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ABSTRACT
Boron rich transition metal borides are known as potential candidates for hard and incompressible materials. Two structural modifications of compound from this category of alloys, α- and β-Ir2B3-x (formerly denoted as Ir4B5) have been synthesized via both arc-melting and high temperature synthesis followed by annealing at 800 ºC and 900 ºC respectively. α-Ir2B3-x crystallizes in C2/m space group (x=0.54, a=10.5515(11) Å, b=2.8842(3) Å, c=6.0965(7) Å, β =91.121(9)º). Ordered arrangements of iridium and boron atoms have been deduced from X-ray diffraction study of best quality single crystals. Structural parameters of β-Ir2B3-x were obtained from Rietveld refinement of powder X-ray diffraction data (space group Pnma; a=10.7519(3) Å, b=2.83193(7) Å, c=6.0293(1) Å). The α-Ir2B3-x is built of corrugated layers of boron hexagons alternated along c-direction with two corrugated layers of iridium. Additional boron atom is found between iridium layers in [BIr6] trigonal prismatic coordination. The boron layer in α-Ir2B3-x is similar to the ReB2 boron substructure owing to chair configuration of boron hexagons, however differs from the latter structure by mode of condensation of B6 units via external B-B bond realizing the formation of distorted quadrilaterial zigzag boron ribbons. The boron substructure in β-Ir2B3-x is composed of ribbons built up of slightly corrugated quadrilaterial units resulted from linkage of two parallel boron chains via external B-B bond of each chain. Geometrically, the unit cell of β-Ir2B3-x consists of two blocks composed of an 8-membered iridium cage encapsulating the boron ribbon and columns of boron half-filled iridium trigonal prisms [B3Ir6] running along b; the blocks are mutually shifted along the a-direction for a half a unit cell.
DFT calculations revealed a number of bands crossing the Fermi level predicting metallic behaviors of the two compounds. β-Ir2B3-x is characterized by a pseudogap around the Fermi level and a small eDOS of 0.6405 states/eV*f.u. on the Fermi level comparing to the α-Ir2B3-x value of 1.405 states/eV*f.u. The total energy of formation of α-Ir2B3-x is smaller than that of β-Ir2B3-x proving the monoclinic modification to be more stable at 0 K.
The calculated electron localization function showed similar bonding features of α-Ir2B3-x and ReB2, i.e. a strong covalent bonding in the core part of B6 hexagons, a partially covalent bonding between Ir and B with the ELF maxima biased towards the B atoms and a reduction of strength of some B-B bonds by the interaction with Ir with the electron density flowing from B-B to Ir-B bonds. As compared to α-Ir2B3-x, the ELF calculations for β-Ir2B3-x indicated strong interaction between iridium and boron, however, demonstrated a negligible covalent bonding component within the quadrilaterial boron substructure thus explaining the reduced hardness of β-Ir2B3-x. Current structural studies combined with DFT calculation and bonding analysis proved the role of chemical bonds within boron layers as well as between metal layer and boron layer in determining the hardness of transition metal borides.

Keywords: Iridium Borides; Transition Metal Borides; Crystal Structure; Bonding analysis; Density Functional Theory Calculations

* Corresponding author
E-mail address: oksana.sologub@univie.ac.at.

