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We present a novel two-dimensional (2D) boron nitride allotrope, Irida-B12 N12 (Ir-BN), analogous 
to the all-carbon Irida-Graphene (Ir-G). The predicted structure of Ir-BN consists of alternating boron 
and nitrogen atoms, forming three distinct lattices with 3-, 6-, and 8-membered ring patterns. First-
principles calculations based on density functional theory (DFT) formalism and ab initio molecular 
dynamics (AIMD) simulations were performed to investigate its structural, mechanical, electronic, and 
optical properties. The Ir-BN lattices exhibit good dynamical and thermal stability, supporting their 
viability as new 2D materials. Substantial anisotropy is observed in the mechanical properties, with 
in-plane stiffness ranging from 16 to 142 N/m, depending on the direction, and bulk moduli between 78 
and 95 N/m. The electronic structure analysis reveals that Ir-BN is a wide-bandgap semiconductor, with 
band gaps ranging from 2.4 to 3.2 eV. The material shows optical activity particularly in the visible and 
ultraviolet regions.
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The continuous development of 2D materials has significantly advanced our understanding of nanomaterials and 
their potential applications in modern technology1. Since synthesizing graphene in 20042, interest in other 2D 
materials has increased significantly3, driven by the need to discover new materials that exhibit unconventional 
properties not present in their bulk counterparts with a lower surface-to-volume ratio4. Among these 2D 
materials, boron nitride-based structures have emerged as significant contenders, especially in nanoelectronics, 
due to their mechanical and thermal stability and wide-bandgap semiconducting behavior5.

In its 2D form, boron nitride is often called hexagonal boron nitride (h-BN)6. It is structurally analogous to 
graphene but has alternating boron and nitrogen atoms in a honeycomb lattice. This material has been widely 
studied for its electrical insulating properties7, making it a valuable component in heterostructures and devices8. 
However, the quest for novel 2D boron nitride allotropes that exhibit diverse and tunable properties remains 
critical9. Such allotropes could open new avenues for applications in fields ranging from optoelectronics to 
energy storage10.

Two-dimensional boron nitride materials offer various structural possibilities, paralleling the variety found 
in carbon-based materials7,11,12. For example, h-BN13, amorphous BN monolayers14, penta-BN15, T-BN16, 
octagonal-BN17, PAI-BN18, DHQ-BN19, g-B3N520, and Ψ-BN21exhibit distinct atomic arrangements, each 
contributing unique properties to the landscape of novel nanomaterials. Exploring PHA-Graphene and PHA-
BN has also extended the boundaries of 2D boron nitride structures22–24. The boron nitride analog of the 
Biphenylene Network (BPN), BPN-BN12,25, has garnered particular attention due to its intriguing properties 
and the recent synthesis of the all-carbon BPN26.

Recent advancements in computational materials design have led to the prediction of 2D carbon allotropes 
with novel ring patterns27,. Among them, Ir-G28, is characterized by an intricate lattice composed of 3-, 6-, 
and 8-membered rings that impart interesting electronic and mechanical properties, which have been studied 
for various possible applications and variations29–36. Inspired by this structure, we propose a boron nitride 
analog, Irida-BN (Ir-BN), which retains the alternating boron and nitrogen atoms while adopting the 3–6-8 ring 
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arrangement. The prediction and characterization of Ir-BN contribute to the expanding field of 2D materials, 
particularly boron nitride allotropes11. Our findings provide insights into this novel material’s potential and lay 
the groundwork for future experimental validation and exploration.

This study employs DFT calculations and AIMD simulations to predict Ir-BN’s mechanical, structural, 
electronic, and optical properties. The predicted structure of Ir-BN consists of alternating boron and nitrogen 
atoms, forming three distinct lattices with unique 3–6-8 membered ring patterns. By analyzing this allotrope’s 
stability and potential functionality, we aim to understand its characteristics comprehensively. Our results 
indicate that the Ir-BN lattices exhibit good dynamical and thermal stability, a wide bandgap ranging from 2.4 
to 3.2 eV, and pronounced anisotropy in their mechanical properties, with in-plane stiffness ranging from 16 to 
142 N/m. Additionally, the optical activity of Ir-BN is significant in the visible and ultraviolet regions, suggesting 
promising applications in optoelectronics.

