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Abstract 

The energetic and electronic properties of acetylenic-bond-interconnected hexagonal boron 

nitride sheets (BNyne), in which the number of rows of BN hexagonal rings (denoted as BN 

width) between neighboring arrays of acetylenic linkages increases consecutively, have been 

explored by using the first-principles calculations. Depending on the spatial position of B/N 

atoms with respect to the acetylenic linkages, there are two different types of configurations. 

The band structure features and band gap evolutions of BNyne structures as a function of BN 

width can be categorized into two families, corresponding to two distinct types of 

configurations. Of particular interest, for both types of BNyne structures, the band gap 

variations exhibit odd-even oscillating behavior depending on the BN width, which is related 

to the different symmetries of acetylenic chains in the unit cell. These results suggest that the 

embedded linear acetylenic chains can provide more flexibility for manipulation of the atomic 

and electronic properties of hexagonal boron nitride. These sp-sp2 hybrid structures might 

promise importantly potential applications for developing nanoscaled electronic and 

optoelectronic devices. 
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1. Introduction 

The recent surge in graphene research has stimulated growing interest in the investigation of 

two-dimensional (2D) materials owing to the wealth of unusual physical properties and 

phenomena as well as diverse potential applications in many emerging technologies. Besides 

graphene, diverse non-carbon graphene-like materials, including transition metal 

dichalcogenides (MoS2, WS2, etc.),1−3 group IV (SiC, GeC, Si, Ge, Sn, etc.),4−8 III-V (h-BN, 

AlN, GaN, InN, BP, etc.),8−11 II-VI (BeO, ZnO, ZnS, etc.)12−14 compounds have also been 

extensively investigated. Among all these experimentally obtained or theoretically predicted 

materials, two-dimensional hexagonal boron nitride (h-BN) might be the most intensively 

studied layered material after graphene as it is the isoelectronic analog to graphene and shares 

very similar structural characteristics.15,16 The structural similarities between graphene and 

BN allow them to form essentially seamlessly in-plane hybrid nanostructures with 

continuously tunable C:BN stoichiometry.16 On the other hand, the most significant difference 

between these two isostructured materials lies in their electrical conductivity, since graphene 

behaves as a semimetal with zero band gap while BN is a wide band-gap semiconductor, 

which limits their practical applications in electronic devices.17 Consequently, this wide gap 

can be bridged by combining graphene and BN to develop semiconducting hexagonal layered 

structures with varying stoichiometry, enabling the applications in building electronic 

nanodevices.18,19 In experiment, monolayer BN and various hybrid graphene-BN materials 

with fully controlled concentration, spatial variation, and dimension of interfaces and domains 

have been realized.20−22 

   Apart from the non-carbon 2D materials mentioned above, very recently a series of 2D 

carbon-based allotropes with a skeleton of sp- and sp2-hybridized carbon atoms, called 

graphynes, have been drawing tremendous attention.23−33 An important feature of graphynes is 

that they contain acetylenic linkages (−C≡C−) formed by sp-hybridized carbon atoms. Their 

lattice structures can be constructed by periodically replacing some selected sp2-sp2 covalent 

bonds in the frameworks of graphene with sp-sp acetylenic bonds.34 Substitution designated at 

different sp2-sp2 bonds with different patterns leads to abundant structures of graphynes. The 

presence of acetylenic linkages in these 2D frameworks introduces a rich variation in 

electronic properties. For example, there exists a special class of graphyne substructures 
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associated with Dirac-cone-characterized electronic band structures in proximity of Fermi 

level, including α-graphyne, β-graphyne, δ-graphyne, and 6,6,12-graphyne.34−40 On the other 

hand, in contrast to zero-band-gap graphene, graphyne and the already-synthesized 

graphdiyne have moderate band gaps,29−32 which is quite crucial for the electronic applications. 

The natural band gaps originate from the inhomogeneous π-bindings between differently 

hybridized carbon atoms in these sp-sp2 hybridized carbon networks.41,42 Therefore, the 

presence of acetylenic linkages in graphynes provides extra flexibility in construction of their 

geometric structures and modulation of their electronic properties.43,44 

   Inspired by the flexibility of linear acetylenic linkages and the resulting diversity of the 

electronic properties of graphynes, we considered the possibilities of embedding acetylenic 

linkages to tune the electronic properties of hexagonal boron nitride sheets. In contrast to 

abundant efforts on sp2-carbon-embedded BN, the studies of sp-carbon-embedded BN have 

rarely been reported up to now, and are therefore strongly desired. In this paper, we employed 

first-principles calculations within density functional theory (DFT)45−50 to systematically 

study the electronic properties of hexagonal boron nitride periodically interconnected by 

acetylenic linkages. The number of rows of BN hexagonal rings between neighboring arrays 

of acetylenic linkages increases consecutively. By using a hybrid density functional which can 

predict the band gaps of materials with high accuracy, we found that the electronic properties 

of these sp-sp2 hybrid structures are highly dependent on the number of rows of BN hexagons 

and their atomic arrangements with respect to the acetylenic linkages, indicating the flexible 

band gap tunability of hexagonal boron nitride induced by the acetylenic linkages. The 

present work is expected to promote the realization and applications of hexagonal boron 

nitride in nanoelectronics and nanodevices. 