1. Introduction
Boron rich binary transition metal borides display an extensive diversity of crystal structures and physical properties. Their crystal structures are characterized by strong covalent boron-boron and metal-boron bonds. These characteristics contribute to intriguing structure–properties relationships, which have been the topic of solid-state sciences for decades [1-6]. The majority of binary transition metal borides have a metal to boron ratio ranging from 3[image: [thin space (1/6-em)]]:[image: [thin space (1/6-em)]]1 (M3B) to 1[image: [thin space (1/6-em)]]:[image: [thin space (1/6-em)]]4 (MB4) [1,6], with few exceptions (e.g. higher borides [7] with Ti, Zr, Hf). With the increase of boron content, the covalent linkage patterns of boron atoms in borides evolve from isolated boron to one-dimensional boron chains, two-dimensional boron layers and three-dimensional boron frameworks composed of boron clusters [8,9].
At metal to boron ratio equal/ slightly higher than 1, the boron atoms are arranged in zig-zag chains. The metal atoms in CrB and α-MoB form trigonal prismatic layers however the relative dispositions of trigonal prisms and directions of boron chains in layers in two structures are different. With increasing boron content, the boron chains condense to double chains (Ta3B4-type [10]), triple chains (V2B3-type [11]) or a combination of single and double chains (V5B6-type [12]). The condensation of chains leads to formation of hexagons which is a characteristic element of boron substructure in AlB2.
	The AlB2-type structure type is dominating among compounds of ~1:2 metal to boron ratio. The structure consists of M6 trigonal prisms with boron atoms inside, forming graphite-like flat hexagonal boron nets. As such, in AlB2-type the flat boron and metal atom layers alternate; further di-boride structures can be considered as modifications of the AlB2 structure exhibiting a varying stacking of different boron atom layers, e.g. ReB2 [13,14] and OsB2 [14,15] where boron sheets are bent in chair and boat conformations respectively. Exceptional properties of diborides are their hardness, stability ranges, high melting points, conductivity. Particularly, directional covalent bonding coming from boron sheets (resisting the shear stress) in combination with high electron density at the Fermi level (EF) introduced by transition metal (making borides incompressible) are considered as two essential parameters for a class of hard materials [16,17]. More recently, a new bonding model, which is based on promiscuous metal–boron bonding, previously unrecognized as one of the crucial aspects of hard structures has been suggested for borides from comparative theoretical studies of three borides TiB2, ReB2, and OsB2 exhibiting different configuration of boron hexagonal layers [18].
RuB2 and OsB2 are the richest in boron phases, reported for VIIIB element borides [14,15]. The structure of RuB2-type exhibits puckered boron layers in a “boat” configuration interleaved with two metal atoms layers arranged to form empty tetragonal pyramids and empty tetrahedra. At 60 at% B the Ru2B3-type compound forms both in Ru and Os boride systems. The hexagonal structure of Ru2B3 is composed of WC-type blocks stacked with layers of boron hexagons in “chair” conformation along c-direction (ReB2-type block). The most boron-rich borides reported in Rh, Pt and Pd boride systems form hexagonal NiAs-type or its orthorhombic derivative (B in octahedral M6 coordination forms defect linear chains owing to partial occupation of B atom position) and CaCl2-type (isolated boron octahedrally coordinated by six Pd), respectively [8].
The boron rich iridium boride was first described in C2/m space group by Aronsson (1963) [15] from X-ray single crystal Weissenberg photographs. The obtained structure yielded 2 atom positions of Ir (4i x,0,z) and 4 boron positions (4i x,0,z) with two of them occupied for ca. 35% each. The compound was denoted as IrB1.35 due to boron defects in two of the four B-sites. In 1973 Lundström and Tergenius presented the structure refinement of IrB1.35 using a single crystal diffractometer technique [19] and described the structure in terms of puckered boron layers and puckered metal double layers which also contained boron in trigonal prismatic interstices. In contrast to previous work, only three boron positions (4i x,0,z) were deduced, one of which was occupied for 51%. Their results showed as well a disorder of the metal atoms in the b direction (induced by residual electron density peaks at ~0.1 Å outside the mirror plane) rendering the placement of Ir-atoms in a half filled general position 8j (x,y,z). The refined composition was Ir2B2.51 (Ir44.3B55.7 in at%). The shifts of Ir atoms away from the mirror plane in symmetry related positions at y~0.03 resulted in very short Ir1-Ir1 and Ir2-Ir2 interatomic distances in partly occupied sites and excluded the simultaneous presence of atoms in this atom positions (8j). In the course of Ir-B phase diagram studies Zeiringer et al. (2015) [20] in their analysis and refinements of X-ray diffraction data of single crystal obtained from as-cast alloy inclined towards the structure solution suggested by Lundström and Tergenius (1973) [19] and denoted the compound as Ir4B5 according to its nominal composition. Later on, a new iridium boride IrB2 (ReB2-type, space group P63/mmc, a=2.9257 Å, c=7.547 Å) has been obtained from mechanochemical synthesis and characterized using high resolution synchrotron X-ray diffraction analyses, scanning electron microscopy and transmission electron microscopy [21]. Rau and Latini (2009) reported a high hardness of 49.8 GPa at a load of 0.49 N for synthesized very thin films of IrB1.35 [22]. More recent experimental work on synthesis of Ir2B3-x phase under high-pressure/high-temperature conditions (10.5 GPa and 1500 °C) has revealed the formation of a new orthorhombic structure (denoted as β-Ir4B5; space group Pnma, a=10.772(2) Å, b=2.844(1) Å, and c=6.052(2) Å; single crystal X-ray diffraction and powder neutron diffraction); the properties of new phase have been characterized by using microcalorimetry, hardness, and compressibility measurements [23].
Since it has been predicted [24] that the improvement of mechanical properties of borides (strength, hardness and stiffness) could be achieved increasing the concentration of boron atoms in the sublattice of the transition metals, detailed theoretical studies have been performed by different research groups aiming to detect the most energetically stable boron rich iridium boride. Zhao et al. [25] found that the orthorhombic OsB2-type (space group Pmmn) is most energetically stable for IrB2; in a later work, IrB2 with OsB2-type structure was predicted as dynamically and mechanically stable and potentially low compressible material because of its high bulk modulus [26]. Several attempts were made to theoretically study both structural modifications of Ir2B3 through first-principle calculations. Petermüller et al. [23] calculated the elastic properties of both monoclinic α- and orthorhombic β-modifications of compound denoted as Ir4B5 according to nominal composition (Ir2B3-x, x=0.5 for β-modification) on model structures with full occupancies of 4i atom positions that assumed no occupational disorder and found out good correspondence between experimental and calculated values for Debye temperatures and bulk moduli. Zeiringer at. al. [20] has performed a fundamental study on the existence and stability of the Ir-B compounds using the evolutionary algorithm together with DFT-GGA calculations using PAW potentials. According to their study, the formation enthalpies of two reported structural models of boron rich iridium boride [15,19] are nearly the same (−0.249 eV/atom); remarkably, the orthorhombic structure, reported in [23] was not among the numerous predicted possible structures. Moreover, none of the theoretical studies listed above presented the results on bonding analysis, electron density of states and band structure of Ir2B3-x compounds with nominal composition Ir4B5.
The search for superhard and/or incompressible materials has stimulated the research interest in binary boron rich transition metal borides especially on those that can be obtained at ambient pressure, which leads to the low-cost synthesis condition and is beneﬁcial to their applications. In the course of our investigations of the boron rich end of Ir-B system, we have observed the formation of two modifications of the Ir2B3-x compound. As there still remained open question concerning atom ordering in the crystal structure of monoclinic α-Ir2B3-x compound, we focused on i) synthesis of this compound in single phase condition applying both high temperature synthesis in a radio frequency induction furnace and in an arc furnace, ii) obtaining good quality single crystals for structural studies and ii) proper elucidation of their crystal structure. We also succeeded in obtaining the orthorhombic β-Ir2B3-x phase at ambient conditions and complemented the current structural data for this phase with characteristics obtained from Rietveld refinement of powder X-ray diffraction data. Iridium boron-rich borides are supposed to possess characteristics required for the design of hard and/or incompressible materials, i.e. combination of high electron density at the Fermi level and a rigid covalent boron skeleton resisting the shear stress. Moreover, due to specific boron atoms arrangement in boron substructures in α-Ir2B3-x (e.g., resemblance of B6 structural units with B6 chair-like configuration of boron layers in ReB2) it may reveal bonding features related to material with enhanced hardness ReB2. According to theoretical studies, the predicted covalent bonds forming between the transition metal atoms and the B atoms are the key factors in determining the high hardness of the transition metal borides. Exploring the bonding of transition metal borides is of great importance to understand the variance in properties obtained from theory and experiments. Thus, in the pursuit of complementing the knowledge on two modifications of Ir2B3-x we have elucidated the underlying electronic structure in terms of density of states, band structures and electron localization function distribution.

