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1. Computational details

First-principles calculations for solids were performed using the density-functional theory (DFT)
as implemented in the Vienna Ab initio Simulation Package (VASP).!3 All calculations were
implemented at the generalized gradient approximation (GGA) level, using the Perdew—Burke—
Ernzerhof (PBE) exchange-correlation functional* with the projector augmented-wave (PAW)
method.> In most cases, the PBE functional revised for solids (PBEsol)® has provided improved
structural parameters that reasonably agree with the corresponding experimental results as shown
in Table S1. Brillouin-zone integrals were approximated using /-centered Monkhorst—Pack
meshes.” The wavefunction was expanded in plane waves up to a certain cutoff energy to ensure
convergence of the total energy within 107 eV per atom. Details of k-point meshes, planewave
cutoff energies (E...p), and experimental and calculated lattice parameters are given in Table S1.

A density-based method based on the Quantum Theory of Atoms in Molecules (QTAIM) has
been used to analyze the topology of the electron density in the solids studied in this work. For
this purpose, Quantum ESPRESSO, version 6.5,8 was used in combination with wannier90° and
the CRITIC2 program.!® For this purpose, single-point calculations at the VASP equilibrium
geometries were carried out using the same uniform k-point grids as in VASP calculations, a
plane-wave cutoff of 80 Ry and a density cutoff of 320 Ry were used for all calculations. Both
the norm-conserving pseudopotentials (for the Kohn-Sham states) and the PAW> data sets (for
the all-electron density) were obtained from the pslibrary.!! Delocalization index (DI)
calculations, used to calculate the number of electrons shared (ES) as 2 x DI, were carried out
using a Wannier transformation as detailed in Ref. '2. Table S2 summarizes the density-based
calculated quantum-chemical bonding descriptors for the compounds studied in this work.
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On the other hand, an orbital-based method has also been used to analyze the topology of the
electron density in the solids studied in this work. For this purpose, the Local Orbital Basis Suite

Towards Electronic-Structure Reconstruction (LOBSTER) package was used.'>!> In this case, the
number of electrons shared (ES) was calculated as 2 x ICOBI, where ICOBI stands for the
integrated Crystal Orbital Bond Index as detailed in Ref. '6. Table S3 summarizes the orbital-
based calculated quantum-chemical bonding descriptors for the compounds studied in this work.

Additional QTAIM calculations were performed for some molecules, such as the 15, XeF,, F,H-
and B,Hg. Simulations for these molecules were performed at the B3LYP/def2-QZVPP level'7!3
and the DIs were obtained using the density-based AIMAII code."

2. Results

2.1. Tables.

Table S1. Computational details of VASP calculations for the solids studied in this work, cutoff energy
(Ecurop) and k-mesh including experimental and calculated lattice parameters and unit cell volume.

Space E urof lattice parameters A) unit cell volume
Species group (ev) k-mesh (a, b, ©) A3
Exp. Calc. Exp. Calc.
Csl; Pnma 350 4x6x4 11.086 6.844 10.0272°  10.897 6.793 10.093 760.8820 747.12
(62)
Cs,Tes Cmcem 400 4x4x%x3 9.373 12.288 10.1402!  9.602 12.092 10.294 1167.88%! 1195.15
(63)
Cs,Telg Fm-3m 350 6x6%6 11.70022 11.602 1601.612  1561.63
(225)
Tely P-1 250 6x4x%x4 7.88510.702 10.749  7.794 10.676 10.729 817.12%3 815.28
) (a=85.66° B=71.79°  (0=86.86° B=73.39°
v=71.56°)23 y=72.44°)
Li,Sb P-62m 250 6x6x12 7.947 7.947 3.260%* 7.864 7.864 3.237 178.30% 173.39
(189)
BaZnSb, 14/mmm 400 11 x11 % 4.584 4,584 23.050%5 4.451 4.45123.423  484.65% 464.04
(139) 16
B-GeTe R3m 450 14 x 14 x 4.174 4.174 10.69226 4.169 4.169 10.423 161.2926 156.88
(160) 5
SnSe Cmcm 350 3x8x7T 4.274 11.643 4.296%7 4.01210.924 4.051  213.78% 212.29
(63)
TeO, P41212 560 6x6x%x4 4.805 4.805 7.60228 4.828 4.282 7.452 175.5328 173.68
(92)
SbPOy4 Pl 21/ml 550 S5x4x5 5.103 6.772 4.744 5.041 6.822 4.739 163.42% 161.72
an (B=94.61°)% (B=97.13°)
Sc,S1,04 Cl2/ml 500 5x4x5 6.530 8.521 4.681 6.490 8.523 4.710 254.1530 254.15
(12) (B= 102.63°)% (B=102.71°)
HF Cmc21 550 9x9x7 3.310 5.220 4.2603! 3.410 5.572 4.060 73.6053! 77.142
(36)
TITe 14/mem 400 Ex x5 12.953 12.953 6.17332 12.963 12.963 1035.7132 1025.34

