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1. Computational details.
First-principles calculations were performed using the density-functional theory (DFT) as
implemented in the Vienna Ab initio Simulation Package (VASP) code [1-3]. All calculations
were implemented at the generalized gradient approximation (GGA) level, using the Perdew—
Burke-Erzerhof (PBE) exchange-correlation functional [4] with the projector augmented-wave
(PAW) method [5]. The PBE functional revised for solids (PBEsol) [6] has provided improved
structural parameters that reasonably agree with experimental results for the As-I, Sb-1, Bi-I, Bi-
II, Se-I, and Te-I phases. Additional calculations for the Bi-I phase were performed using the
AMOS5 functional [7-9]. Semi-core d electrons were included for As, Bi, and Po elements. Spin-
orbital coupling (SOC) was included for the heavy elements Bi and Po. Brillouin-zone integrals
were approximated using I'-centered Monkhorst—Pack meshes [10]. Dense k-point grids of 15 x
15 x 15 were applied for the rhombohedral or trigonal crystals, 9 X 9 x 9 for the cubic crystals,
and 7 x 7 x 11 for the monoclinic Bi-II structure. The wavefunction was expanded in plane waves
up to a cut-off energy of 500 eV for As, Bi, and Po and 300 eV for Sb, Se, and Te to ensure
convergence of the total energy within 10~ eV per atom. Under the selected pressure range, lattice
parameters and atomic positions were fully optimized using the conjugate-gradient method until
the forces on atoms were smaller than 10 eV A~!. Further information about the lattice

parameters and bond distances at ambient conditions is tabulated in Tables S1 and S2.

Density-functional perturbation theory (DFPT) was used to calculate phonon frequencies (®) as
well as the Born effective charge (BEC, Z*) tensor of the constituent atoms. Phonon-dispersion
curves of the A7 phase of Bi at 10 GPa were computed by using the supercell finite-displacement
method implemented in the Phonopy package [11] with VASP as the force constant calculator. A
2 x 2 x 2 supercell was used to enable the exact calculation of frequencies at the zone center (I')
and unique zone-boundary wave vectors. The phonon-dispersion curves were obtained on
uniform 40 x 40 x 40 I'-centered g-point meshes. Our lattice dynamics calculations do not include
long-range interaction of the electric field, so only transversal optical phonons are obtained in all
simulated phases. Further information about the bonding characteristics was extracted from the
calculated electron localization function (ELF) for selected elements. Optimized crystal structures
and related data were visualized by VESTA program [12]. The calculated volumetric data was
fitted to the third-order Birch-Murnaghan equation of state (BM3-EOS) using the EosFit7
software [13].

Delocalization index (DI) calculations, used to calculate the number of electrons shared, ES =2
x DI, were carried out using a Wannier transformation as detailed in Ref. [14]. For this purpose,
Quantum ESPRESSO, version 6.5 [15], was used in combination with wannier90 [16] and the

CRITIC2 program [17]. Single-point calculations at the VASP equilibrium geometries were



carried out using the same uniform k-point grids as in VASP, a plane-wave cutoff of 80 Ry and a
density cutoff of 320 Ry. Both the norm-conserving pseudopotentials (for the Kohn-Sham states)
and the PAW [5] data sets (for the all-electron density) were obtained from the pslibrary [18].
The PBEsol functional was used for the DI calculations [6]. Further chemical-bonding analysis
was performed through the crystal-orbital bond index (COBI) and projected crystal-orbital
Hamilton population (pCOHP) plots generated by the LOBSTER program [19-22]. These

calculations use the initial wavefunction and full electronic density calculated by VASP.

2. Crystal structures of pnictogens and chalcogens.

At room pressure (RP), the As-I, Sb-I, and Bi-I phases of group-15 elements have a trigonal A7
crystal structure (space group R-3m, No. 166) [23]. The primitive unit cell has two atoms
characterized by the Wyckoff position 6¢ (0 0 «), where u is the internal position parameter. The
A7 phase shows a layered structure in which each atom is surrounded by the three nearest atoms
(intralayer) and three second nearest (interlayer) neighbors at d; and d, bond distances,
respectively. More details regarding the experimental and calculated cell parameters, intralayer
(d;), and interlayer (d,) distances of the A7 structure in crystalline group-15 elements at RP are
collected in Table S1. In particular, Table S1 shows that d; and d;, distances become close to each
other as the sixfold coordination is approached going from As to Bi. The shorter d,/d; ratio in Bi

implies a stronger interlayer bonding than in As and Sb.