2. Experimental
2.1. Synthesis and powder X-ray diffraction
Alloys were prepared from ingots of thoroughly re-melted pieces of iridium sponge and pieces of pre-synthesized master alloy IrB4.5 (B, 99.4 mass%, ChemPur, Germany; Ir sponge, 99.9 mass%, Ögussa, Austria) by repeated arc melting under argon. The arc-melted buttons were wrapped in tantalum foil and vacuum-sealed in a quartz tube for annealing at 800 C or 900 C for 240 hours. For high temperature synthesis in a radio frequency induction furnace, the proper weight ratios of amorphous boron (3N, SB-Boron Inc., USA) and iridium powder (99.9 mass%, Sigma-Aldrich, USA) were well mixed in mortar and compacted by cold iso-static pressing into cylindrical bars applying a pressure of 300 MPa. The compacted rod was placed in a crucible made from sintered BN which was inserted into a graphite susceptor. The reaction process was performed under dynamic vacuum at a predetermined temperature of about 1700 C for 6 h; afterwards the setup was cooled down in 1 h to room temperature. After synthesis, the samples were substantially surface cleaned, powderized, compacted and annealed for 4 h at 1500 C. Lattice parameters and standard deviations were determined by least square refinements of room temperature X-ray powder diffraction (XRD) data obtained from a Guinier-Huber image plate system with monochromatic Cu K1 radiation (8º<2θ<100º) and a standard high-resolution powder X-ray diffractometer (R-2000, Rigaku Co.) with CuK radiation. XRD Rietveld refinements were performed with the program FULLPROF [27] with the use of its internal tables for atom scattering factors.
2.2. Single crystal X-ray diffraction
The crystal structure of α-Ir2B3-x was elucidated from X-ray diffraction intensity data of single crystal (45m55m53m) which was isolated via mechanical fragmentation of the Ir45B55 sample annealed at 800ºC. The crystal was measured on a four-circle STOE Stadivari diffractometer equipped with a Eiger CdTe hybrid photon counting detector (Euler geometry, Mo Kα radiation). Orientation matrices and unit cell parameters were derived with the help of the diffractometers' software; the data were scaled using the multi-scan approach implemented in LANA [28]. Space group determination, structure solution and refinement were performed employing WinGX program package [29-32]. Further details concerning the single crystal X-ray diffraction experiments are summarized in Table 1.
2.3. Electronic structure calculations and chemical bonding analysis
Band structure (electron dispersion) and density of states (eDOS) calculations were performed within the DFT framework using the Quantum ESPRESSO 6.7 package [33] on a structural models α-Ir2B3-x and β-Ir2B3-x which assume a full occupation of B3 (4i (x,0,z) x=0.74036, z=0.05650) and B3 (4c (x, ¼,z) x=0.008, z=0.557) atomic position for the first and second compound respectively. Correlation and exchange effects of the electrons were handled utilizing the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof, revised for solids (PBEsol) [34]. Electron-ion interactions were treated using both fully relativistic and pseudo-relativistic projector augmented wave (PAW [35,36]) potentials constructed according to the code supplied by the PSLibrary (version 1.0.0) [37]. For iridium, the 4f-, 5s- and 5p- respectively were considered as valence states. The electron wave functions were expanded into plane waves with a kinetic energy cutoff of 71 Ry. For the charge density, a kinetic energy cutoff of 446 Ry was used. The unit cell parameters and atomic positions of α-Ir2B3-x and β-Ir2B3-x were relaxed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. A 4x15x7 k-point mesh constructed using the Monkhorst–Pack method [38] that guarantees a less than 0.15 Å-1 spacing between the k-points was used during the relaxation procedure of both models. A denser grid of 8x30x14 was used for the calculation of the electronic densities of states (DOS). The convergence threshold for self-consistent-field iteration was set at 10 –9 eV. ELF distribution was analyzed and visualized using the VESTA v.3.5.8 software [39].

3. Results and discussions
3.1. Crystal structures of α-Ir2B3-x (x=0.54)
X-ray single crystal diffraction data were indexed in a monoclinic base-centered lattice (a=10.5515(11) Å, b=2.8842(3) Å, c=6.0965(7) Å, β=91.121(9)). The space group C2/m was indicated by the systematically absent reflections (WinGX program package) and confirmed by the successful structure solution applying direct methods which resulted in two 4i atom positions of iridium. Two atom sites of B (4i) were found from difference Fourier maps after subsequent refinement of iridium atoms. The refinements with free site occupation factors showed full occupation for all four atom positions (two iridium and two boron). The B3 was found on the 4i site (x,0,z; x=0.09953, z=0.05650) from difference Fourier map, however, the low value of electron density (~6 e−/Å3) hinted towards a fractional population which was further refined to about 46% B. The large difference in the scattering power between iridium and boron imposes difficulties in defining the positional parameter at low boron population level, therefore the positional parameter (i.e. z), occupation and ADP for B3 in this structure were alternately constrained to a pre-refined value at each consequent cycle of refinement until reaching convergence with anisotropic ADP’s for Ir atoms and isotropic ADP’s for B atoms at a reliability factor value as low as RF2=0.0372 yielding residual electron density peaks +3.87 e-/Å3 and -3.76 e-/Å3 at 0.75 Å from Ir2 and 0.56 Å from Ir1 respectively. The relevant crystallographic data are given in Table 1; for bond lengths values see Table 2. X-ray powder diffraction intensities collected from the polycrystalline alloy with nominal composition Ir45B55 were in good agreement with the intensities calculated from the structural model obtained from single crystal as inferred from Rietveld refinement (Figure 1).
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Figure 1. X-ray powder diffraction pattern of Ir45B55 annealed at 800 ºC. 

Table 1. Structure refinement details from single crystal XRD
	
	α-Ir2B3-x (x=0.54)

	Nominal composition
	Ir44.8B55.2

	Space group
	C2/m; No. 12

	Structure type
	Ir2B3-x

	Formula from refinement 
	Ir2B2.46

	Range for data collection
	3.34°< <34.42°

	a (Å)
	10.5515(11)

	b (Å)
	2.8842(3)

	c (Å)
	6.0965(7)

	β (deg)
	91.121(9)

	Z
	4

	Reflections in refinement
	417 Fo >4(Fo) of 3391

	Mosaicity 
	<0.4

	Number of variables
	23

	RF2
	0.0372

	GOF
	1.202

	Extinction (Zachariasen)
	0.0012(4)

	Ir1 in 4i (x,0,z); Occ.
U11a, U22, U33, U12
	x=0.09953(6), z=0.1382(1); 1.00
0.0098(3), 0.0100(3), 0.0091(3), -0.0017(2)

	Ir2 in 4i (x,0,z); Occ.
U11, U22, U33, U13
	x=0.35744(6), z=0.2883(1); 1.00
0.0096(3), 0.0097(3), 0.0088(3), -0.0010(2)

	B1 in 4i (x,0,z); Occ.
Uisob
	x=0.179(2), z=0.459(3); 1.00
0.011(3)

	B2 in 4i (x,0,z); Occ.
Uiso
	x=0.560(2), z=0.383(3); 1.00
0.011(3)

	B3 in 4i (x,0,z); Occ.
Uiso
	x=0.740(4), z=0.0565c; 0.46(7)
0.012(6)

	Residual density; max;min (e−/Å3)
	+3.87; -3.76 e-/Å3


aanisotropic (Uij ) displacement parameters in Å2, U23=U12=0; bisotropic (Uiso) atomic displacement parameters in Å2; cfixed parameter.