(140)

6.102




Table S2. Calculated quantum-chemical bonding descriptors for selected systems discussed in section 4 of
the main text using the density-based approach QTAIM as implemented in CRITIC2 software. The Bader
atomic charges for the different Wyckoff sites, the renormalized number of electrons transferred between
two atoms (ET), and the number of electrons shared between each atom pair (ES) are provided as well as
the bond distances and the bond types. The ES is defined as 2xDI, where DI is the delocalization index
between two atoms.

Species Bader charge ET ES Bond Bond type
(Wyck) (2 x DI) distance (A)
I —0.48 LI, 0.44 I, 1.85 2.875 ERMB
137 (11—12—13)7 12 —0.04 12—13 0.44 12—13 1.53 2.954 ERMB
I5 —0.48
XeF, Xe +1.24 Xe-F 0.62 Xe—F 1.76 1.983 ERMB
F —0.62
FHF- F —-0.85 F-H 0.70 F-H 1.68 1.148 ERMB
H +0.70
B,Hg B +1.80 B-H, 0.63 B-H, 0.68 2.478 EDMB
H, -0.63 B-H, 0.59 B-H, 1.20 2.238 Covalent
H, -0.59
BH; B +1.84 B-H 0.61 B-H 1.25 1.187 Covalent
H; -0.61
H, -0.61
H; —0.61
Csl; Cs(4c) +0.73 -1, 0.36 I, 1.53 2.870 ERMB
(I1=I—13)" I; (4¢) -0.39 1,15 0.28 I3 1.85 2.990 ERMB
I, (4¢) —-0.03 Cs-1 0.73 Cs-1 0.14 3.755 Ionic
I (4¢) —0.31
CSzTe5 CS1 (40) +0.71 Tel—Tez 0.39 Tel—Tez 1.43 3.060 ERMB
Csy(4c) +0.69  Tey-Te, 0.00 Te,~Te, 2.20 2.820 Covalent
Tey(4c) +0.03
Tey(16h) —0.36
Cs,Telg Cs(8¢) +0.76 Te-1 0.52 Te-1 1.42 2.925 ERMB
Te (4a) +0.82 Cs-1 0.76 Cs-1 0.08 4.099 Ionic
1(24¢) -0.39
Tely Te, (2i)) +0.75 Te—1; 0.12 Te,—1; 1.88 2.799 Covalent
Te, (2i) +0.76 Te,—1, 0.18 Te,—1, 1.95 2.772 Covalent
I; (20) -0.12 Te,-Ig  0.16 Te,—Ig 1.98 2.760 Covalent
L, (2i) —0.18
I (2i) -0.21
I, (2i) -0.23
Is (21) —0.26
Is (20) —0.18
1; (2i) -0.17
Ig (2i) —0.16
Li,Sb Li;(3/) +0.81 Sb-Sb; 0.0 Sb;—Sb;, 1.40 3.160 EDMB
Li,(3g) +0.83 Sby-Sb, 0.0 Sb,—Sb, 1.40 3.160 EDMB
Sby (Ib) —-1.67
Sby (2¢)  -1.63
Ba(4¢) +1.36 Sb-Sb; 0.0 Sb;—Sb; 1.16 3.242 EDMB
BaZnSb, Zn (4d)  +0.15 Zn-Sb, 0.53 Zn-Sb, 1.14 2.770 Covalent
Sby(4c) —0.60 Ba-Sb  0.68 Ba—Sb 0.22 3.486 Ionic
Sby(4e) 091
B-GeTe Ge (3a) +0.36 Ge-Te 0.18 Ge-Te 1.16 2.848 EDMB
Te Ba) —0.36
SnSe Sn(4c) +0.80 Sn-Se 04 Sn-Se(ax) 1.10 2.693 Covalent
Se(4c)  —0.80 Sn—Se(eq)  0.78 2.863 EDMB
TeO, Te (4a) +2.30 Te-O 0.29 Te-O 1.64 1.918 Covalent
O (8b) -1.15 Te-O 1.06 2.133 EDMB