The three group-15 elements show experimental phase transitions (PTs) at high pressure (HP) in
which the transition pressure (P,) decreases going down the group. The A7-to-A; PT has been
observed at 25 GPa in As [24]. Sb-I transforms to a monoclinic incommensurate host-guest Sb-
IV phase at 8.0 GPa. This phase transforms at 8.6 GPa to a tetragonal incommensurate host-guest
Sb-1I [25-27]. The later phase transforms to the body-centered cubic (bcc) Sb-III phase at 28 GPa
[28]. The A;, phase has been proposed to exist in Sb either at HP [29], or at RP [30], but recent
studies have not confirmed previous results [31]. On the other hand, the A}, phase does not exist
among the HP phases of Bi [32]. At 2.52 GPa, Bi-I transforms to monoclinic Bi-II with a narrow
stability pressure range [33—36]. A Bi-III phase with host-guest structure is found between 2.7
and 7.7 GPa [32,37,38]. At higher pressures, the Bi-V phase, with bcc structure, is observed and
found stable up to 220 GPa [39,40].

At RP, the Se-I and Te-I phases of group-16 elements crystallize in the trigonal A8 crystal
structure (space group P3,21, No. 152). The unit cell has three atoms at the positions (u 0 0), (0
u 1/3), and (i i 2/3), where u is the internal atomic position parameter. This structure has infinite
twofold coordinated helical chains running along the c-axis, where each atom is connected to two
nearest atoms by strong covalent intrachain bonds at d; distance and to four second-nearest atoms

by relatively weak interchain bonds at d; distance. Information about the cell parameters and the



intrachain (d;) and interchain (d,) distances in the A8 phase of group-16 crystalline elements at
different pressures can be found in Table S2. In particular, Table S2 shows that d; and d,
distances become close to each other as the sixfold coordination is approached on going from Se
to Te. The large d,/d, ratio in Se indicates a weaker interchain bonding than in Te. The bonding
in Se is nearly similar to that of an ideal molecular crystal since its covalent radius (R.) is 1.20 A
[41] which results in 2 R, = d1. In Te, R, is 1.38 A [41] resulting in 2R, < d,. Consequently, the

intralayer bond d; in Te is weaker than the intralayer bond d; in Se.

At HP, Se-I transforms to the C-face-centered monoclinic host-guest structure (Se-II) at 16-18
GPa and then to a different base-centered monoclinic Se-III phase at 23 GPa. Se-III transforms to
an incommensurately modulated monoclinic structure (Se-1V) at 28 GPa, which is followed by a
transition to a B-Po-type rhombohedral phase (Se-V) at 41 GPa [42,43]. On the other hand, Te-I
transforms to the triclinic Te-II phase at 4 GPa. The Te-II phase transforms to an
incommensurately modulated monoclinic structure (Te-III) at 7 GPa. The Te-III phase goes to the
rhombohedral B-Po-type phase (Te-IV) above 10 GPa, but this result is contradictory [44].
Finally, a transition to a bcc phase (Te-V) occurs at 27 GPa [45-49].

Polonium has two polymorphs at RP. The low-temperature polymorph, a-Po, and the high-
temperature polymorph, B-Po. a-Po crystallizes in the Aj, phase (simple cubic (sc¢), space group
Pm-3m, No. 221), whereas -Po crystallizes in the A;phase (rhombohedral space group R-3m, No.
166). In a-Po, there is a single Po atom at a /a site, and the only free parameter is the lattice
parameter of the simple cubic lattice. In 3-Po, there is a single atom at a 3a site and there are two
free parameters, the rhombohedral lattice parameter and the rhombohedral angle of the
rhombohedral unit cell (or alternatively the a and c lattice parameters of the hexagonal unit cell).
Both polymorphs of Po show an octahedral coordination, with a single bond distance, and the
atomic packing is very similar to Se, Te, and the group-15 elements As, Sb, and Bi; however, the
presence of lone electron pairs (LEPs) in these last elements at RP results in a high octahedral
distortion [50]. From the chemical point of view, it is expected that Po is hexavalent since there
are six electrons in the outer shell (6s% 6p*), but instead, it is tetravalent. The explanation of such
anomalous behavior is the very high sp excitation energy in heavy atoms affecting the two
electrons of s-type orbital that act as an inert LEP, like in thallium and lead [51]. The structural

relation between group-16 elements, Se, Te, and Po, was previously discussed in detail [50,52].