Table 2. Interatomic distances in α-Ir2B3-x (x=0.54) (Å) a
	Ir1 –    B3    2.09(3)
            B1    2.11(2)
         2 B2   2.12(1) 
         2 B3   2.13(3)
            Ir1   2.6671(9)
            Ir2   2.8540(9)
         2 Ir1   2.8842(3)
         2 Ir2   3.0156(8)
         2 Ir2   3.0876(9)
Ir2 – 2 B1    2.15(1)
            B2    2.17(2)
            B1    2.17(2) 
            B2    2.20(2)
            B3    2.32(2)
         2 B3     2.36(2)
            Ir1     2.8540(9)
         2 Ir2   2.8842(3)
         2 Ir1   3.0156(8)
         2 Ir1    3.0876(9)
	B1 – 2 B2    1.96(2)
            Ir1    2.11(2)
         2 B1    2.13(2)
         2 Ir2    2.15(1) 
            Ir2    2.17(2)
B2 –    B2    1.93(3)
         2 B1    1.96(2)
         2 Ir1    2.12(1) 
            Ir2    2.17(2)
            Ir2    2.20(2)
B3 – 2 B3    1.614(8)
            Ir1    2.09(3)
         2 Ir1    2.13(3)
            Ir2    2.32(2)
         2 Ir2    2.36(2)



aFor bonds involving B3 a random (disordered) occupation rendering the formation of boron chain fragments is considered.
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Figure 2. Crystal structure of α-Ir2B3-x as arrangement of layers consisting of boron filled Ir6 trigonal prisms (red), empty iridium octahedra (green) and empty iridium tetrahedra (yellow) interleaved with puckered boron layers (a). Coordination polyhedra of atoms B1 (b), B2 (c), B3(d), Ir1 (e) and Ir2 (f). The figures reflect the presence of boron in every [Ir6] trigonal prism.

No features prompting the displacement of the metal atoms from the mirror plane, reported by Lundstrom et al. [19] and Zeiringer et al. (2015) [20] (and actually disregarding “model 1” in [20]) have been observed in our single crystal study. Two iridium atoms in two 4i positions were perfectly refined yielding spherical ADPs (Table 1, Figure 2). The finally refined formulae of this crystal is Ir2B2.46, which is of slightly a lower boron content than that proposed by Aronsson (1963) [15] and Lundstrom (1973) [19]. The Ir1 and Ir2 have 8 and 7 close iridium neighbors respectively within the same iridium boride layer; Ir-Ir distances range from 2.6671(9) Å to 3.0876(9) Å (Table 2) and are similar to the iridium−iridium distances in other borides [20]. The Ir-B distances are 2.09(3) Å - 2.36(2) Å within trigonal prism and 2.11(2) Å - 2.20(2) Å between metal and boride layers; the shortest among them (e.g. 2.09(3) Å, 2.13(3) Å, etc) are slightly shorter than the sum of the covalent radii of B and Ir, however are similar to those reported earlier for iridium borides [20,40,41]. Metal boride substructure is built of columns (running in b direction) of face-sharing Ir6 trigonal prisms half-filled with boron. As the B3 position inside the B6 trigonal prisms is almost 50% statistically occupied, some chain fragments with B3-B3 distance 1.614(8) Å may exist. The trigonal-prismatic columns interlink via Ir-Ir bonds leaving in between the empty octahedra and tetrahedra (Figure 2). The B1 and B2 form a boron layer of puckered hexagons. The B-B distances within hexagons are 1.96(2) Å for B1-B2 and 1.93(3) Å for B2-B2. The boron hexagons are interconnected via rather long B1-B1 contact of 2.13(2) Å leading to formation of layers of puckered hexagons and distorted squares (Figure 2, 7). B1 is coordinated by four boron atoms and 4 iridium atoms (iridium tetrahedron with four additional boron atoms). B2 has three close boron neighbors and four iridium neighbors leading to 7-fold coordination (iridium trigonal pyramid with three additional B atoms).

3.2. Crystal structure of β-Ir2B3-x
The existence of an unknown boron-rich iridium phase was initially observed in the sample of approximate composition ~Ir50B50 (in at. %) obtained via high temperature synthesis in the radio frequency induction furnace. The X-ray powder diffractogram revealed, besides monoclinic α-Ir2B3-x and traces of tetragonal Ir5B4, the pattern of an unknown phase which was indexed with an orthorhombic unit cell (a~10.77 Å, b~2.84 Å, c~6.04 Å). The powder X-ray diffraction pattern of the Ir44B56 (in at.%) alloy, arc-melted and annealed at 900 C, exhibited a significantly larger amount of the orthorhombic phase and only α-Ir2B3-x as impurity phase; consequently, it was used for further structural studies. Lattice parameters and intensities of reflections of the new powder pattern were consistent with those recently established for the high pressure /high temperature compound with nominal composition Ir4B5 by Petermüller et al (2018) [23]. Rietveld refinements of powder spectra of α- and β-Ir2B3-x (applying structural models obtained from single crystal studies in current work and in [23] for α-Ir2B3-x and β-Ir2B3-x respectively) revealed good correspondences between experimental and calculated XPD intensities and converged with reasonable values of reliability factors (Figure 3 and Footnote Table 3). The structural characteristics refined from the sample obtained via high-temperature synthesis are given in Figure S1.
Similarly to α-Ir2B3-x, the crystal structure of β-Ir2B3-x exhibits columns of Ir trigonal prisms partially filled with boron atoms and infinitely running along b-direction. Four columns of trigonal prisms interconnect in ac plane via Ir-Ir bonds to form the channels accommodating ribbons of two interlinked zigzag chains of boron atoms. Both Ir1 and Ir2 in β-Ir2B3-x exhibit 13-fold coordination (six Ir and seven B) in contrast to iridium atoms in α-Ir2B3-x, which have larger coordination numbers (CN=14 and CN=15 for Ir1 and Ir2 respectively) (Figure 4, Table 3). The Ir2 in both structures coordinate the boron quadrilaterial units, however the values of B-B bond lengths within these units in β-Ir2B3-x are less contrasting, i.e. 1.96(2) Å for B1-B2 and 2.13(2) Å for B1-B1 in α-Ir2B3-x vs 2.016 Å for B1-B2 and 2.114 Å for B1-B1 in β-Ir2B3-x. The atomic environments around boron atoms in the two structures look similar (i.e. tetrahedra of iridium with four tetrahedrally coordinated boron atoms against the edges for B1 ([B1B4Ir4]) and two-capped iridium trigonal prisms for B3 ([B3B2Ir6])) except for atoms B2, which are located at the edge of the ribbons and are six-fold coordinated ([B2B2Ir4]).
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Figure 3. Rietveld X-ray powder diffraction refinement for α-Ir2B3-x (space group C2/m, RI=0.0556, Rf=0.0276; upper row of Bragg positions) and β-Ir2B3-x (space group Pnma, RI=0.0675, Rf=0.0413; lower row of Bragg positions).