Results and discuss
Structural and stability properties
To begin our discussion on the structural features of Ir-BN, Figure 1 presents the three distinct Ir-BN lattices 
proposed in this study: (a) Ir-BNA  (hex-B4N2), (b) Ir-BNB   (hex-B2N4), and (c) Ir-BNC   (hex-B3N3). These 
lattices, containing 24 atoms in their unit cells, were initially optimized using the PBE method. The unit cell 
of each lattice was designed based on variations of the hexagonal ring (hex-), as previously mentioned. The 
Ir-BNA  lattice has lattice vectors of 11.78 Å and 6.63 Å, with its hexagons consisting of four boron atoms 
paired with two nitrogen atoms. The Ir-BNB  lattice features lattice vectors of 11.15 Å and 6.78 Å, with reversed 
hexagonal rings compared to Ir-BNA, consisting of four nitrogen atoms paired with two boron atoms. Finally, 
the Ir-BNC  lattice shows lattice vectors of 11.13 Å and 6.75 Å, with hexagonal rings interspersed between B and 
N, with no paired atoms in this case. In all lattices, starting from the hexagon design, bonds were constructed 
by intercalating nitrogen and boron atoms. In the Ir-BNA  lattice, triangular rings feature two nitrogen atoms 
for every boron atom, while in the Ir-BNB   lattice, the triangles contain two boron atoms for every nitrogen 
atom. The Ir-BNC  lattice has half of the triangles with more nitrogen than boron and the other half with more 
boron than nitrogen. All lattices have lattice angles of α = β = γ = 90◦, corresponding to the space group 
CMMM (D2H-19). These lattices exhibit a ring structure of 3, 6, and 8 boron and nitrogen atoms. The variations 
in topology result in distinct electronic and structural characteristics, which are detailed subsequently. See 
supplementary information to crystal information data.

The bond distances for B-N, B-B, and N-N differ based on the system’s atomic arrangement. In phase A of 
Ir-BN, the 3-membered BN-ring exhibits N-N bonds of 1.76 Å and B-N bonds of 1.43 Å. B-B bonds are 1.71 
Å in the hexagonal rings, and B-N bonds are 1.50 Å. The B-N bond between triangular (via B) and hexagonal 
(via N) rings measures 1.45 Å, while the B-N bond between triangular (via N) and hexagonal (via B) rings is 
1.42 Å. In Ir-BNB , the B-B and B-N bonds in the triangular rings are 1.60 Å and 1.42 Å, respectively. The N-N 
and B-N bonds in the hexagonal rings are 1.62 Å and 1.45 Å, respectively. The B-N bond between boron in the 
6-membered BN-ring and nitrogen in the 3-membered BN-ring is 1.48 Å, whereas, for nitrogen in the hexagonal 
and boron in the triangular rings, it is 1.43 Å. Lastly, in Ir-BNC , the B-N bonds in the hexagonal rings vary 
slightly around 1.48 Å. In the 3-membered BN-ring, the B-B, N-N, and B-N bonds are 1.58 Å, 1.83 Å, and 1.42 
Å, respectively. The remaining B-N bonds in the octagonal rings are approximately 1.44 Å. Notably, the bond 
distances in this table are also present in other 2D boron nitride allotropes6,15,21.

After discussing the lowest energy configurations obtained for the three phases of Ir-BN investigated here, we 
also calculated the cohesion energy in all cases using the expression

	
Ecoh = 1

24EIr-BN − 1
2(EB + EN),� (1)

where EIr-BN is the total energy of Ir-BN, and EB and EN are the energies of isolated B and N atoms, 
respectively. We obtained −9.72 eV/atom, −9.21 eV/atom, and −9.50 eV/atom for Ir-BNA, Ir-BNB , and Ir-BNC

Fig. 1.  Schematic representation of the Ir-BN lattices. The black lines highlight their unit cells and lattice 
vectors.
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, respectively. Using the same method, we calculated the cohesion energy of h-BN (adjusted for the differences 
in the expression for Ecoh), which is −8.72 eV/atom. These values are consistent with those found for other 
two-dimensional boron nitride allotropes, such as DHQ-BN (−7.71eV/atom)19 and Ψ-BN (−7.48eV/atom)21, as 
well as with the range presented in the literature for h-BN (both pristine and defective) between −9.0 eV/atom 
to −4.0eV/atom37,38. It is important to note that the best quantitative comparison is made when calculations are 
performed using the same methodology. However, we demonstrate here that the Ir-BN systems are energetically 
stable.

