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The effects of grafted amine groups on in-plane tensile properties and structural stability of
armchair and zigzag borophene nanoribbons (ABNRs and ZBNRs) are investigated by using
molecular dynamics. The results show that the Young’s moduli for ABNR and ZBNR are
1.093 TPa and 0.978 TPa, respectively. Their ultimate elastic strains are respectively about
15.30% and 22.03%, with showing distinct ductile and brittle fractures. When the BNRs are
grafted amine groups (-NH;), the moduli of ABNR and ZBNR increase to 1.1257Pa and
1.016Tpa, respectively. The ultimate elastic strain for ABNR increases to 18.23% but that for
ZBNR gets slightly reduced to 21.12%. The fracture modes still remain unchanged. The
structural deformation after undergoing high temperature at 1500K shows that there is
little difference between the ABNRs and ZBNRs, but the structural deformation for grafted
BNRs is obviously less than that for non grafted BNRs. The results indicate that grafting
amine groups can increase the Young’s moduli, enhance the elastic strain range, reduce the

in-plane elastic anisotropy and strengthen the crack resistance. In particular, grafting amine
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groups can significantly strengthen their capacity to resist deformation at high temperature,

reduce the thermal expansion anisotropy and improve structural stability.
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1. Introduction
Two-dimensional (2D) nanosheets with atomic or molecular thickness and infinite planar
lengths have attracted significant interest because of their electronic, electrical and
mechanical properties.'” Among them, as a 2D sheet of sp® conjugated atomic carbon,
graphene has attracted great attention due to its specific structure and properties such as large
surface area, good optical transparency, high thermal conductivity and mechanical strength.*
> Graphene nanoribbons can be fabricated by lithography and can render new functionalities
while preserving some of the unique properties of the pristine graphene. However, carbon's
elemental near neighbour, boron, one step to the left in the Periodic Table, may muscle in on
graphene's domain as the possibility of "borophene," the boron analogue of the all-carbon
material, emerges from supercomputer simulations and experimental hints.> ¢

Over the past decade, elemental boron clusters’'* and the relevant low-dimensional
nanostructures (fullerenes, monolayer-sheets and nanotubes, etc.)'""'> have been intriguing
researchers working on molecular and/or nanoscale systems of interest as the elucidation of
structures and bonding is the central focus. In particular, recent combined experimental and
theoretical studies have led to a systematic understanding of the structural and bonding
properties of small boron clusters suggesting a flat land of boron that is in stark contrast to
bulk boron and boron alloys, in which three-dimensional (3D) structural units dominate.®’
2D atom-thin boron sheets have attracted increasing attention.” Early theoretical
investigations have showed that graphene-like boron sheets with a honeycomb lattice are
unstable; instead, boron tends to form buckled all triangular lattices. ' More recent

theoretical studies have predicted a new type of planar boron sheets, consisting of triangular
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lattices with hexagonal vacancies, which are more stable and suitable to form boron
nanotubes.'> ' The role of the hexagonal hole has been rationalized in terms of chemical
bonding.'” Various forms of monolayer boron structures have been considered with different
vacancy densities and arrangements.'®° The Piazza et al.® provide the first experimental
evidence of viability of the novel boron nanostructures with hexagonal vacancies. These
structures can indeed exist and may be synthesized using appropriate substrates.”’ The
potential large-scale synthesis of the new atom-thick boron nanosheets calls for an
appropriate name: ‘borophene’, in analogy with graphene. They showed that the structure of
B36 is not only possible but highly stable.” It is one—atom thick disc with perfectly
symmetrical structure and the boron atoms are arranged in a triangular lattice with a perfect
hexagonal hole in the middle. Photoelectron spectroscopy revealed a relatively simple
spectrum, suggesting a symmetric cluster. Neutral B36 is the smallest boron cluster to have
sixfold symmetry and a perfect hexagonal vacancy that can be viewed as a potential basis for
extended two-dimensional boron sheets. The electronic structure of the 2D boron sheets can
be either metallic or semiconducting, according to theoretical calculations.'® **2* Owing to
the hexagonal holes, various chemical modifications can be made to tune the electronic and
chemical properties of borophenes.zs’ % Thus, borophene may constitute a new class of
atom-thick nanostructures complementary to graphene. The borophene seems to have great
potential for new applications in the near future due to abundant boron resource, light atomic
weight, low mass, better economy, super strong B-B atomic bonds and special electronic
structure.