 

2. Methods and computational details 

The structural relaxations and energy calculations were performed by using the DMol3 

package.45,46 Generalized gradient approximation (GGA) in the form of the 

Perdew-Burke-Ernzerhof (PBE)47 and the double numerical basis set plus polarization 

function (DNP) were selected for the spin-unrestricted DFT calculations. A vacuum region of 

20 Å was applied in the z-direction to exclude mirror interactions between neighboring 

Page 3 of 18 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



4 
 

images. The Brillouin zone (BZ) integrations were performed on a 6 × 3 ×1 Monkhorst−Pack 

k-point grid. The convergence tolerance of the energy was set to 10-5 Ha (1 Ha=27.2114 eV), 

and the maximum allowed force and displacement were 0.002 Ha/Å and 0.005 Å, respectively. 

To overcome the problem of band-gap underestimation in the GGA functionals, we employed 

the hybrid exchange-correlation functional Heyd-Scuseria-Ernzerhof (HSE06) (0.25 for the 

mixing constant and 0.11 bohr-1 for the screening parameter )48,49 implemented in CASTEP 

package50 to calculate the band structures, which is better able to predict band gaps with high 

accuracy.31 Based on the convergence test calculations, the energy cutoff of the plane wave 

basis set was set to 700 eV. The electronic structure calculations were carried out based on the 

optimized geometries from the DMol3 calculations. As a check on the validity of our 

theoretical method, the band gap of diamond was calculated to be 5.39 eV with HSE06 

functional, in good agreement with the experimental value of 5.45 eV.51 Additionally, using 

the present theoretical strategy, the electronic properties of other graphyne-based allotropes 

have also been accurately predicted in our previous work.36,41 

 

3. Results and discussion  

For convenience, we characterized this series of acetylenic-bond-interconnected BN 

structures by the number of rows of BN hexagonal rings (denoted as BN width) between 

neighboring arrays of acetylenic linkages, and labeled them as n-BNyne, where n refers to the 

BN width and ranges from 1 to 10 for structures studied here. Depending on the spatial 

position of B/N atoms with respect to the acetylenic linkages, there are two different types of 

configurations, labeled as n-BNyne-Type I and n-BNyne-Type II, respectively. Four 

representative BNyne structures are illustrated in Fig. 1. Two ends of each acetylenic linkage 

connect with different types of atoms in Type I arrangement whereas with the same types of 

atoms in Type II arrangement. Our calculations show that the average lengths of C-B and C-N 

bonds in Type I configurations are 1.50 and 1.35 Å, respectively, while those in Type II 

configurations are 1.52 and 1.37 Å, respectively. As a result, for both C-B and C-N bonds, the 

lengths in Type I configurations are less than those in Type II configurations by about 0.02 Å. 

This indicates that interactions between these atoms are stronger in Type I configurations than 

those in Type II configurations, which is induced by more favorable charge transfer in the 
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former atomic arrangement than that in the latter one. The lengths of C-C bonds in the carbon 

chains were calculated to be 1.20~1.22 Å, demonstrating a triple bond associated with 

sp-hybridized carbon atoms. 

   To evaluate the energetic stability of BNyne structures, we calculated the cohesive energy 

by the formula: Ecoh = (mBEB + mNEN + mCEC - EBN/C)/m, where EB, EN, EC, and EBN/C are the 

total energies of free B, N, C atoms and BNyne systems, respectively, and mB, mN, and mC are 

the numbers of B, N, and C atoms in the unit cell, respectively, while m is the total number of 

atoms in the unit cell. Fig. 2 gives the cohesive energy evolutions of two different types of 

BNyne structures as a function of BN width. From this figure, we can see the following 

features: (1) These BNyne structures are energetically less favorable than pristine BN sheet 

(Ecoh=6.99 eV) and graphitic BC2N monolayer with the most favorable atomic arrangement52  

(Ecoh=7.13 eV). This is due to the presence of sp-hybridized atoms in BNyne structures. (2) 