SbPO, Sb (2e)  +2.02 Sb-0O; 0.34 Sb-0, 1.10 2.024 Covalent
P (2e) +3.63 Sb-0, 0.34 Sb-0, 1.04 2.093 Covalent
0,(2¢) -1.39 Sb-0; 0.34 Sb-0; 0.80 2.215 EDMB
0,(2¢) -1.39 P-0O, 0.36 P-0O, 1.20 1.536 Covalent
0;(4f) -1.44 P-0, 0.36 P-0O, 1.08 1.555 EDMB

P-0; 0.36 P-0; 1.04 1.566 EDMB

Sc,Si,0; Sc(4h) +1.89 Si—0; 0.41 Si-0, 0.68 1.619 EDMB
Si (4i) +3.16 Si-O0,  0.40 Si-0, 0.75 1.641 EDMB
0,(2a) -1.63 Si-O;  0.40 Si-04 0.79 1.643 EDMB
0O,(4) -140 Sc—O;  0.63 Sc—0; 0.89 2.181 Covalent
0;(8) -142 Sc-0O;  0.63 Sc-0, 0.96 2.102 Covalent

Sc—05 0.63 Sc—05 1.18 2.081 Covalent

HF (0 GPa) H(4a) +0.76 H-F 0.76 H-F 0.98 1.014 Covalent
F (4a) —0.76 H---F 0.64 1.372 Hydrogen

HF (19 GPa) H(4a) +0.73 H-F 0.73 H-F 0.86 1.120 ERMB
F (4¢) -0.73

TITe Tl (16k) +0.32 Te,—Te, 0.36 Te,— Te, 1.40 3.010 ERMB

Te;(8h) —0.41 Te,—Te, 0.0 Te,—Te, 1.04 3.050 EDMB
Tey(4b)  —0.05 Tey—Te; 00 Tes— Tes 1.04 3.050 EDMB
Te;(4a) 039

Table S3. Calculated quantum-chemical bonding descriptors for selected systems discussed in section 4 of
the main text using the orbital-based approach as implemented in the LOBSTER software. The Lowdin
atomic charges for the different Wyckoff sites, the normalized number of electrons transferred between two
atoms (ET), and the number of electrons shared between each atom pair (ES) are provided as well as the
bond distances and the bond types. The ES is defined as 2xICOBI where ICOBI is the Integrated Crystal

Orbital Bond Index.
Species Lowdin charge ET ES Bond Bond type
(Wyck) (2 x ICOBI) distance (A)
I, -0.43 I-1, 0.40 Ii-1, 1.77 2.875 ERMB
137 (11—12—13)7 12 —0.03 12—13 0.40 12-13 1.53 2.954 ERMB
I; -0.43
XeF, Xe +1.04 Xe-F 0.62 Xe-F 1.76 1.983 ERMB
F —0.48
FHF- F -0.71 F-H 0.43 F-H 0.82 1.159 ERMB
H +0.43
B,Hg B +1.65 B-H, 0.63 B-H, 0.68 2.478 EDMB
H, -0.59 B-H, 0.59 B-H, 1.21 2.238 Covalent
H, -0.47
BH; B +1.72 B-H 0.57 B-H 0.95 1.187 Covalent
H; -0.57
H, -0.57
Hj —0.57
Csl; Cs(4c)  +0.65 I-1, 0.36 1,1, 1.08 2.870 ERMB
(I1=I-13)" I, (4¢) -0.38 I,-15 0.23 1,15 0.85 2.990 ERMB
I, (4¢) —-0.02 Cs-1 0.65 Cs-I 0.15 3.755 Ionic
15 (4¢) -0.25
CSzTe5 C51 (46') +0.70 Tel—Tez 0.33 Tel—T62 0.94 3.060 ERMB
Csy(4c) +0.64  Tey-Te, 0.00 Te,—Te, 1.65 2.820 Covalent
Te,(4c) +0.01
Tey(16h) —0.34
Cs,Telg Cs(8¢) +0.63 Te-1 0.43 Te-1 0.94 2.925 ERMB
Te (4a)  +0.68 Cs-1 0.63 Cs-1 0.09 4.099 Tonic
1 (24e) —0.32
Tely Te, (2i)) +0.63 Te,—1; 0.10 Te—1; 1.38 2.799 Covalent
Te, (2i) +0.64 Te,—1, 0.15 Te,—1, 1.44 2.772 Covalent
I, (29) -0.10 Te,—Ig 0.15 Te,—Ig 1.48 2.760 Covalent