In order to better understand the differences between borophenes nanoribbons (BNRs)
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and their functional modifications in terms of structural stability and mechanical robustness,
it is necessary to compare their basic elastic properties and structural states under
high-temperature and the deforming behavior under different degrees of strain. Recently,
chemical functionalization of low-dimensional carbon network systems, such as carbon
nanotubes (CNTs), graphene and GNRs, by introducing molecules and groups, has attracted a
lot of attention; it is being viewed as a significant way to modify their physical and chemical

729 Some representative researches such as the effects of grafted

properties.
chemical functional groups on elastic properties of CNTs, boron nitride nanotubes and
graphene, and their in-plane compressive properties and thermal stability at high
temperatures, etc, have been reported.SO'3 > Based on these works, we further investigate the
effects of grafted amine groups on armchair and zigzag BNRs (ABNRs and ZBNRs) through
molecular dynamics method. The research reported in this paper mainly calculated the
Young’s moduli of ABNR and ZBNR with amine grafts and no grafts, optimized the
geometric structures under different in-plane tensile strains and simulated the structural
performance on being subjected to high temperature of 1500K. By comparing and analyzing

their moduli, critical strains and structural deformation under different conditions, etc., some

new results of practical value were discovered.

2. Calculation model and method
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Fig. 1 Relationship between B¢ (a) and borophene (b).

1.931
2.207

ABNR

Fig. 2 Geometric models of ABNR and ZBNR (unit: nm).

As shown in Fig. 1, Borophene, constructed from the planar hexagonal B36 unit, is an
extended one-atom-thick boron sheet. The B36 unit has a perfectly symmetrical structure and
its boron atoms are arranged in a triangular lattice with a perfect hexagonal hole in the
middle. The circles in Fig. 1b represent the apex atoms in the B36 unit, shared by three units”.
It is one of the building blocks for boron materials in other dimensions. The BNRs
(nanoribbons formed by borophene structure) can be divided into armchair and zigzag BNRs
(ABNRs and ZBNRs), similar to graphene, according to the shape of the free boundary. In

the simulations, ABNR and ZBNR are set up to be about the same as the model size, i.e.
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4.028 nm*1.931nm and 3.828nmx*2.207nm, respectively. The geometric structures are shown
in Fig. 2. Because dangling bonds exist at atoms around the borders of BNR, considered to
be more active, the functional groups grafted at the borders of BNR are often selected to
enhance composite materials. Nitrogen and boron are easy to bond. Therefore, the functional
groups grafts amine (-NH;) in the simulations are considered here and they are linked
symmetrically at the borders of BNR; the calculated model is shown in Fig. 3 where the
functional group atom marked with an arrow is grafted to a boron atom at the borders of
BNR. Finally, energy on the structures is minimised by geometry optimization. The
conjugate gradient algorithm is applied to geometry optimization and the convergence
thresholds for the specified maximum energy change, force, stress and displacement are set
to 8.36x107 J'mol™, 4.18 J'mol™-A", 10® GPa and 107 A, respectively. The maximum

iterations of geometry optimization cycles are 10%,
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Fig. 3 Computing models of BNRs, amine grafts and their grafted structures.
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According to the two types of models (Fig. 2), the procedure of the simulation is as follows. To be in

*%-32 in simulations, the two ends of the BNR along the X direction were

line with similar previous studies,
clamped to apply the uniform strain along x-direction and structural optimization. Because the clamped
structure is not available for calculation and analysis of the system energies, a periodic boundary condition
is applied in the x-direction after optimization. A free boundary is always set in the y-direction of BNR.
The structures with different strain conditions are optimized and performance parameters of the optimized
structures are calculated and analyzed using the universal force field (UFF ).36

The UFF, a molecular mechanics force field, is where the force field parameters are
estimated, using general rules based only on the element, hybridization and connectivity. The
potential energy of the UFF is expressed as the sum of bonded and non-bonded interactions:

E =E,+E,+E +E +E +E,. (1)

Bonded interactions include the bond stretching Ejp, the angle bending £4, the dihedral
angle torsion £, and the inversion terms E,, whereas non-bonded interactions include the van
der Waals interaction £, and the electrostatic interaction £,;. The UFF includes a parameter
generator that calculates force field parameters by combining atomic parameters. Thus, force
field parameters for any combination of different types of force fields can be generated, as
required.”'3 K