The cohesive energies of these two types of BNyne structures increase monotonically with 

increasing BN width. This increasing relationship can be easily understood in terms of the 

fact that the ratio of sp2-hybridized atoms to sp-hybridized atoms increases with increasing 

BN width. (3) BNyne-Type I is energetically more stable than BNyne-Type II with the same 

BN width. This is related to the favorability of charge transfer induced by the former 

arrangement over the latter one. Embedding carbon chains results in the charge redistribution 

mostly in the neighborhood of the carbon chains, while the charge distribution away from the 

interfaces approaches that of a perfect BN sheet. In view of different atomic 

electronegativities, the C atoms bonded to B atoms receive electrons, while C atoms bonded 

to N atoms lose electrons. Our Mulliken charge analysis reveals that the C atoms linked with 

B (N) atoms receive (lose) more electrons in Type I arrangement than those in Type II 

arrangement with the same BN width. To further confirm the stability of BNyne structures, 

we performed ab initio molecular dynamics (MD) simulations on the relatively most 

unfavorable 1-BNyne-Type II in a 5 × 2 supercell at 500 K for 1 ps by using the NVT 

ensemble implemented in CASTEP package. No obvious collapse tendency of the framework 

was found at this time scale. Furthermore, with the increase of BN width, the stability of 

BNyne structures will be greatly improved, indicated by the cohesive energy. These results 

imply the stability and plausibility of BNyne structures. Moreover, the most recent successful 
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synthesis of various hybrid BN-C materials21,22 and extended-graphdiyne wires by vicinal 

surface templating53 may also be helpful for the experimental realization of BNyne structures. 

   Next we explored the electronic properties of these BNyne structures by using HSE06 

hybrid functional. Fig. 3 gives the band structures of BNyne structures represented by four 

samples (see ESI for more band structures). It can be seen that the electronic properties of 

BNyne structures sensitively depend on the atomic arrangements. The band structures of 

BNyne monolayers are separated into two different categories, corresponding to two types of 

BNyne configurations. BNyne-Type I structures are semiconductors with a direct band gap, 

located at Y and Γ point for structures with odd and even BN widths, respectively, which is 

crucial for the optoelectronic applications. By contrast, BNyne-Type II structures possess 

indirect band gaps. Detailed analysis demonstrates that for BNyne-Type II structures, the 

valence band maximum (VBM) locates at Γ point, while the conduction band minimum 

(CBM) locates at X and S point for odd and even widths, respectively. However, the band 

structures of Type II configurations with odd and even widths show no significant difference, 

since the lowest unoccupied band between X and S point is very flat. For both types of 

BNyne configurations, the direct/indirect band gap feature is intact regardless of BN width. 

Hence, the feature of band gap of BNyne structures is characterized by BN atomic 

arrangements with respect to the acetylenic chains. 

   We further investigated the band gap modulation of BNyne structures by varying the BN 

width, as shown in Fig. 4. It is interesting to note that the band gap evolution of these two 

types of BNyne structures versus BN width exhibits two opposite overall tendencies, with the 

band gaps lying in two distinct value ranges. Generally speaking, for BNyne-Type I structures, 

the band gaps increase as a function of increasing BN width, ranging from 2.187 eV for n=1 

to 2.552 eV for n=10. By contrast, BNyne-Type II structures experience an overall decrease in 

the band gaps with increasing BN width, changing from 1.134 eV for n=1 to 0.837 eV for 

n=10. More interestingly, for both types of n-BNyne (n ≥ 4) structures, the band gaps oscillate 

between odd and even BN widths, as shown in Fig. 4(b) and (c). Consequently, the band gaps 

of BNyne structures can be modulated by changing the BN width and its atomic arrangements 

with respect to the acetylenic chains. These results indicate that the embedded linear 

acetylenic chains provide more flexibility for band gap engineering in hexagonal boron 
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nitride. The tunable band gap of BNyne structures may find applications in nanoscaled 

electronic and optoelectronic devices. 

   To reveal the origin of the band gap and the BN width and arrangement dependence of 

BNyne structures, we plotted the electron density isosurfaces of the highest occupied valence 

band (HOVB) and the lowest unoccupied conduction band (LUCB) in Fig. 5. For 

BNyne-Type I structures, the HOVB is highly localized on the π orbitals of C≡C bonds and p 

orbitals of N atoms of C-N bonds, while the LUCB mainly originates from p orbitals of B 

atoms of C-B bonds, C atoms of C-N bonds, and B atoms of the BN hexagonal rings closest 

to the acetylenic chains. For BNyne-Type II structures, the spatial distribution of the HOVB is 

similar to that of BNyne-Type I, whereas the LUCB is mainly localized on the π orbitals of 

C-B bonds along the acetylenic chains. These results manifest that distinct trends of band gap 

variation as a function of BN width mentioned above mostly arise from the change of LUCB 

of these two types of BNyne structures, where top-to-top B atoms at the interfaces of 

BNyne-Type II structures lower down the energy of LUCB. Besides, the width dependent 

oscillatory behavior of the band gaps for both types of n-BNyne structures may be related to 

the different symmetries of acetylenic chains in the unit cell for the structures with odd and 

even BN widths.  