L, (2i) —0.15
I3 (2i) —0.19
I, (2) -0.22
Is (2i) —0.26
I (20) —-0.15
I; (2) —-0.15
I (20) —0.15
Li,Sb Li;(3/) +0.50 Sby—Sb; 0.0 Sb—Sb, 0.70 3.160 EDMB
Li,(3g) +0.47 Sby-Sb, 0.0 Sb,—Sb, 0.70 3.160 EDMB
Sb;(Ib) —1.09
Sby (2¢)  —1.00
Ba(4e¢) +1.17 Sb—Sb; 0.0 Sb—Sb, 0.80 3.242 EDMB
BaZnSb, Zn(4d) +1.03 Zn-Sb, 0.52 Zn-Sb, 0.89 2.770 Covalent
Sb;(4c) —0.82 Ba-Sb, 0.62 Ba—-Sb, 0.11 3.486 Tonic
Sby(4de)  —1.86
B-GeTe Ge(3a) +0.18  Ge-Te 0.09 Ge-Te 1.11 2.848 EDMB
Te 3a) —0.18
SnSe Sn(4c) +0.20 Sn—Se 0.1  Sn-Se(ax) 1.20 2.693 Covalent
Se(4c) —0.20 Sn—Se(eq) 0.72 2.863 EDMB
TeO, Te (4a) +1.86 Te-O  0.23 Te-O 1.50 1.918 Covalent
O(8h) 093 Te-O 0.90 2.133 EDMB
SbPO, Sb (2e) +2.13 Sb-0; 0.36 Sb-0O, 1.18 2.024 Covalent
P (2e) +1.46 Sb-0, 0.36 Sb-0, 1.04 2.093 Covalent
0,(2e) —0.87 Sb-O;  0.36 Sb-05 0.74 2.215 EDMB
0,(2¢) —0.89 P-O, 0.15 P-O, 1.84 1.536 Covalent
O:;(4/) 0091 P-0, 0.15 P-0, 1.76 1.555 Covalent
P-0, 0.15 P-0O; 1.68 1.566 Covalent
Sc,Si,0, Sc (4h)  +2.48 Si-O;  0.26 Si-0, 1.04 1.619 EDMB
Si(4i) +0.93 Si-0,  0.12 Si-0, 1.24 1.641 Covalent
Oy(2a) -1.05 Si-O;  0.12 Si-0; 1.26 1.643 Covalent
0,4 -1.00 Sc-0;  0.83 Sc-0; 0.55 2.181 Ionic
0s;(8) —0.99 Sc-0;  0.83 Sc-0, 0.64 2.102 Ionic
Sc—0O4 0.83 Sc—0; 0.72 2.081 Tonic
HF (0 GPa) H(4a) +0.44 H-F 0.44 H-F 1.08 1.014 Covalent
F(@4a) 044 H---F 0.48 1.372 Hydrogen
HF (19 GPa) H(4a) +0.41 H-F 0.41 H-F 0.80 1.120 ERMB
F (4¢) —0.41
TITe TL(I6k) +0.09 Te—Te, 0.08 Te,—Te, 0.88 3.010 ERMB
Te(8h) —0.14 Te,—Te, 0.0 Te,—Te, 0.65 3.050 EDMB
Te, (4b) —0.06 Te;— Te; 0.0 Te;— Te; 0.65 3.050 EDMB
Tes(4a)  _o.11




2.2. Orbital-based ES vs. ET map.
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Figure S1. 2D map of the number of electrons shared (ES) vs. the normalized number of electrons transferred (ET)
showing the chemical bond classification in materials using the orbital-based approach as implemented in LOBSTER
program. The ES is considered as twice the bond order obtained from the integrated crystal orbital bond index for two
centers (ICOBI(2c), here simply specified as ICOBI). On the other hand, the ET is obtained by renormalizing the
Lowdin charge calculated using the formal oxidation state (orbital-based calculation).



2.3. Three-stage process of multicenter bond formation in several trimers.

The concepts of the core, valence, and van der Waals spheres of Echeverria and Alvarez,3334 allow
us to see the three stages of the mechanism of ERMB formation in the I~ anion from the original
I, and I~ entities, as described in Fig. S2. Note that the valence sphere of the I atom is defined as
the sphere whose radius is the single covalent bond length between two I atoms in the I, molecule.

H S kL Stage 1 (d,/d;>2): I+ 7= I-I--

e d1 (X} dz (L)
@it @: Stage 2 (d,/d;=2): I, + == I-I---
e dl (X} dz LA
! @i Stage 2 (1<d,/d;"<2): I, + "= |-l
oo dy d, o
! Qi i) | Stage 3 (d,/d,"=1): I, = I-I—I
e d : d e

Figure S2. Schematic picture of the three stages of formation of the electron-rich multicenter bond in the I;~ polyanion
(from the original I, molecule and I~ ion) using the concept of valence spheres of the different atoms. The start of stage
2 is the step going from a supramolecular non-covalent closed shell interaction of electrostatic origin to a secondary
non-covalent interaction with a mixture of closed shell and share shell interactions which marks the onset of quantum

interactions.