After optimizing and confirming the energetic stability of the systems investigated, as discussed above, the 
mechanical stability of the three Ir-BN variants was assessed through phonon dispersion calculations, which 
detect vibrational modes with imaginary frequencies, indicating dynamic instability. These calculations were 
performed on a 3 × 3 × 1 supercell with a mesh cutoff of 800 Ry to interpolate the phonon modes. The 
convergence criteria were set with an energy threshold of 10−5 eV and a force threshold of 0.001 eV/Å. The 
acoustic sum rule was also applied at the Γ point to eliminate any artificial imaginary frequencies. The phonon 
spectra for the Ir-BN lattices are shown in Figure 2. The spectra confirm the vibrational stability of Ir-BNA, Ir-
BNB , and Ir-BNC , with no negative frequencies observed, indicating that these lattices are dynamically stable. 
The highest frequencies observed are 1695 cm−1 for Ir-BNA, 1646 cm−1 for Ir-BNB , and 1695 cm−1 for Ir-BNC

. In all three systems, there are three acoustic modes: flexural (ZA), transverse (TA), and longitudinal (LA). In 
the case of Ir-BNA, the LA and TA dispersions coincide, unlike Ir-BNB  and Ir-BNC , which exhibit different 
dispersions in the acoustic modes. Generally, the phonon dispersions of Ir-BN are similar across all systems 
due to the uniform density of B-B, N-N, and B-N bonds. Another common feature among the three systems 
is the absence of a significant gap between the acoustic and optical branches in the phonon spectra, suggesting 
considerable phonon scattering within these materials. This trend implies frequent phonon interactions, which 
could contribute to lower thermal conductivity in Ir-BN lattices.

After investigating the energetic and dynamic stability of Irida-B12 N12, we also calculated the system 
dynamics in the presence of temperature. The thermal stability of the Ir-BN lattices was verified through AIMD 
simulations at 300 K, as shown in Figure 3. We used supercells of 1 × 2 × 1 with 48 atoms for these simulations. 
The AIMD calculations employed a time step of 0.5 fs, using an isobaric-isothermal ensemble, keeping pressure, 
number of atoms, and temperature constant (NPT). The pressure (set to zero) was controlled using a Parrinello-
Rahman barostat, and the temperature was regulated by a Nosé-Hoover thermostat. Figures 3(a,b), 3(c,d), and 
3(e,f) show the time evolution of the total energy and temperature for the Ir-BNA, Ir-BNB , and Ir-BNC  lattices, 
respectively. The insets in the panels display the top and side views of the final AIMD snapshots at eight ps. These 
figures show that the total energy remains stable and flat throughout the simulations for all lattices, indicating 
no significant lattice reconfiguration occurs. The insets reveal the absence of bond-breaking or structural 
reconstruction.

While Ir-BNB  exhibits a flat structure (see Figure 3(b)), Ir-BNA and Ir-BNC  (see Figures 3(a) and 3(c)) show 
a slight curvature due to weaker N-N bonding interactions within the triangular rings of the system. These results 
demonstrate that Ir-BNA, Ir-BNB , and Ir-BNCmaintain good thermal stability under the simulated conditions. 
The rippling in these figures results from the simulated systems’ inherent structural relaxation (intrinsic stress). 
This phenomenon is consistent with other studies of 2D materials, where out-of-plane distortions occur due 
to residual stress. The distinct ring topology of Ir-BN, particularly the 3-membered ring, imposes B-N bond 
patterns that yield these out-of-plane distortions.

Regarding the structure’s size, rippling may become more pronounced or evolve differently in larger systems. 
However, in preliminary simulations using more significant supercells, we observed that while the rippling 
persists, the overall amplitude remains on the same order of magnitude, suggesting that it is a localized effect 
rather than one that scales dramatically with system size. The absence of rippling signatures in the phonon 
spectrum can be attributed to phonon spectra reflecting the vibrational modes of the material in its equilibrium 

Fig. 2.  Phonon dispersion curves for (a) Ir-BNA, (b) Ir-BNB , and (c) Ir-BNC .
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configuration at 0 K. The rippling in our system arises from static structural deformations rather than dynamic 
phonon modes. Thus, the phonon spectrum would not show a direct signature of these ripples, which are more 
likely a result of geometric relaxation rather than vibrational instabilities.