 

4. Conclusions  

In summary, based on first-principles calculations, we have systematically explored the 

electronic structures tunability of hexagonal boron nitride induced by the acetylenic linkages. 

The hybrid structures can be viewed as continuously increasing number of rows of BN 

hexagonal rings between neighboring arrays of acetylenic linkages (BNyne). Interestingly, the 

band structures and band gap evolutions as a function of BN width are separated into two 

categories, corresponding to two distinct BN atomic arrangements with respect to the 

acetylenic chains. For BNyne-Type I structures, the band gaps generally increase with the 

increase of BN width, whereas the band gaps of BNyne-Type II generally decrease with 

increasing BN width. For both types, the band gap variations exhibit odd-even oscillating 

behavior depending on the BN width. Therefore, the band gaps of BNyne structures can be 

modulated by changing the BN width and its atomic arrangements with respect to the 
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acetylenic chains. Such flexible modulation holds great promise for applications of these 

two-dimensional acetylenic-bond-interconnected BN structures in nanoscaled electronic and 

optoelectronic devices. 
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Figure Captions: 

 

Fig. 1 Representative illustrations of two types of BNyne structures. (a) 1-BNyne-Type I, (b) 

2-BNyne-Type I, (c) 1-BNyne-Type II, and (d) 2-BNyne-Type II. The dashed rectangle 

denotes a unit cell. 

 

Fig. 2 Cohesive energy evolutions of two different types of BNyne structures as a function of 

BN width. 

 

Fig. 3 Band structures of (a) odd-BNyne-Type I structures represented by 1-BNyne-Type I, (b) 

even-BNyne-Type I structures represented by 2-BNyne-Type I, (c) odd-BNyne-Type II 

structures represented by 1-BNyne-Type II, and (d) even-BNyne-Type II structures 

represented by 2-BNyne-Type II. The Brillouin zone with high symmetric points is shown in 

the inset of (a). The horizontal dash-dot lines indicate the Fermi level. 

 

Fig. 4 (a) Energy band gap evolutions of two distinct types of BNyne structures as a function 

of BN width. For clarity, the band gap variations of (b) BNyne-Type I and (c) BNyne-Type II 

are also plotted separately. 

 

Fig. 5 The isosurfaces of the electron density of the highest occupied valence band (HOVB) 

and the lowest unoccupied conduction band (LUCB) of BNyne structures represented by four 

samples. (a) 4-BNyne-Type I, (b) 5-BNyne-Type I, (c) 4-BNyne-Type II, and (d) 

5-BNyne-Type II. The isovalue is 0.03 e/Å3. 
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Fig. 1 Representative illustrations of two types of BNyne structures. (a) 1-BNyne-Type I, (b) 

2-BNyne-Type I, (c) 1-BNyne-Type II, and (d) 2-BNyne-Type II. The dashed rectangle 

denotes a unit cell. 
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Fig. 2 Cohesive energy evolutions of two different types of BNyne structures as a function of 

BN width. 
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Fig. 3 Band structures of (a) odd-BNyne-Type I structures represented by 1-BNyne-Type I, (b) 

even-BNyne-Type I structures represented by 2-BNyne-Type I, (c) odd-BNyne-Type II 

structures represented by 1-BNyne-Type II, and (d) even-BNyne-Type II structures 

represented by 2-BNyne-Type II. The Brillouin zone with high symmetric points is shown in 

the inset of (a). The horizontal dash-dot lines indicate the Fermi level. 
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Fig. 4 (a) Energy band gap evolutions of two distinct types of BNyne structures as a function 

of BN width. For clarity, the band gap variations of (b) BNyne-Type I and (c) BNyne-Type II 

are also plotted separately. 
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Fig. 5 The isosurfaces of the electron density of the highest occupied valence band (HOVB) 

and the lowest unoccupied conduction band (LUCB) of BNyne structures represented by four 

samples. (a) 4-BNyne-Type I, (b) 5-BNyne-Type I, (c) 4-BNyne-Type II, and (d) 

5-BNyne-Type II. The isovalue is 0.03 e/Å3.  
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