Table S1. Calculated and experimental structural parameters of the A7 phase in group-15 elements at RP:
cell parameters (in A), u parameter, intralayer, d;, and interlayer, d>, distances (in A), and the d/d, ratio.

Species a c/a u d; d, dyd,
As (A7, 0 GPa) 3.784 2.672 0.230 2.533 3.020 1.192
Expt. (0 GPa) [53] 3.759 2.805 0.227 2.516 3.121 1.240
As (A7, 30 GPa) 3.555 2.429 0.5 2.507 2.507 1.00
As (Ap, 30 GPa) 3.541 2.449 2.504

Sb (A7, 0 GPa) 4.325 2.622 0.233 2.927 3.298 1.127
Expt. (0 GPa) [54] 4308 2.617 0.233 2.908 3.355 1.154
Sb (A7, 10 GPa) 4.170 2.434 0.5 2.942 2.942 1.00
Sb (A, 10 GPa) 2.948 2.948

Expt. (7 GPa) [29] 2.896 2.896

Bi (A7, 0 GPa) 4,526 2.573 0.237 3.079 3.449 1.120
Expt. (0 GPa) [55] 4.546  2.602 0.234 3.071 3.529 1.149

Table S2. Calculated and experimental structural parameters of the A8 phase in group-16 elements at RP:
cell parameter (in A), intrachain, d,, and interchain, d>, distances (in A), and the d./d; ratio in Se and Te.
Structural data of the high-pressure A; phase in Se and Te together with a- and B-Po phases at RP are also
provided.

Species a c/a d; d; dyd,;
Se (A8, 0 GPa) 4.028 1.275 2.444 3.165 1.295
Expt. (0 GPa) [42] 4.366 1.135 2.373 3.436 1.448
Se (A, 30 GPa) 3.257 1.657 2.602 2.602 1.00
Te (A8, 0 GPa) 4.377 1.361 2.917 3.335 1.143
Expt. (0 GPa) [56] 4.457 1.330 2.835 3.495 1.233
Te (A;, 10 GPa) 3.762 1.687 3.032 3.032 1.00
a-Po 3.349 3.349

Expt. (0 GPa) [50] 3.359 3.359

B-Po 4.730 1.232 3.352

Expt. (0 GPa) [50] 4.486 1.399 3.368

3. Results on pnictogens.

The first step of our calculations is to study the effect of pressure on the stability of the known
phases of group-15 and -16 elements at RP. The formation enthalpy difference (AH) of the As-I
(A7) and As-1II (Ay) phases at different pressures were calculated to evaluate the P, as shown in
the inset of Fig. S1a. The P, is obtained at about 25 GPa, which is in good agreement with the
experimental value. Both calculated and experimental atomic volumes of As vs. pressure are
shown in Fig. S1. The BM3-EOS was employed to fit theoretical results to evaluate the bulk
modulus (B,) and its pressure derivative (B,") at zero pressure. Our results show good agreement
with the experimental ones. In particular, the calculated relative volume (V/V,) of the A7 phase
at P, is 0.773, which is in reasonable agreement with previously reported experimental and
calculated values of 0.772 and 0.8, respectively [24,57]. Moreover, the calculated bulk modulus
(55.9 GPa) agrees reasonably with the experimental values previously reported (58 [24], 59 [58],
and 55.6 GPa [59]). These values are in very good agreement if we consider that experimental
(4.4 [59]) and calculated (4.1) B, values are comparable.
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Figure S1. Calculated (line) and experimental (circle) structural parameters of the optimized A7 (red) and
Ay, (blue) structures of elemental As as a function of hydrostatic pressure. a) Atomic volume fitted to the
BM3-EOS. AH (relative to the A7 phase) is shown in the inset. b) Lattice parameters and an attached inset
of the crystal lattice. c) Effective coordination number (ECoN) (black) of As and quadratic elongation (QE)
(red) of As distorted octahedron in the A7 phase. The transition pressure, Py, is marked with a vertical
dashed line in all panels. Experimental data was obtained from Ref. [24].

The good agreement between the experimental and theoretical lattice parameters in As-I and As-I1
is shown in Fig. S1b. Clearly, the A7 structure shows an anisotropic compression in which the c-
axis (related to interlayer distances) compresses much easier than the g-axis (related only to
intralayer distances). At P, the lattice parameters are a = 3.584 A and ¢ = 8.714 A for the A7
phase and 2.525 A for the A, phase.