Finally, we evaluated the thermal stability of the Ir-BN structures at different temperatures – 500 K, 750 K, 
and 1000 K – using the same methodology. All systems were stable at 500 K. Ir-BNB , and Ir-BNCexhibited 
structural stability up to 1000 K and 750 K, respectively. In this way, all the Ir-BN systems have good thermal 
stability at temperatures higher than room temperature.

Electronic properties
We now discuss the electronic band structure of the Ir-BN lattices, as depicted in Figure 4. The band structures 
were calculated using the PBE and HSE06. For Ir-BNA, Ir-BNB , and Ir-BNC , the PBE/HSE06 band gaps 
are 1.59/2.76 eV, 1.24/2.43 eV, and 1.58/3.20 eV, respectively. As is well-known, the PBE method generally 

Fig. 4.  Electronic band structure for (a) Ir-BNA, (b) Ir-BNB , and (c) Ir-BNC  calculated using the PBE and 
HSE06 approaches.

 

Fig. 3.  Time evolution of the total energy per atom for Ir-BN lattices at 300K, during 8 ps of simulation. The 
inset figures show the top and side views for the final AIMD snapshots.
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underestimates band gaps, making the HSE06 approach essential for accurate electronic characterization. 
According to the HSE06 results, these materials are wide-band gap semiconductors. These band gap values are 
lower than the band gap of hBN, which is approximately 5.68 eV as reported in the Computational 2D Materials 
Database (C2DB)39.

In Ir-BNA and Ir-BNB , more N-N and B-B bonds reduce the band gap regarding the Ir-BNC  case. These 
bonds, having lower strengths compared to the B-N bonds, introduce additional energy levels within the band 
structure, which can lead to narrower band gaps. Additionally, the ring structure within the Ir-BN lattices 
plays a significant role in shaping their band structures. Specifically, the 3-atom rings in these materials create 
shorter bonds with more substantial orbital overlap than the B-N bonds in conventional h-BN. This increased 
overlap facilitates greater electron delocalization, extending the electronic states within the band structure and 
consequently leading to a reduced band gap.

Figures 5(a), 5(b), and 5(c) display the total density of states (DOS) for the Ir-BNA, Ir-BNB , and Ir-
BNC  lattices, respectively. The DOS plots highlight the band gaps observed in these materials, consistent with 
the results shown in Figure 4. Figures 5(d), 5(e), and 5(f) present the partial density of states (PDOS) for Ir-BNA

, Ir-BNB , and Ir-BNC  calculated using the PBE method. This analysis reveals that the p-orbitals of boron (B2p

) and nitrogen (N2p) significantly contribute to the density of states, with B2p orbitals mainly populating the 
conduction band and N2p orbitals dominating the valence band. In all cases, the smearing parameter used was 
0.15 eV.

Figures 5(g), 5(h), and 5(i) show the PDOS results calculated with the HSE06 functional. The HSE06 
results confirm the trends observed with PBE, with B2p and N2p orbitals continuing to play crucial roles in the 
electronic structure. The prominence of N2p orbitals in the valence band and B2p orbitals in the conduction 
band underscores their importance in the electronic transitions and interactions within these lattices. They are 
often associated with directional bonding phenomena.

The HSE06 functional typically provides more accurate bandgaps than PBE. However, in some cases, the 
HSE06 functional may underestimate the CBM compared to the PBE. There are a few plausible reasons why this 
happens: screened exchange in HSE06 is used to treat short-range interactions with Hartree-Fock exchange and 
long-range interactions with PBE exchange; the screening parameter in HSE06 may also influence the position 
of the CBM, i.e., it may shift the CBM downwards, leading to an underestimation compared to the PBE. The 
inclusion of Hartree-Fock exchange in HSE06 affects orbital energies, especially for unoccupied states such as the 
CBM, which leads to an improved description of the valence band and the overall band gap. Unoccupied states 
may be more sensitive to Hartree-Fock exchange, leading to a lower CBM in some materials; the PBE functional 
suffers from a higher degree of self-interaction error, which may artificially inflate the CBM energy. HSE06, 
which partially corrects for self-interaction, results in a lower CBM. However, it often provides a more realistic 
description of unoccupied states and material-dependent effects, where the degree to which HSE06 shifts the 
CBM compared to the PBE can vary depending on the material’s electronic structure. In some semiconductors, 
for example, the CBM may be dominated by specific orbitals more affected by the Hartree-Fock exchange, 
leading to a more significant shift relative to the PBE.