Table 3. Interatomic distances in β-Ir2B3-x (Å) a,b
	Ir1 –    B3     2.071
         2 B3    2.136
            B1    2.153
         2 B2    2.182
            B2    2.184
            Ir2    2.7360
            Ir2   2.8023
         2 Ir1    2.8319
         2 Ir2    2.9397

Ir2 – 2 B1    2.102
            B1     2.150
            B3     2.202
         2 B3     2.222
            B2     2.247
            Ir1     2.7360
            Ir1     2.8023
         2 Ir2   2.8319
         2 Ir1   2.9397
	B1 – 2 B2    2.016
         2 Ir2    2.102
         2 B1    2.114
            Ir2    2.150
            Ir1    2.153

B2 –  2 B1    2.016
          2 Ir1    2.182
             Ir1    2.184
             Ir2    2.247

B3 – 2 B3    1.583
            Ir1    2.071
         2 Ir1    2.136
            Ir2    2.202
         2 Ir2    2.222



aCalculated from crystal structure data obtained from Rietveld refinement of powder pattern: space group Pnma; a=10.7519(3) Å, b=2.83193(7) Å, c=6.0293(1) Å; Ir1 in 4c, x=0.8513(4), y=¼, z=0.3574(4), Ir2 in 4c, x=0.5949(4), y=¼, z=0.2737(4), B1 in 4c, x=0.5713, y=¾, z=0.5280; B2 in 4c, x=0.8010, y=¾, z=0.0970; B3 in 4c, x=0.0080, y=¼, z=0.5570. Atom coordinates of boron atoms were fixed during refinement. bFor bonds involving B3, a random (disordered) occupation rendering the formation of boron chain fragments is considered.
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Figure 4. Crystal structure of β-Ir2B3-x as arrangement of boron filled Ir6 trigonal prisms (red) and ribbons of condensed B-B zigzag chains (a). Coordination polyhedra of atoms B1 (b), B2 (c), B3(d), Ir1 (e) and Ir2 (f). The figures reflect the presence of boron in every [Ir6] trigonal prism.

[image: D:\Papers_in_work_Dec2023-2024\Cu-Ir-B\Figures_in_paper\Figures_XPD_Ir2B3-x\XPD_so150vidp_22Jun24_trimmed.tif]
Figure S1. Powder X-ray diffraction pattern of ~Ir50B50 (in at. %) sample obtained from high-temperature synthesis. Upper row of hkl labels corresponds to α-Ir3B2-x (space group C2/m; a=10.5433(8) Å, b=2.8924(3) Å, c=6.0927(6) Å, β=91.052(6)º), middle row represents the β-Ir3B2-x (space group Pnma; a=10.766(1) Å, b=2.8422(5) Å, c=6.0367(9) Å), lower row stands for the phase Ir5B4 (space group I41/a, a=6.2912(6) Å, c=10.256(1) Å). For Rietveld refinement, the structure models of α-Ir3B2-x (single crystal X-ray diffraction data; current work), β-Ir3B2-x [23] and Ir5B4 [20] were applied. Crystal structure data of β-Ir3B2-x as obtained from Rietveld refinement of powder pattern of HTS sample: space group Pnma; a=10.766(1) Å, b=2.8422(5) Å, c=6.0367(9) Å; Ir1 in 4c, x=0.8539(8), y=¼, z=0.352(1), Ir2 in 4c, x=0.5981(8), y=¼, z=0.274(1), B1 in 4c, x=0.5713, y=¾, z=0.5280; B2 in 4c, x=0.8010, y=¾, z=0.0970; B3 in 4c, x=0.0080, y=¼, z=0.5570. Atom coordinates of boron atoms were fixed during refinement.

3.3. Density function theory calculations
In the course of structure relaxation of α-Ir2B3-x and β-Ir2B3-x the crystallographic parameters were optimized and are presented in Table 4 and Table 5, respectively.
As can be seen from the tables, the two structures exhibit notable divergence (around 10%) between the experimentally obtained cell parameter b and the values obtained as a result of cell relaxation procedure for both full relativistic and scalar relativistic calculations. This behavior makes sense and is attributable to the discrepancy between the models applied for calculations and the actual crystal structures exhibiting partially occupied atomic positions of B3 in α-Ir2B3-x and β-Ir2B3-x. The remaining cell parameters including monoclinic angle β for α-Ir2B3-x as well as atomic positions, obtained as a result of cell relaxation are in good agreement with the experimental data.

Table 4. Atomic coordinates and cell parameters of α-Ir2B3 obtained as a result of cell relaxation procedure (space group C2/m, no. 12).
	
	α-Ir2B3a
	α-Ir2B3b
	α-Ir2B3c

	a (Å)
	10.37869
	10.32722
	10.5515

	b (Å)
	3.11661
	3.13359
	2.8842

	c (Å)
	6.08300
	6.072257
	6.0965

	β (deg)
	91.122
	91.031
	91.121

	Ir1 in 4i (x,0,z)
	x=0.10213
z=0.14363
	x=0.10085
z=0.14567
	x=0.09953
z=0.13822

	Ir2 in 4i (x,0,z)
	x=0.35867
z=0.29431
	x=0.35969
z=0.29322
	x=0.35744
z=0.28831

	B1 in 4i (x,0,z)
	x=0.17412
z=0.47415
	x=0.17452
z=0.47542
	x=0.17883
z=0.45906

	B2 in 4i (x,0,z)
	x=0.55846
z=0.38311
	x=0.55916
z=0.38376
	x=0.56031
z=0.38263

	B3 in 4i (x,0,z)
	x=0.74084
z=0.08074
	x=0.74025
z=0.07948
	x=0.74036
z=0.05650


acalculated without SOC; bwith SOC; cexperimental values obtained from single crystal X-ray diffraction data refinement.

The total energies of formation for relaxed structural modifications of α- and β-Ir2B3 have been calculated using the potentials mentioned above and are equal to -12670.67292460 Ry and -12670.64111593 Ry without spin-orbit coupling and -12714.98880181 Ry and -12714.95035688 Ry with spin-orbit coupling for in α-Ir2B3-x and β-Ir2B3-x respectively, proving the former to be more energetically stable.