In stage 1, both I, and I~ entities are separated at a distance d, which is more than twice the distance
d, of the single covalent bond in the I, molecule, i.e., more than twice the valence sphere radius.
Consequently, the valence sphere of the I~ ion does not interact with the valence sphere of the
atoms in the I, molecule and the interaction between both entities is a supramolecular non-
covalent interaction of electrostatic nature. In other words, while the primary single covalent bond
inside the I, molecule is a shared shell interaction, the secondary interaction, if it exists, between
I, and I is a closed shell interaction.3334

When d, = 2d;, both I, and I" entities are separated at a distance d, which is exactly twice the
distance d; of the single covalent bond in the I, molecule. In this context, the valence sphere of
the I~ ion starts interacting with the valence sphere of the atoms in the I, molecule. This is the
starting point of stage 2 and the start of the quantum interactions that lead to the redistribution of
charge and the formation of molecular orbitals suggested by Espinosa et al.®

When d,< 2d,, there is an overlap of the valence spheres of the I, molecule and the I~ ion so that
there is a trans influence of the secondary bond in the primary bond that causes an enlargement
of d; (noted as d,;* in Fig. S2). As a consequence of the trans influence and to satisfy the octet
rule, there is a charge redistribution or charge shift of the electrons inside the covalent bond of I,
towards the external atom of the asymmetric I3~ polyanion. The enlargement of the primary bond



and the charge shift towards the external or terminal atom proceeds until both d,* and d, distances
become equal or almost equal. When this happens, the multicenter bond is formed as corresponds
to stage 3. Due to the shift of electrons towards the external atoms, only 8 electrons occupy the
valence sphere of the central atom of the I3~ polyanion, so that the octet rule is satisfied for all the
three atoms of the I3~ polyanion as observed in the bottom of Fig. S2. Moreover, the extra
electrons are allocated at the van der Waals sphere (red sphere) as plotted in Fig. 5 (see main
text).

Another clear example of the three-stage process in the ERMB formation with the start of stage
2 of multicenter interaction occurring when d,/d; = 2 is provided by FHF~ molecule. Espinosa ef
al. showed that stage 2 in the formation of the formation of the above molecule takes place when
the H---F secondary bonding reaches a value around 1.9 A 3334 This value is ca. the double of the
covalent H—F bond (ca. 0.92 A).3¢

Finally, a clear example of the three-stage process in the EDMB formation with the start of stage
2 of multicenter interaction occurring when d,/d, =2 is provided by hydrogen under compression.
V. Labet et al. simulated the evolution of the shortest and second shortest H—H distances in the
different phases of dense H,.3"#° They found that the shortest interatomic distance, corresponding
to the primary covalent bond in H; (d; in our theory), decreases in a normal way with compression
up to 100 GPa and shows an anomalous increase above this pressure up to 500 GPa, while the
second shortest H—H distance —which could be attributed to a secondary non-covalent bond (d,
in our theory)—, decreases all the way up to 500 GPa. The change in the behavior of the primary
bond that occurs around 100 GPa takes place exactly when the secondary bond distance (ca. 1.46
A) is twice the primary bond distance (ca. 0.73 A) as can be observed in Figures 6 and 7 in Ref.
37, As a consequence of the multicenter interaction occurring in dense H, between 100 GPa and
500 GPa, this system is expected to lead to the formation of EDMBs above 500 GPa in which
each H would be equally bonded to other two H atoms and where there would be a single electron
shared every two H atoms, as recently demonstrated.*

The unique and paradigmatic example of dense H, thus provides clear proof of the three stages of
formation of multicenter bonds proposed in this paper and the start of the multicenter interaction
(stage 2) when d,/d;=2. Therefore, it seems clear that the formation of multicenter bonds (ERMBs
and EDMB:), at least in molecules as we have discussed here, has three stages in which stage 2
starts when d,/d;=2. In solids, such as in solid arsenic, the pressure-induced formation of EDMBs
has been shown to start in stage 2 at a much smaller d,/d; ratio.*!*? At present, we cannot provide
an explanation for the different behavior in molecules and solids regarding the different ratio for
the start of stage 2 in multicenter bond formation, but this different behavior is likely correlated
with the different bond lengths of covalent bonds in molecules and solids; e.g. the I—I covalent
bond in the I, molecule has a bond length of 2.66 A in the gas phase** and of 2.70 A in the solid
phase.** Therefore, the larger bond lengths of covalent d; bonds in solids is consistent with a
smaller d,/d, ratio for the start of stage 2 in solids than in free molecules.