The effective coordination number (ECoN) can reflect the increase of atomic coordination when
electron-deficient (metavalent) multicenter bonds (EDMBs) form. This was extensively discussed
for various groups of materials including covalent, metallic, ionic, and metavalent materials in
previous work (see Fig. 2 in Ref. [60]). Fig. Slc shows the ECoN of the As atom in the A7
structure which is determined by examining As polyhedra at different pressures, adjusting the As-
As distance to 3.0 A. It is known that for normal covalent solids, the coordination number is low
and obeys the § — N rule, e.g. As, Sb, and Bi are elements of group-15 that have an ECoN of 3
due to the three intralayer covalent bonds at RP. As pressure increases, the ECoN of the As atom
increases gradually up to 25 GPa where the As atom is coordinated to ~ 6 neighbors, thus
violating the § — N rule. These anomalous ECoN values are intermediate between that of pure
covalent and pure metallic materials (see Fig. 2 in Ref. [60]). This provides evidence of the
tendency of the As atoms to form EDMBs at HP. On the other hand, the quadratic elongation
(QE) index, which measures the distortion in the coordination polyhedra, is also shown for As in
Fig. S1c. The QE is inversely proportional to the ECoN and it decreases till it reaches ~ 1 at 25

GPa, where a nearly full octahedral coordination is obtained.



Following the same strategy as with elemental As, we have simulated the effect of pressure on
the A7 phases of Sb (Sb-1) and Bi (Bi-I) (see Fig. S2 and S4 in ESI). As already mentioned, the
A7 phases of Sb and Bi also tend to transform into the A;, phase. Interestingly, this phase has not
been observed in Bi at HP, although the monoclinic Bi-II phase is a slightly distorted sc phase,
and it remains uncertain whether it exists or not in Sb (see discussion in section 2 of ESI). In any
case, we have calculated the A7-to-A;, PT in both elements because it provides valuable insight
into the decrease of the polyhedral distortion with respect to the octahedral coordination and to
clarify the various stages of the pre-EDMB to EDMB transformation to be discussed in the next

section.

Regarding Sb and Bi, the simulated atomic volume, lattice parameters, and phonon frequencies
of Sb-I and Bi-I as a function of pressure (Figs. S2 and S4 in ESI) show in general better
agreement with the experiment than for As-I. These results suggest that anharmonic effects are
less pronounced in Sb and Bi than in As although these elements at RP show bonds that are closer
to the EDMBs than in As, as we will discuss later. Again, the presence of EDMBs in the A} phase
in Sb and Bi is confirmed by the change in the sign of the simulated pressure coefficients of the
optical phonon frequencies at Py, the high value of |y;| near Py, the increase of the Z* value in the
A7 phase and its high value in the octahedrally-coordinated A;, phase, and by the negligible V?p
value in the A, phase. Therefore, despite that the Ay, phase could not be experimentally observed
in these compounds at HP, it can be concluded that both Sb and Bi tend to exhibit EDMBs as

pressure increases and octahedral coordination is approached.
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Figure S2. Calculated (line) and experimental (symbol) structural parameters of the optimized A7 (red)
and A; (blue) structures of elemental Sb versus pressure. a) Atomic volume fitted to the BM3-EOS.
Experimental data were obtained from Ref. [61] (circle) and Ref. [27] (square). AH (relative to A7 phase)
is shown in the inset. b) Lattice parameters. The experimental data was obtained from Ref. [61]. ¢) Effective
coordination number (ECoN) (black) of Sb and quadratic elongation (QE) (red) of the Sb polyhedron in the
A7 phase. The attached insets show the Sb polyhedra in the A7 and A, phases. d) Phonon frequencies, o:
the two Raman-active 4,, and E, modes of Sb-I. Experimental values for the Sb-I (circles) and Sb-II
(squares) phases are obtained from Ref. [62]. e) Calculated average Born effective charge, Z*, tensor.
Attached inset of the absolute Griineisen parameter for the 4,, mode. f) Laplacian of the charge density,
where e is the electron charge and a, is the Bohr radius, at the BCP of primary (circle) and secondary
(triangle) bonds of A7 and the only bond of A} structure. The transition pressure (Pt) is marked with a
vertical dashed line in all panels.