Table 5. Atomic coordinates and cell parameters of β-Ir2B3 obtained as a result of cell relaxation procedure (space group Pnma, no. 62).
	
	β-Ir2B3a
	β-Ir2B3b
	β-Ir2B3c

	a (Å)
	10.55991
	10.56308
	10.7519(3)

	b (Å)
	3.17506
	3.17455
	2.83193(7)

	c (Å)
	5.87137
	5.87151
	6.0293(1)

	Ir1 in 4i (x,¼,z)
	x=0.85139
z=0.35815
	x=0.85130
z=0.35810
	x=0.8513(4)
z=0.3574(4)

	Ir2 in 4i (x,¼,z)
	x=0.59896
z=0.27890
	x=0.59902
z=0.27882
	x=0.5949(4)
z=0.2737(4)

	B1 in 4i (x,¾,z)
	x=0.57508
z=0.51633
	x=0.57511
z=0.51636
	x=0.5713
z=0.528

	B2 in 4i (x, ¾,z)
	x=0.80272
z=0.10687
	x=0.80282
z=0.10684
	x=0.801
z=0.097

	B3 in 4i (x,¼,z)
	x=0.01272
z=0.58550
	x=0.01262
z=0.58552
	x=0.008
z=0.557


acalculated without SOC; bwith SOC; cexperimental values, see Footnote Table 3.

Electronic density of states for α-Ir2B3-x and β-Ir2B3-x calculated both with and without spin orbit coupling are presented in Figure 5. For the two compounds, the spin-orbit coupling has a very modest effect on the electronic density of states around the Fermi level, making the results of calculations without and with SOC almost undistinguishable.
The valence bands of α-Ir2B3-x and β-Ir2B3-x are governed by states of iridium atoms. In case of α-Ir2B3-x the electron density of states at the Fermi level is equal to 1.405 states/eV*f.u. It consists of the dominant states of Ir with the averaged electron density value of 0.4350 states/eV*atom and states of boron with significantly lower averaged electron density of 0.1760 states/eV*atom. Calculations of the electron density of states of β-Ir2B3-x show the existence of the pseudo gap in the range between -1 and 0 eV. At the Fermi level eDOS of β-Ir2B3-x is characterized by a value of 0.6405 states/eV*f.u. In case of this structural modification of compound the cumulative influences of boron and iridium electron states on the Fermi level are equal. In the valence band just above the Fermi level the density of states of both compounds is governed by the states of boron.
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Figure 5. Electronic density of states of α-Ir2B3-x (a) and β-Ir2B3-x (b). Solid and dashed lines correspond to the values calculated without and with SOC respectively.

	Partial electron densities of states are presented in Figure S2 and Figure S3 for α-Ir2B3-x and β-Ir2B3-x respectively. As can be seen from the graphs, the effects of spin orbit coupling on the electron density of states are negligible. For the two structural modifications the electron densities of states are determined by the sum of Ir d- and B p- states both above and below the Fermi level.
Electronic band structures of α-Ir2B3-x and β-Ir2B3-x are presented in Figure 6 for a non-spin-orbit case (solid lines) and with involvement of spin-orbit interactions (dashed lines). The compounds are expected to be metallic due to a number of bands crossing the Fermi level in both SO and non-SO case.
[image: ][image: ]
Figure 6. Electronic band structure of α-Ir2B3-x (a) and β-Ir2B3-x (b). Solid and dashed lines correspond to the values calculated without and with SOC respectively.
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Figure S2. Distribution of partial (per one atom) density of states in α-Ir2B3-x without (a, b, c, d,e) and with (f, g, h, i, j) SOC
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Figure S3. Distribution of the partial (per one atom) density of states in β-Ir2B3-x without (a, b, c, d,e) and with (f, g, h, i, j) SOC
3.4. Bonding in α-Ir2B3-x and β-Ir2B3-x
The crystal structure of α-Ir2B3-x can be viewed as arrangement of metal boride substructure (two corrugated layers of iridium running along b with boron atoms in interstices in trigonal prismatic coordination [B3Ir6]) separated by a boron layer composed of ribbons of corrugated B6 hexagons interlinked via B-B external bonds. A calculation of the electron localization function (Figure 7) showed the relatively high levels of electron localization for B3-Ir bonds within the trigonal prismatic part of structure with a maximal value of 0.704 for B3-Ir1 bonds (distance B3-Ir1 2.13(3) Å) and slightly reduced ELF of 0.652 for B3-Ir1 and 0.615 for B3-Ir2 suggesting moderate covalent contribution of the latest two bonds in the Ir-B interaction within [B3Ir6] trigonal prisms (Figure 7b). In case of formation of boron chain fragments in Ir trigonal prisms, the ELF distribution between B3 is characterized by ELFmax value of 0.706 indicating covalent bonding (Figure 7a). B1 and B2 build boride layers where B1-B2 and B2-B2 bonds participate in formation of puckered hexagons which are inter-connected via B1-B1 bonds (Figure 7f). A high ELF of ~0.750 between B2 atoms and slightly smaller electron localization domain between B1-B2 (ELF: ~0.675) documents strong covalent bonding in corrugated hexagonal rings (Figure 7d). Rather small values of ELF (max ~0.54) appears for B1-B1 bond (Figure 7e) revealing a small probability of electrons pairing in the boron quadrilaterial units formed between ribbons of covalently bonded boron hexagons. The apparently minor covalent bonding in B1-B1 interaction could be expected from the rather large distance of 2.13(2) Å between these two atoms comparing to other B-B bonds in the structure. B2 is tetrahedrally bounded with iridium atoms from adjacent metal-boride layers (Figure 2). A strong covalent bonding was detected from ELF distribution maps for both B1-Ir1 and B1-Ir2 interactions (ELF>0.710) (Figure 7c). The maxima of ELF for B2-Ir2 contacts are 0.697 for a longer contact and 0.749 for a shorter contact (Table 2); calculated ELF map revealed the maximum of 0.738 for B2-Ir1 bond which is significantly shifted to boron along the line indicating geometrical bond. (Figure 7g).

Table 6. Calculated Bader charges of Ir and B atoms in α- and β-Ir2B3-x phases.