2.4. Behaviour of ES and ET values in multicenter bond formation.
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Figure S3. Schematic evolution of the ES and ET values in the formation of ERMBs (left) and EDMBs
(right).

2.5. Molecular orbitals in B,Hg.
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Figure S4. Schematic molecular orbital (MO) diagram for 3c-2e electron-deficient multicenter bond
(EDMB) formation in the B,Hg molecule.



2.6. HF under compression.

Figure S5. 3D isosurfaces of ELF in HF at a) 0 GPa (isosurface value in the range 0.82 - 0.85) and b) 19
GPa (isosurface value in the range of 0.81 - 0.84). White and brown balls represent H and F atoms,
respectively. The transformation of ELF isosurfaces from a toroidal shape at 0 GPa to a cashew-like shape
at 19 GPa is consistent with the loss of one LEP by F atoms, so that the two electrons of the loosed LEP
become bonding electrons at the H-F bonds at both sides of F atoms.

The distorted spherical ELF attractor of H atoms along the H-F bond path contains 1.72e. The
charge localized along the H-F bond forms one isosurface with the 1s electron of H. They can
NOT be separated. Two separate attractors (brown) around F atoms are obtained at an isosurface
value of 0.85 which changes to a ring (yellow) at 0.82 containing 6.53¢ as shown in Fig. S5a. The
three LEPs don’t contribute to the bonding in this case. The ELF increases smoothly along the
bonding path H-F.

At higher pressure, 19 GPa, the H spherical isosurface has a smaller volume than that at room
pressure containing only 0.75e. Herein, there is a maximum of ELF at the H-F bond critical point
of a value of 0.71e. An ELF isosurface with a value of 0.84 shows two attractors (brown) around
F atoms which converts to a cashew-like isosurface when it decreases to 0.84 having in total 5.8
e as depicted in Fig. S5b.

One ELF attractor appears in the shape of a cone (distorted sphere) that includes the one electron
of H and the other part that comes from the F atom (1.6 e). The two charges can NOT be separated
whatever the value of the ELF isosurface. It always appears as if it is one charge accumulation
along the bonding path.



2.7. SnSe under compression.
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Figure S6. Pressure dependence of the bond lengths of primary (covalent) and secondary (noncovalent)
bonds in SnSe. ES values obtained with CRITIC2 at different pressures are indicated. The ET value is
roughly constant (around 0.4) in the whole pressure range calculated. Black symbols correspond to the
covalent axial bond in both the Pnma (below 10 GPa) and Cmcm (above 10 GPa) phases. Blue symbols
correspond to covalent equatorial bonds in the Pnma phase that form EDMBs in the Cmcm phase (see Fig.
1).

The iono-covalent (EDMB) nature of the axial (equatorial) bonds at the Cmcm phase of SnSe are
confirmed by our ES and ET values (see Table S2 and Fig. S6). In the Cmcm phase of SnSe and
GeSe, the quasi-linear 2D EDMBs can be observed perpendicular to the b-axis (see Fig. 8b).
More specifically, in the Cmcm phase of SnSe, both Sn and Se atoms are located in 4c sites and
there are two types of Sn—Se bonds at 10 GPa. There is a short Sn—Se bond (d = 2.70 A)
perpendicular to the layers and four long Se—Se bonds (d = 2.85 A) quasi-parallel to the layers at
10 GPa.**" The Sn and Se atoms have Bader [L6wdin] charges of 0.80 [0.20] and the calculated
short (long) Sn—Se bond has a bond distance of 2.69 A (2.86 A) at 10 GPa (see Table S2 and
Fig. S6). The short (long) Sn—Se bond has an ES value of 1.10 [1.20] (0.78 [0.72]) while the ET
value of both bonds is around 0.4 [0.1] obtained from the Bader [Lowdin] charge of the Sn atom.
Therefore, the short (long) Sn—Se bond can be classified as iono-covalent (EDMB) according to
the location in Fig. 1 and Fig. S1.