Regarding Sb and Bi, our simulations also confirm the presence of the three stages of the
mechanism of EDMB formation along the A7-to-A, PT (Fig. S3, S5, and S12b-¢ in ESI). In

particular, Sb-I is in stage 1 at 0 GPa and in stage 2 above 3.5 GPa, whereas stage 3 should occur



experimentally in Sb-II above 8 GPa. On the other hand, Bi-I is in stage 1 (close to stage 2) at 0
GPa and in stage 2 (close to stage 3) in Bi-II at 2.5 GPa. Since the A; phase has not been
experimentally reported in Bi, stage 3 should occur experimentally in Bi-III above 2.7 GPa, as
already pointed out in the previous section. Interestingly, our results obtained for Bi are consistent
with the comments of Haussermann et al. [136], who stated that the electronic band structure of
Bi-III shows a Fermi level located in a valley in the bands formed by bonding and antibonding p-
type orbitals with a “significant covalent bonding contribution”. They also noted that the
“covalent bonding contribution” in Bi-Ill is no longer present in the A2 phase of group-15
elements that occurs at higher pressures, where a full electron delocalization is found, as expected
in metallic bonding. In this context, we consider that the term “significant covalent bonding
contribution” should be now understood as the EDMB contribution in Bi-11I because EDMBs are
also directional, like covalent bonds, and unlike metallic bonds. Finally, we have to stress that a
progressive decrease of the pressure range of stages 1 and 2 is observed on going from As (stage
1: 0 - 15 GPa; stage 2: 15 - 25 GPa) to Sb (stage 1: 0 - 3.5 GPa; stage 2: 3.5 - 7 GPa) and Bi (stage
1: 0 - 2.5 GPa; stage 2: 2.5 - 2.7 GPa).
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Figure S3. Calculated parameters of Sb as a function of pressure. a) Primary and secondary bond distances,
d; and d,, in the A7 (red) phase and the only bond distance of the A;, (blue) phase. Experimental data was
obtained from Ref. [61]. b) Charge density at the BCP of d; and d,, py; and p,,, where e is the electron
charge and a, is the Bohr radius. c¢) Evolution of d; vs. d; and d) the corresponding p,; and p,,. The three
stages of the mechanism of EDMB formation (LEP distortion, LEP depopulation, and EDMB
formation/LEP delocalization) are separated by vertical black dashed and red dotted lines.
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Figure S5. Calculated parameters of Bi-I as a function of pressure. (a) Primary and secondary bond
distances, d; and d,. b) Charge density at the BCP of d; and d,, p,; and p,,, where e is the electron charge
and a, is the Bohr radius. ¢) Evolution of d; vs. d, and d) the corresponding p,; and p,; along the three stages
of the mechanism of EDMB formation. Vertical black dashed and red dotted lines separate the three stages
of the mechanism.

Since the PBEsol functional works well for Bi below 6 GPa, we have simulated the monoclinic
phase of Bi-II to check the occurrence of EDMBs in one of the HP phases of Bi. Bi-II has a
distorted sc structure with a very narrow stability pressure range between 2.5 and 2.7 GPa. It
undergoes a PT to the incommensurately modulated host-guest Bi-III structure above 2.7 GPa
(Bi-1I is isostructural to Sb-II, the HP phase of Sb above 9 GPa [117]). Our results for the optical
phonons of Bi-II at HP (see Fig. S6 in ESI) show a rather good agreement with experimental
results [114,118] and a positive pressure coefficient for all the optical modes, as expected once
EDMBs are formed. As expected, the calculated Z* value in Bi-II is much higher than that
expected for a material with covalent or metallic bonds. Therefore, we conclude that the slightly

distorted sc phase of Bi-II likely shows slightly asymmetric EDMBs.
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4. Results on chalcogens.

Figure S7a illustrates the change in the atomic volume of Se-I as pressure is applied. The AH of
the A8 and A; phases at different pressures were calculated to evaluate the P;as shown in the inset
of Fig. S7a. The P, was obtained at 24 GPa. The lattice parameters of Se-I as a function of pressure
are depicted in Fig. S7b. It is evident that the compression of Se-I is anisotropic, the c-axis
increases smoothly while the a-axis gradually decreases with increasing pressure. The a-axis is
the preferred direction for compression, as it allows the Se chains to approach each other,
facilitating the formation of new bonds with neighbor Se atoms. ECoN and QE index are shown
in Fig. S7¢, with the Se-Se distance set to a maximum of 3.2 A. The ECoN changes from two at
0 GPa to six at 24 GPa, corresponding to nearly sixfold coordination. Previous experimental
results indicate that the XRD patterns at pressures above 18 GPa are very similar, with minor
changes, suggesting that Se-II and Se-III are closely related structures (see Fig. 4 in Ref. [65]).
The calculated pressure dependence of the bond distances and charge densities at the BCPs in A8