Further insights into the electronic properties of the Ir-BN lattices are obtained through the analysis of the 
highest occupied crystal orbital (HOCO), lowest unoccupied crystal orbital (LUCO), and electron localization 

Fig. 5.  Total density of states (DOS) for (a) Ir-BNA, (b) Ir-BNB , and (c) Ir-BNC  lattices. The partial density of 
states (PDOS) calculated using the PBE approach is presented in panels (d), (e), and (f) for the Ir-BNA, Ir-BNB

, and Ir-BNC  lattices. The PDOS results obtained at the HSE06 level for Ir-BNA, Ir-BNB , and Ir-BNC  lattices 
are depicted in panels (g), (h), and (I), respectively.
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function (ELF), as shown in Figure 6. These analyses provide a deeper understanding of the chemical interactions 
within the lattices.

In the left-most column of Figure 6, one can note that the HOCO for Ir-BNA, Ir-BNB , and Ir-
BNC  predominantly localizes on the nitrogen atoms within the rings. In contrast, the LUCO is centered in all 
atoms, as shown in the central column. This pattern is consistent across all three lattices, highlighting a tendency 
for nitrogen atoms to host both HOCO and LUCO and boron atoms to accommodate the LUCO. This behavior 
is reflected in the ELF analysis as well. The ELF values in the right-most column of Figure 6 demonstrate a high 
degree of electron localization around the nitrogen atoms, indicating strong interactions or lone pair electrons 
associated with these atoms. In contrast, boron atoms exhibit lower ELF values, suggesting a more delocalized 
electronic distribution.

The observed differences in the HOCO and LUCO distributions are due to the electronegativity disparity 
between boron and nitrogen atoms. Nitrogen, being more electronegative, attracts the electron density, leading 
to the observed localization of the LUCO on boron atoms. This trend is corroborated by the ELF analysis, which 
illustrates localized electron density around nitrogen and more delocalized regions around boron. This is also 
consistent with the electronic structure observed in the band structure analysis.

Optical properties
Figure 7 delves into the optical properties of the Ir-BNA, Ir-BNB , and Ir-BNC   lattices, focusing on light 
polarization along the x (100), y (010), and z (001) directions. In this figure, the top, central, and bottom rows 
illustrate the absorption coefficient, refractive index, and reflectivity as a function of the photon energy. These 
optical properties were computed using the HSE06 method. The optical calculations apply a constant external 
electric field with an intensity of 1.0 V/Å along the x, y, and zdirections (separately). We use Fermi’s golden 
rule40and the Kramers-Kronig relation41,42 to calculate the real (ϵ1) and imaginary (ϵ2) parts of the dielectric 
constant (see support information Fig. S1 to Ir-BN). From this methodology, (ϵ1) is obtained through the 
expression

	
ϵ1(ω) = 1 + 1

π
P

∫ ∞

0
dω′ ω′ϵ2(ω′)

ω′2 − ω2 ,� (2)

where P denotes the principal value of the integral over ω′. The imaginary part, which considers interband 
optical transitions between the valence band (VB) and the conduction band (CB), is expressed as:

	

ϵ2(ω) = 4π2

Ωω2

∑

i ∈ VB
j ∈ CB

∑
k

Wk |ρij |2 δ(ϵkj − ϵki − ℏω) ,
� (3)

In this equation, ω represents the photon frequency, |ρij | is the dipole transition matrix element, and Wk  is 
the weight of the respective k-point in the reciprocal space. Additionally, Ω is the system volume. Through ϵ1 
and ϵ2, it is possible to determine other properties presented on figure 7, such as the absorption coefficient (α), 
reflectance (R), and refractive index (η):

	
α(ω) =ω

√
2

[√
ϵ2

1(ω) + ϵ2
2(ω) − ϵ1(ω)

]
, � (4)

Fig. 6.  The left-most, central, and right-most columns show the HOCO, LUCO, and ELF results for the Ir-BN 
lattices.
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R(ω) =

[√
ϵ1(ω) + iϵ2(ω) − 1√
ϵ1(ω) + iϵ2(ω) + 1

]2

, and � (5)

	
η(ω) =

√
2

2

[√
ϵ2

1(ω) + ϵ2
2(ω) + ϵ1(ω)

]2
. � (6)

Overall, the optical activity of Ir-BNA (Figure 7(a,d,g)), Ir-BNB  (Figure 7(b,e,h)), and Ir-BNC  (Figure 7(c,f,i)) 
is intense in the visible and ultraviolet regions. This characteristic aligns with their observed band gaps. This 
behavior is consistent with other 2D boron nitride materials. The pronounced optical activity across this range 
indicates that these lattices could be effectively utilized in UV-Vis-based applications.