The clear distinction between the iono-covalent bonds and EDMBs in the Cmcm phase of TII at
RP is not so easy as in the Cmcm phase of SnSe at HP. At RP, the Tl atom has a Bader [Lowdin]
charge of 0.46 [0.07] and there is an experimental short TI—I bond (d = 3.346 A) perpendicular
to the layers and four long Tl—I bonds (d= 3.491 A) quasi-parallel to the layers,*® while the
calculated short (long) TI—I bond has a bond distance of 3.288 A (3.448 A) (see Tables S2 and
S3). The short (long) TI—I bond has an ES value of 1.8 [0.74] (1.1 [0.5]) while the ET value of
both bonds is 0.46 [0.07] obtained as the Bader [Lowdin] charge of the T1 atom. Therefore, both
short and long TI—I bonds can be classified as EDMBs according to the location in Fig. 1 and
Fig. S1. This situation, also found for InBr and Inl at RP (not here shown), is different to that
described for the Cmcm phase of SnSe in the previous paragraph. We consider that the reason for
the EDMB character of the Tl—I bond perpendicular to the layer plane in the Cmcm phase is that
this bond has already lost charge due to the interaction with two neighbor atoms in the adjacent
layer so that the coordination of atoms in TII at RP (also in InBr and Inl at RP) cannot be
considered to be five but five + two. Therefore, part of the charge of the iono-covalent TI—I bond
perpendicular to the layer plane is now shared with two atoms of the adjacent layer which causes

its partial EDMB character.

2.8. Examples of SbPO, and Sc,Si,0.

a) ES=1.18 b)

ES=1.68 O 3 S
1 S66A 2.215A H:Ei‘o
) () ) 4

P36A ES=1.84 2.093/
ES

Es—1.76 1.555A

‘oF “‘ c %ﬂ

!

- b

Figure S7. Details of the crystal structures of (a) SbPO, and (b) Sc,Si,0;. These solids show heteropolar
1D EDMBsS. Details on bond distances, Lowdin atomic charges, ET, and ES of various bonds are illustrated
here and summarized in Table S3.

SbPO,. One example of quasi-linear 1D EDMB is that formed by Sb and O bonds in SbPO, (see
Fig. S7a).2 In SbPO,, P is four-fold coordinated with two short bonds (d = 1.536 A) and two
slightly longer bonds (d = 1.555 and 1.566 A) to O atoms in a sp’ geometry (if we consider that
the O atoms have two LEPs not plotted in Fig. S7a). However, Sb is fourfold coordinated to O
atoms, with two short (d = 2.024 and 2.093 A) and two long Sb—O bonds (d = 2.215 A), forming
a see-saw geometry (if we consider that Sb** has a single LEP not plotted in Fig. S7a). The two



short (long) Sb—O bonds have ES= 1.10 [1.18] (0.8 [0.74]) and both have ET= 0.34 [0.36]
according to CRITIC2 [LOBSTER] software. Note that the ET value is calculated by dividing the
Bader [Lowdin] charge of Sb (+2.02 [+2.13]) by the absolute nominal valence of Sb in this
compound (+3). In addition, this value must be divided by the multiplicity ratio between the Sb
and all O Wyckoffsites (2), which in turn, is the average number of O atoms to which the charge
of Sb is transferred. Note that this is similar to assuming that SbPO, is like a SbO, + PO,
compound, so we proceed as in TeO, (see main text). This means that the short (long) bonds are
located in the red (orange) regions of covalent bonds (EDMBs) in Fig. 1 in the main text. Note
that the same reasoning can be done for the P-O bonds with ES values between 1.04 [1.68] and
1.2 [1.84] and ET value of 0.36 [0.15]. This ET value is obtained by dividing the Bader [Lowdin]
charge of P (+3.63 [+1.46]) by the nominal valence of P (+5) and by the difference in multiplicity
between P and O atoms (2), which is the average number of O atoms to which the charge of P is
transferred. It can be observed that with these numbers the P—O bonds can be classified as two
short covalent bonds (ES = 1.2) and two slightly longer EDMBs (ES = 1.04—1.08) according to
QTAIM, while they are all covalent P-O bonds (ES = 1.68—1.84) according to LOBSTER. We
consider that the picture provided by LOBSTER values for SbPO, is more accurate than that
provided by QTAIM values since all experimental P-O bond lengths are very similar (within 0.05
A). All in all, the short (long) Sb—O bonds are located in the red (orange) regions of covalent
bonds (EDMBs) as shown in Fig. 1 and Fig. S1.