	Phase
	Space group
	Atom
	Charge value (e-)

	α-Ir2B3-x
	C2/m
	Ir1
Ir2
B1
B2
B3
	-0.5152
-0.5030
+0.4811
+0.3390
+0.1981

	β-Ir2B3-x
	Pnma
	Ir1
Ir2
B1
B2
B3
	-0.5689
-0.4774
+0.5043
+0.3105
+0.2315
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Figure 7. Sections of calculated electron localization function in α-Ir2B3-x structure within the planes visualizing: B3-B3 bonding on the assumption of formation of boron chains fragments (a); boron – iridium covalent bonding in trigonal prisms (b); B1-Ir1 and B1-Ir2 interactions (c); boron interactions in puckered boron hexagons (d) and B squares (e); boron layer as obtained from single crystal X-ray data refinement (f). Electron localization at 0.70 isosurface level (g).

In comparison to the layered structure of α-Ir2B3-x, the β-Ir2B3-x structure exhibits a combination of the infinite columns of iridium trigonal prisms half filled with boron and the ribbons of double boron chains. The calculated ELF for β-Ir2B3-x is presented in Figure 8, which clearly reveals the presence of strong covalent bonds between boron and iridium atoms with the maximum value of 0.785 for B1-Ir2 (B1-2Ir2 ~2.10 Å) (Figure 8a). The ELF values for B1-Ir2 and B1-Ir1 bonds which complete the tetrahedral coordination of B1 are 0.739 and 0.712, respectively, both within the covalent region (Figure 8a). Similarly, high values of ELF have been found between iridium atoms and B2, which is located at the edge of the boron ribbon, i.e. three bonds B2-Ir1 (at ~2.18 Å) have ELF value 0.777, while the longer contact B2-Ir2 (~2.25 Å) has a lower value ELF: 0.695 (Figure 8b). The high tendency of electron localizations is also identified in the trigonal prismatic substructure between B3 and iridium atoms (ELF: 0.689 and 0.630 for B3-Ir1 and B3-Ir2 contacts, respectively) (Figure 8c). Assuming formation of B3-B3 chain fragments in iridium trigonal prisms, the bond between boron atoms has the ELF value 0.648 (Figure 8d). In contrast, the ELF maps within the planes in the boron substructure reveal large green zones indicating a small probability of electron pairing (ELF: 0.625 for B1-B2 bond) with particularly small values of ELF (i.e. 0.525) in the region between boron chains (B1-B1 contact) (Figure 8f). As such, the boron substructure is stabilized by the electrons transferred from the Ir atoms in good agreement with calculated Bader charges (Table 6).
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Figure 8. Sections of calculated electron localization function in β-Ir2B3-x structure within the planes visualizing: covalent Ir-B bonding in [BIr4] tetrahedra (a, b) and [BIr6] trigonal prism (c); B3-B3 bonding on the assumption of formation of boron chains fragments (d); B1-B1 and B1-B2 interaction (e). Boron substructure consisting of branched zigzag chains formed by B1 and B2 (e). Electron localization at 0.69 isosurface level complemented with the planes sections showing Ir1-Ir2 interaction within the 8-membered Ir cage. Small values of ELF between Ir atoms indicate metallic bonding with ionic contribution between iridium atoms (g).

Transition metal borides with a metal boron ratio ≥ 2 are often considered as potential candidates for hard and incompressible materials. Among them, ReB2 (P63/mmc), was found to have high hardness (48 GPa under a load of 0.49 N) [16,42,43]. It was also reported, that HV and other mechanical properties depend on the morphology of the samples and on the presence of an excess of boron showing a much higher value of HV (39.5(2.5) GPa) for single crystalline sample and more modest characteristics for randomly oriented polycrystalline material (e.g. 27.0(4.7) GPa) [44] as well as the hardness of ReB2 depends on the temperature [45]. The ReB2 structure is composed of hexagonal layers of Re atoms interchanging with the layers of boron atoms organized to form condensed six-membered rings in a chairlike conformation. A number of solid solutions with ReB2-type structure has been synthesized [8]; similar layers has been found in gray arsenic (A7 type) and high pressure modification of black phosphorus [46]. Not so far, Bykova et al (2022) [47] reported two high-pressure borides with ReB2-type related structures, ReB3 and ReB4, synthesized at 26 GPa - 75 GPa. The structures consist of close-packed single layers of rhenium atoms alternating with boron networks built from puckered hexagonal layers, which link short bonded (∼1.7 Å) axially oriented B2 dumbbells. Two new compounds exhibit rather high values of Vickers hardness, HV = 34(3) GPa.
Recent comparative bonding analysis in MB2 borides, featuring different configuration of boron layers (i.e. planar sheets in TiB2, sheets of boron hexagons in chair configuration in ReB2 and sheets of boron hexagons in boat configuration studies in OsB2) proved that the hardness of transition metal borides with layered structure depend not only on strong covalent bonding in the boron substructure, but is also bound up with M-B bonds at the interlayer; moreover it demonstrated, that the promiscuity of M-B bonds strongly dictates hardness of borides [18].
Similarly to ReB2, the α-Ir2B3-x is a hard material according to Vickers hardness values, (HV is 18.2–49.8 GPa, depending on the load, ranging from 0.49 to 9.81 N) [22]. Despite different condensation of boron units within boron sheets, the configuration of boron hexagons in α-Ir2B3-x resembles that in ReB2, however reveals considerably different lengths of B-B contacts, i.e. 1.93 Å, 1.96 Å vs 1.822 Å in α-Ir2B3-x and ReB2 [13] respectively. The central shortest B2-B2 bonds (~1.93 Å, Figure 7f) in corrugated B6 units in α-Ir2B3-x have a largest ELF values reminiscent of that in ReB2 [42, 43], while the longer contacts have significantly smaller ELF as compared to ReB2. The ELF maxima observed between B2-B2 in α-Ir2B3-x seems to be smeared and displaced along the B2-Ir2 contact in analogy to ELF in ReB2. The major difference between ReB2 and α-Ir2B3-x boron substructures consists in condensation of hexagonal rings via external elongated B1-B1 bond (~2.13 Å) in the latter compound, where the calculated ELF corresponds to the electron-gas-like pair probability. 
In P6/mmm AlB2-type compounds (planar boron layers interleaved with planar metal layers), the M atom is located above the center of boron hexagon, while in ReB2 (space group P63/mmc; corrugated boron layers interleaved with planar metal layers) the Re is situated above the B atom; B atoms are accommodated in trigonal Re4 pyramids exhibiting almost equal B-Re distances within 2.23 Å - 2.26 Å. The structural chair configuration of boron substructure in ReB2 was explained via strong hybridization of Re d- and B p-orbitals [43]. In α-Ir2B3-x (space group C2/m; corrugated boron layers interleaved with two corrugated metal layers partially stuffed with boron) the atom coordination of B2 corresponds to that of boron in ReB2, notwithstanding different values of B2-Ir distances (2.12 Å – 2.20 Å). Similarly to ReB2, ELF for B2-Ir bonds are not equal being the smallest for the B2-Ir2 contacts within the (010) plane (Figure S4). B1 in α-Ir2B3-x (i.e. terminating atoms in B hexagonal ribbons) is located in a Ir4 tetrahedron, in which two Ir2 atoms are significantly strongly covalently bounded with central B1 atom (at 2.15 Å).
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Figure S4. Sections of calculated electron localization function in α-Ir2B3-x structure within the (010) (a) and (020) (b) planes. Some atoms are located above (a) and below (b) the planes.
Boron ribbons in β-Ir2B3-x are composed of boron zigzag chains bonded via external bonds to form quadrilaterial boron units. Here the two kinds of boron atoms are tetrahedrally surrounded by four Ir atoms each. The Ir-B bonding distances in β-Ir2B3-x are less diverse, than in α-Ir2B3-x (Table 3), however reveal more contrasting values of ELF (Figure S5). In [B1Ir4] tetrahedra, three B1-Ir bonds are of comparable strength while the remaining one is much weaker. Similarly, B2 generates three strong covalent bonds and one weaker covalent bond with iridium atoms; the ELF values of B2-Ir bonds are more uniform as compared to B1-Ir bonds. In contrast to α-Ir2B3-x, a very modest electron localization was found between boron atoms in the boron substructure of β-Ir2B3-x (Figure 7 and Figure 8, respectively)
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Figure S5. Sections of calculated electron localization function in β-Ir2B3-x structure within the (040) (a) and (080) (b) planes. Some atoms are located above (a) and below (b) the planes.