The optical absorption spectra for Ir-BNA, Ir-BNB , and Ir-BNC , shown in Figures 7(a,b,c), reveal substantial 
absorption primarily in the UV region. This trend suggests that these materials could be advantageous as UV 
collectors. The high refractive index values for Ir-BNA, Ir-BNB , and Ir-BNC , illustrated in Figures 7(d,e,f), 
suggest strong polarization capabilities in response to external electric fields. Additionally, the low reflectivity 
for Ir-BNA, Ir-BNB , and Ir-BNC  observed in Figures 7(g,h,i) is restricted to the UV range, underscoring their 
utility in UV applications. Ir-BNA is also a good visible light reflector.

Mechanical properties
For a more comprehensive characterization of the Irida-B12 N12 phases investigated here, we calculated key 
parameters such as in-plane stiffness (C), bulk modulus (B), and Poisson’s ratio (ν). For this analysis, we used 
a supercell (1 × 2 × 1) oriented in the xy plane and applied tensile strain independently in the x, y, and xy 
directions. For uniaxial strain, the lattice constants a and b were incrementally varied by 0.5% up to the end of 
the material’s plastic region, starting from their optimized values. The system’s total energy was computed at each 
deformation step. The in-plane stiffness, C, is given by43,44

	
C = 1

A
×

(
∂2ES

∂ε2

)∣∣∣∣
ε=0

,� (7)

where A is the area of the optimized supercell, ε denotes the uniaxial strain defined as ε = ∆l/l0 (with l0 being 
the initial length of the supercell and ∆l = l − l0 the change in length upon straining), and ES  represents the 
strain energy, calculated by subtracting the equilibrium total energy from the total energy at each strain point.

The in-plane bulk modulus, B, quantifies the material’s response to area deformation and is computed as the 
second derivative of the strain energy concerning the area of the 2D structure

Fig. 7.  The top, central, and bottom rows illustrate the absorption coefficient, refractive index, and reflectivity 
as a function of the photon energy for the Ir-BN latices.
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B = A ×

(
∂2ES

∂A2

)∣∣∣∣
A0

,� (8)

where A0 and Arepresent the unit cell area in equilibrium and after strain application, respectively45,46.

Poisson’s ratio, ν, measures the ratio of transverse strain to axial strain for small deformations and is given by47:

	
ν = −εtrans

εaxial
.� (9)

In this perspective, we examined the mechanical properties of the Ir-BNA, Ir-BNB , and Ir-BNC  lattices through 
uniaxial and biaxial tensile tests. These tests provide insights into the structural integrity and resilience of these 
materials. Figures 8(a) and 8(b) present the energy-strain relationships for tensile loading along the x and y 
directions, while Figure 8(c) illustrates the case for biaxial strain. The red, blue, and green curves denote this 
interplay for Ir-BNA, Ir-BNB , and Ir-BNC , shown up to their critical strain (εC), i.e., the point just before the 
material’s rupture. For all three lattices, the energy-strain curves indicate that the tensile forces remain within the 
limits of the lattice’s bond strengths, preserving structural stability throughout deformation.

The data in Table 1 reveal notable anisotropy in mechanical behavior. The Ir-BNA, Ir-BNB , and Ir-BNC  lattices 
exhibit different responses to strain in the x and y directions, reflected in their respective in-plane stiffness values 
and elastic moduli (C). For example, the in-plane stiffness values of Ir-BNA, Ir-BNB , and Ir-BNC  differ. Elastic 
moduli in the x and y directions show a high degree of anisotropy, with values ranging from 16.56 to 141.97 
N/m. These results suggest that the Ir-BN lattices’ mechanical properties vary depending on the direction of 

Ir-BN x-direction strain y-direction strain
xy-direction 
strain

C (N/m) ϵ (%) ν  (arb. units) C (N/m) ϵ (%) ν  (arb. units) B (N/m) ϵ (%)

Ir-BNA 107.8 25.0 0.64 16.6 3.5 0.51 79.0 7.5

Ir-BNB 135.9 8.0 0.19 17.1 9.5 0.20 91.2 6.0

Ir-BNC 142.0 15.5 0.47 54.8 2.0 0.54 95.0 7.0

Table 1.  Elastic properties of the Ir-BN material under different strain directions. The table presents the 
elastic modulus (C), maximum strain (ϵ), and Poisson’s ratio (ν) in the x and y directions, as well as the shear 
modulus (B) and the corresponding strain in the xy direction.

