,S;, EDMBs form only under high
pressure through well-defined transformation mechanisms.
GeS exhibits a three-stage transformation process, where pri-
mary covalent bonds and secondary interactions gradually
equalize to form EDMBs at pressures above 38 GPa. In contrast,
a-As,S; undergoes a two-stage transformation process, achiev-
ing EDMB formation above 16 GPa. These staged processes
parallel our previous observations in elemental pnictogens and
chalcogens, confirming the universality of the EDMB formation
mechanism. This mechanism of pressure-induced EDMB for-
mation is also observed in other light compounds in these two
families. On the contrary, the heaviest compounds of the two
families, such as PbTe and Bi,Te;, naturally exhibit EDMBs at
room pressure. The different chemical bonds found in light
and heavy compounds in the two families is due to the larger
electronic density in the later than in the former. This provides
a coherent explanation for the exceptional properties of the
heavier chalcogenides that behave as phase change materials.
The sixfold coordination observed in these compounds, which
exceeds predictions based on the conventional 8 — N rule, is a
direct consequence of their EDMB-type bonding.

Evidence supporting the EDMB model in dense chalcogen-
ides of the A™X"" and AYXY' families is provided by our
topological analysis of the electron density. As in previous
works, we have shown that the electron sharing (ES) values
for EDMBs consistently fall between 0.8 and 1.4, significantly
lower than the values of ca. 2.0 observed for conventional
covalent bonds. In addition, in this work we have provided
additional evidence of the formation of EDMBs using the

This journal is © The Royal Society of Chemistry 2025
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characteristic energy density ratios (Hy/pp, Go/pPb, |Vb|/Gp) at the
BCPs. From now on, these ratios will help us to further
distinguish EDMBs from both covalent bonds and electron-
rich multicenter bonds (ERMBSs). Particularly revealing is the
trans influence observed in the stage 2 of the EDMB formation
that results in the charge transfer from primary to secondary
bonds, shown by the pressure-dependence of the ES values.
This charge transfer and equalization of bond distances and ES
values is a clear evidence of the multicenter character of the
electron-deficient bonds formed in the HP phases of AVX"" and
AYXY" compounds, as already discussed in the unified theory of
multicenter bonding.”'® The two-dimensional ES vs. ET map
we have developed provides a powerful classification frame-
work for chemical bonding in different molecules and solids.
This map clearly distinguishes unconventional EDMBs and
ERMBs from conventional covalent, ionic, and metallic bonds.
Moreover, it allows us to see the evolution of chemical bonds
on element substitution and on increasing pressure; i.e., on
changing the electronic density.”'® This unified approach
bridges the gap between density-based and orbital-based meth-
ods, offering a more comprehensive understanding of bonding
in these materials.

A notable structural characteristic across all studied com-
pounds whose structure shows covalent bonds at room pressure
is the persistence of one directional covalent bond even at high
pressure, while other bonds transform into EDMBs. This mixed
bonding character—combining both directional covalent bonds
and directional delocalized multicenter bonds—contributes to
the unique anisotropic properties of these materials at high
pressure, including their exceptional thermoelectric perfor-
mance, high Born effective charges, and large optical dielectric
constants. These exceptional properties are somewhat different
to those of phase change materials at room pressure since these
compounds already show EDMBs at room pressure and exhibit
isotropic properties, e.g., cubic rs-PbTe shows isotropic proper-
ties whereas Cmcm-SnSe shows anisotropic properties.

The implications of our findings extend beyond theoretical
understanding. By establishing clear structure-property relation-
ships, our work provides a foundation for designing new materials
with tailored properties. The connection between EDMBs and
functional properties, such as thermoelectric efficiency and topo-
logical insulator behavior, can open avenues for materials engi-
neering through controlled bond modification. Our study also
validates pressure as an invaluable investigative tool for under-
standing chemical bonding. By enabling the observation of con-
tinuous bond transformation processes, pressure effectively
mimics the transition from lighter to heavier elements, providing
insights that would be difficult to obtain through other means.

In summary, the EDMB model for phase change materials
offers a unified framework for understanding the exceptional
properties of chalcogenides, resolving the controversy between
competing bonding models. This work extends the study of
elemental materials under compression® to binary compounds
related to phase change materials, providing a more compre-
hensive understanding of chemical bonding in chalcogenides
beyond conventional categories. Future research directions

This journal is © The Royal Society of Chemistry 2025
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include extending this framework to other material families
and further investigating the relationship between EDMBs and
functional properties, with the ultimate goal of designing
new materials with enhanced performance for technological
applications.
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