Various theoretical studies predicted the possible synthesis of novel iridium borides with varying Ir:B ratio, which possibly could be synthesized under high-pressure/high-temperature conditions and are expected to show interesting mechanical properties [20,26, 48-52]. Among them a monoclinic m-IrB2 [49] structure was foreseen to exhibit the puckered quadrilateral boron layers interleaved with corrugated hexagonal sheets of iridium perpendicular to the c axis. Calculated elastic and electronic properties imply that m-IrB2 is potentially a non-compressible and superhard material due to strong covalent bonding in quadrilateral networks of the boron layers. Remarkably, the hardness of β-Ir2B3-x, which ranges from HV 9.8 N = 15.8(1.2) GPa to HV 0.49 N = 22.6(2.8) GPa [23], is significantly lower than the values reported for the α-Ir2B3-x modification (49.8 GPa at 0.49 N and 18.2 GPa at 9.8 N). Comparing the bonding features elucidated in the current work, we conclude that the contrasting values of hardness for the two modifications could be a consequence of extremely reduced covalent bonding within a slightly corrugated quadrilaterial boron substructure in β-Ir2B3-x as compared to strong covalent interaction in the layers of interlinked boron hexagons in a-Ir2B3-x.

Conclusions.
Two structural modifications of compound from category of hard materials, α- and β-Ir2B3-x, have been synthesized at ambient conditions via both arc-melting and high temperature synthesis. The crystal structure of layered α-Ir2B3-x was studied from single crystal and powder X-ray diffraction (space group C2/m) and revealed ordered distribution of Ir atoms and ~50% vacancy on one B site rendering the formula Ir2B3-x, x=0.5. Structural parameters of β-Ir2B3-x were obtained from powder X-ray diffraction data (space group Pnma). The α-Ir2B3-x is built of corrugated layers of boron formed by B1 and B2 interleaved along c-direction with two corrugated layers of iridium. Additional boron atom (appr. ~50% occupancy) is found in interstices of iridium bi-layers in [BIr6] trigonal prismatic coordination. The boron layer is composed of ribbons of corrugated boron hexagons interlinked via external B-B bonds thus delivering the distorted quadrilaterial zigzag boron ribbons running in between the ribbons of boron hexagons. Boron hexagons are puckered in chair conformation, bearing similarities with the ReB2 boron substructure. Concomitantly, the coordination polyhedron of one boron atom is a Ir4 trigonal pyramid with three additional boron atoms and corresponds to that of ReB2, while another boron is tetrahedrally coordinated by four Ir with four additional boron atoms penetrating the edges of the Ir4 terahedron. The boron substructure in β-Ir2B3-x comprises ribbons built up of slightly corrugated quadrilaterial units resulted from linkage of two parallel boron chains via external B-B bond of each chain. The ribbons running along b-direction are located in cavities which are formed by eight Ir atoms and separated from each other by fragments of zigzag chains of boron atoms (assuming ~50% statistical occupancy of B3 atom position). Geometrically, the unit cell of β-Ir2B3-x structure consists of two blocks composed of 8-membered iridium cage encapsulating boron ribbons and boron filled iridium trigonal prism [B3Ir6], which are mutually shifted for a half of unit cell along a-direction. The coordination polyhedra of B1 and B2 are Ir4 tetrahedra with 3 or 2 additional boron atoms for the inner and terminal atoms of boron ribbons, respectively.
Both α-Ir2B3-x and β-Ir2B3-x are expected to be metallic from the DFT calculations with a number of bands crossing the Fermi level in both SO and non-SO case. β-Ir2B3-x is characterized by a pseudogap around the Fermi level and a small eDOS of 0.6405 states/eV*f.u. on the Fermi level comparing to α-Ir2B3-x of 1.405 states/eV*f.u. The total energy of formation of α-Ir2B3-x was found smaller to that of β-Ir2B3-x proving the monoclinic modification to be more stable at 0 K.
	Bonding in α- and β-Ir2B3-x was investigated using the electron localization function method. Similarly to ReB2, a partially covalent bonding between Ir and B is indicated with the ELF maxima biased towards the B atoms in α-Ir2B3-x; moreover some B-B bonds are weakened by the interaction with Ir with the electron density flowing from B-B to Ir-B bonds. Strong covalent bonding interaction between B atoms in the core part of boron hexagons is seen in α-Ir2B3-x in contrast to β-Ir2B3-x, which demonstrates a negligible covalent bonding component within the quadrilaterial boron substructure and attains maximum values between Ir and B atoms, close to the B atoms, indicating strong interaction between iridium and boron. From this, combined with the abovementioned analysis of density of states, we can conclude that strong covalent B-B bonds within boron hexagons and a strong covalent component of Ir-B bonds are the main cause of hardness and stability of α-Ir2B3-x and explain the reduced hardness of orthorhombic β-Ir2B3-x structure as compared to monoclinic modification.
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