 

Fig. 8.  Stress-strain relationships of Ir-BN lattices under (a) uniaxial tensile loading in the x-direction, (b) y-
direction, and (c) biaxial tensile loading.
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applied strain. Additionally, the Poisson’s ratio (ν) values, calculated for a strain of 0.5%, highlight significant 
anisotropy in the deformation mechanisms of these materials. The Poisson’s ratios in the x and y directions differ 
substantially, with values ranging from 0.20 to 0.64, indicating that the materials exhibit varying degrees of 
ductility along different crystallographic directions.

The biaxial strain tests underscore the mechanical behavior of Ir-BNA, Ir-BNB , and Ir-BNC , with critical 
strains up to 7.0%. The calculated bulk moduli (BM ), which measure the materials’ resistance to uniform 
compression, reflect their ability to withstand substantial biaxial strain without rapid failure (refer to Table 1). 
The values vary from 78.2 to 94.99 for the studied materials. The unique lattice topologies of Ir-BNA, Ir-BNB , 
and Ir-BNC , characterized by their ring structures and bonding patterns, contribute to their distinct mechanical 
properties. The rigidity and flexibility observed in these lattices result from their distinct structural arrangements, 
which influence their overall mechanical performance.

In our study, the elastic properties were derived from energy versus strain curves, which allowed us to 
compute mechanical properties such as elastic modulus. However, we did not explicitly calculate the complete 
set of elastic constants to evaluate the mechanical stability criteria48. As discussed above, we employed phonon 
calculations and AIMD simulations, widely recognized as robust approaches for assessing the structural stability 
of materials. Based on the results from the simulations performed here, we did not observe any indications of 
structural instabilities in the IrBN systems.

Methods
The structural, electronic, optical, and mechanical properties of IrBN were investigated using the DFT 
formalism49,50implemented in the Spanish Initiative for Electronic Simulations with Thousands of Atoms 
(SIESTA) code51,52. The generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) 
functional was employed to describe the exchange-correlation potential53. Due to address the known limitations 
of GGA/PBE in underestimating the band gap, additional electronic structure calculations were conducted 
using the hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional54, with the HONPAS package55,56to obtain more 
accurate band gap values. Core-electron interactions were modeled using Troullier-Martins norm-conserving 
pseudopotentials57,58 with a valence electron configuration of 2s2 and 2s2 2p3 for boron and nitrogen atoms, 
repectively. We employed an energy cutoff of 800 Ry. A double-ζpolarized (DZP) basis set composed of finite-
range numerical atomic orbitals was used. A Monkhorst-Pack59 50 × 50 × 1 grid was applied to ensure accurate 
Brillouin zone sampling. The atomic positions and lattice vectors were optimized until the maximum force on 
each atom was less than 0.001 eV/Å, and the total energy difference was below 10−5 eV. A vacuum thickness of 
30 Å was introduced along the out-of-plane direction to prevent spurious interactions between periodic images 
of the monolayer.

Conclusions
In summary, this study presents a detailed investigation of the structural, electronic, optical, and mechanical 
properties of Ir-BNA, Ir-BNB , and Ir-BNC , highlighting their potential for various technological applications. 
The DFT calculations, including using both PBE and HSE06 functionals, confirm the stability of these novel 
2D boron nitride allotropes and reveal their wide semiconducting band gaps, with band gap values ranging 
from 2.76 to 3.20 eV. The electronic structure analysis shows significant contributions from p-orbitals in valence 
and conduction bands, with bandgap values aligning well with those of similar materials, underscoring their 
potential use in optoelectronic devices.

The optical properties, particularly the pronounced UV absorption and low reflectivity, indicate that these 
materials could serve as effective UV collectors. Their high refractive index also suggests promising applications 
in photonics, where the ability to polarize light and interact with external electric fields is crucial. The distinct 
mechanical behavior of the Ir-BNA, Ir-BNB , and Ir-BNC   lattices, characterized by anisotropic responses to 
tensile strain, further demonstrates their suitability for applications requiring materials that combine strength, 
flexibility, and resilience under stress.

Data availability
The datasets utilized and/or examined throughout the present study are accessible upon reasonable request from 
the corresponding author.
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