S¢,Si,07. Another example of linear 1D EDMB is the Si—O—Si bonds within the [O;Si—O-SiO3]¢~
polyanion in solid Sc,Si,05 silicate (Fig. S7b). The Bader [Lowdin] charges of the different atoms
are: Sc!8M248+] Qi3.15+0934] " apnd Q148-11.00-] The terminal (central) Si—O bond has a calculated
bond distance of 1.641 A (1.619 A) that agrees with the experimental value 1.632 A (1.606 A).
The terminal (central) Si—O bond has an ES value of 0.74 [1.25] (0.68 [1.04]). On the other hand,
this compound is the most complex to obtain the ET values since two cations give charge to three
anions, in addition, the three anions have different multiplicities. Moreover, Sc atoms are only
bonded to O2 and O3 atoms, while Si atoms are bonded to O1, O2, and O3 atoms. This means
that Sc atoms can be considered to give charge to O2 and O3 atoms, while Si atoms give charge
to O1, 02, and O3 atoms. To obtain the ET values we can proceed as follows. First, the ET value
of the Si—O; bond can be obtained by dividing the Bader [Lowdin] charge by the nominal valence
of O (2). In addition, this value must be divided by 2 because the charge of O1 (located between
the two Si atoms) is provided by the two Si atoms (this yields ET = 0.41 [0.26]). Second, the ET
value of the Si—0O, and Si—O; bonds can be calculated by obtaining the Bader [Lowdin] charge of
Si that it gives to the O2 and O3 atoms. This charge is the total Bader [Lowdin] charge of Si (3.15
[0.93]) minus the charge given to the O1 atom (1.05/2). This value must be divided by the nominal
valence of Si (4) and the multiplicity factor between Si and O2 and O3 (1.5) because the charge



of Si is given one O2 and two O3 atoms (this yields ET = 0.40 [0.12]). On other hand, the ET
values of the Sc-O, and Sc-O; bonds can be obtained by dividing the Bader [Lowdin] charge of
Sc by the nominal valence of Sc (3). As observed, there is a discrepancy not only in the Bader
and Lowdin charges but also in the ES and ET values between density-based and orbital-based
methods. While density-based methods suggest that all Si—-O bonds are EDMBs and all Sc-O
bonds are covalent, orbital-based methods suggest that Sc—O, terminal Si—O bonds, and central
Si—O bonds are ionic, covalent, and EDMBs, respectively. Therefore, the terminal (central)
heteropolar Si—O bonds can be classified as covalent bonds (EDMBs) according to Fig. S1. The
Loéwdin charges and the ES and ET values obtained from LOBSTER fully agree with the
hypothesis of Vegas and coworkers,*-° who considered that the two Sc atoms would give all their
charge to the Si,O; entity to form [0;Si—O-Si0s]°" polyanion which form linear Si—O,-Si 3¢-2¢
bonds. Curiously, this point of view is not supported by density-based methods that shows an
anomalous small Bader charge for Sc atoms and an anomalous large Bader charge for Si atoms,

as if Si atoms would give more charge than Sc atoms, contrary to common understanding.

It must be noted Sc,Si,O; constitutes an extraordinary case of 1D EDMB compared to the
aforementioned examples since the Si—O bond distance in the EDMB is shorter than that of the
Si—O bond distance in the covalent bond (as if the EDMB was “compressed”). At the moment,
we do not have an explanation for this extraordinary finding since usually EDMBs are longer than
covalent bonds at the same pressure and temperature conditions. However, it is curious that
electron-deficient Si—O bonds; i.e. with rather small ES values have been already found within
zeolite rings, such as the 4MR (simulated as a Si;O4Hg molecule), in faujasite.’! Calculations with
QTAIM have shown a delocalization index (DI) of 0.39, corresponding to an ES (2 x DI) value
of 0.78; a value that is of the same order as the one found by us (0.68) using QTAIM in the linear
Si—0O,—Si EDMB in Sc,Si1,0. In addition, we have found that the ET value of the Si—O bond in
faujasite is 0.42 (Bader charge of O (—1.65) divided by 4 because it must be divided by the nominal
valence of O (2) and by an additional 2, which is the factor of different multiplicity between the
donor, Si, and the acceptor, O, in the Fd-3m structure of faujasite). The relatively small ET value
(0.42) is similar to the ET value of 0.41 we have found for the linear Si—O, bond in Sc,Si,0,. We
acknowledge the conflict between the two methods observed in this case and others. We plan to
study this phenomenon in greater detail in future work to better understand its origin and

implications.



2.9. Examples of SbOF and TiPO,-V.

Figure S8. Crystal structures of (a) SbOF and (b) TiPO4-V. SbOF shows the A(1,2,1) unit for the O atom
and the A(2,1,1) unit for the Sb atom. The TiPO4-V phase shows the A(3,0,1) unit for the P atom.
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