and A; phases of Se are plotted in Fig. S8.
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Figure S7. Calculated (line) and experimental (circle) structural parameters of Se under pressure in A8
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(black) and QE (red). P, is marked with a vertical dashed line in all panels.
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In the case of trigonal Te (Te-I), the atomic volume decreases gradually with pressure as shown
in Fig. S9a. The evolution of lattice parameters of the Te-I phase with pressure is also shown in
Fig. S9b. In the pressure range up to 7.2 GPa, a contraction of the a-axis is observed, while the
c-axis shows a slight increase. The ECoN of Te goes up to six at P, (Fig. S9¢). A similar drop in
both 4; and £’ modes is obtained up to 7.2 GPa, where they merge to one mode (see Fig. S9d).
As previously commented for Se, the lack of agreement of theoretical and experimental phonon
modes near P is likely due to the lack of anharmonic interactions in calculations (see main text).
The pronounced change in the slope of phonon frequencies near P; is reflected in the pronounced
increase of |y;| at P, (see inset of Fig. S9e). The electron-deficient multicenter character of the
bond beyond 7.2 GPa is evidenced by the high values of the calculated average of the diagonal
tensor Z* of Te atoms in the A8 and A; phases (Fig. S9e) and of the absolute Griineisen parameter
of the 4; mode in Se (inset of Fig. S9e¢) near P,. The EDMB formation is also evidenced by the
evolution of the Laplacian of the charge density in Fig. S9f. The calculated pressure dependence
of the bond distances and charge densities at the BCPs in A8 and A; phases of Te are plotted in
Fig. S10.
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5. ELF results of group-15 and -16 elements.
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Figure S12. Calculated ELF at the bond critical point (BCP) of the primary covalent bond (solid line) and
the secondary bond (dashed line) for a-c) group-15 elements (As, Sb, Bi) and d-f) group-16 elements (Se,
Te, Po). ELF for the only bond distance in a-Po (blue line) and in B-Po (green line). Vertical black dashed
and red dotted lines define the different stages of the mechanism of EDMB formation in group-15 and -16
elements.

6. Crystal orbital-based analysis of As under pressure.

Figure S13 shows the electronic density of states (DOS), the projected crystal-orbital
Hamiltonian population (pCOHP), and the crystal-orbital bond index (COBI) calculated for As-I
at RP and at HP as well as for As-II at HP. The electronic band structure of As-I at 0 GPa has
been already discussed in the literature [67—69]. At 0 GPa, the Fermi level is located in a deep
well of the DOS between the bonding (negative COHP and positive COBI values) and
antibonding p-orbitals (positive COHP and negative COBI values), which is consistent with the
semi-metallic character of group-15 elements. Bands below the Fermi level show small
antibonding intralayer and interlayer interactions up to -2.5 eV, large bonding intralayer
interactions between 2.5 and 7 eV (covalent ppo-bonds), and isolated bonding s-type LEPs
below 7 eV. It is normally expected to have also states with non-bonding character (near-zero
COHP values) near the Fermi level separating bonding and antibonding contributions [70-72];
however, the bands with antibonding character observed just below the Fermi level are
characteristic either of the LEP interaction with antibonding orbitals of covalent bonds giving rise
to secondary bonds (below 25 GPa in As) or of the formation of EDMBs (above 25 GPa in As)
[73].

At 35 GPa, the DOS at the Fermi level is higher than at 0 GPa, so the pseudo-gap separating
bonding and antibonding p states are no longer a deep well [74]. Note that calculations for the

As-1 (A7) and As-II (A,) phases at 35 GPa show similar profiles, being the difference due to a



slight distortion still present in the A7 phase that still results in two bond distances. Tracking the
bond strength of primary and secondary As-As interactions with pressure can be achieved by
monitoring the values of [p)COHP and ICOBI. I[pCOHP represents the overlapping strength along
the bonding path, while ICOBI shows the bond order. As pressure increases, both [pCOHP and
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Figure S13. Calculated total and orbital-projected density of states (left), projected crystal-orbital Hamilton
population (pCOHP) (center), and crystal-orbital bond index (COBI) (right) for the A7 structure of As at
a) 0, b) 20, ¢) 35 GPa, and d) in A, phase at 35 GPa. The colored regions illustrate the LEP and its



interactions and also of interactions related to EDMBs. Values for the integrated pCOHP and integrated
COBI for two- and three-center interactions are also attached.
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