The system strain energy is calculated using the UFF potential and its Young’s modulus

is obtained by applying the classical elasticity theory

1 0°E
Ve @
0 &=0

where function £ is the total strain energy of the system, ¢ is the strain and Vj is the

equilibrium volume.
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To ensure thermal stability, each structure was first subjected to 1000 steps (1 ps) of
relaxation, followed by 10000 steps (10 ps) of stabilization at high temperature (1500 K) and
thermal quenching at a rate of 300 K/ps, and finally 20000 steps (20 ps) of equilibrium after
quenching to room temperature (300 K), to obtain a stable equilibrium structure. Simulations
of BNRs under tensile strain can induce geometric optimization that enables atoms in the
BNRs to rotate and move in relation to one another, following a certain minimization of the
strain energy in a way that allows an equilibrium state to occur. Geometric structures with
different strains are collected at each tensile deformation with an incremental displacement

step of 0.2 A.

3. Results and discussion
3.1. In-plane tensile properties of BNRs
Based on our computational scheme, we optimize the geometric structure of finite BNRs and

BNRs-NH; under different in-plane tensile strains (€), as shown in Fig. 4, 5.
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Fig. 4 Geometric structure of ABNRs with different in-plane tensile strains ¢

e=24.1%

Fig. 5 Geometric structure of ZBNRs with different in-plane tensile strains &

Fig. 4 and 5 show geometric structure changing process of ABNRs and ZBNRs. The

results show that when the in-plane tensile strain reaches 7.7%, 15.3% and 16.7%, ABNR

10
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begin to undergo cutting off, sleeking of a bond at the center of the border and internal
hexagonal vacancie distortion but no distortion occurs in ZBNR until the tensile strain
reaches 22.0%. In particular, when the strain reaches 26.9% and 24.1%, cracks occur in
ABNR and ZBNR, respectively. The fracture modesare completely different,
which shows distinct ductility for ABNR and brittleness for ZBN. The crack for ABNR
begins from the middle and that for ZBNR begins from both ends. The deformations of
ABNR have obvious elastic and plastic phases. The breakup for ZBNR occurs so fast that
one can hardly see the transitional processes. These findings suggest that there is the planar

stress anisotropy in the borophene.
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Fig. 6 Effect of different in-plane tensile strains (&) on the total potential energy (£, ) of

BNR

To deeply understand the relationship between differences in moduli of the

aforementioned BNRs and their structures, we further calculated the systemic energies. Fig.

6 shows the effect of different in-plane tensile strains (¢) on the total potential energy (E )
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of ZBNRs and ABNRs. It'seasy tosee thatthe ABNR and ZBNR have distinctly
different elastic strains and slight differences in elastic modules. By fitting the curve
around the equilibrium position, their elastic coefficients can be calculated. It's worth
pointing out that calculating elastic modulus is meaningful only when using the thickness of
the continuum assumption since the BNR membrane are composed of monolayers of boron
atoms. The effective thickness of BNR is taken as 0.34nm, which is close to the distance
between graphene layers in graphite crystal.40'42 Through data fitting, the functional
correlation between the total potential energy and strain around the equilibrium position can
be obtained as follows:
E, =417.48365-0.07544¢ +869.8¢>  for ABNRs 3)
E, =417.48529-0.40031¢ +845.25665¢>  for ZBNRs 4)
Based on Formula (2), combined with Formulae (3) and (4), the Young’s moduli of
ABNRs and ZBNRs can be computed. The results indicate that the Young’s moduli of the
BNRs are generally very large, with values for ABNR and ZBNR being 1.09273 TPa and
0.97804 TPa, respectively. The Young’s moduli are very close to (1.2+0.1) for zigzag and
(1.0+0.1) TPa for armchair grapheme.40’ -4 The moduli for armchair are always larger than
for zigzag, while the modulus ratio of armchair to zigzag (Y./Y,) is 1.117, showing that there

is the anisotropy of in-plane elastic property of BNR.

12
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Fig. 7 Effect of different in-plane tensile strains (&) on the bond ( £, ) and angle energy

(E,) of the ABNR (a) and ZBNR (b)

To further understand the essence of deformation in different phases of in-plane tensile
strain, we have analyzed the bond (£, ) and angle energy (£ ,) (see Fig. 7). By comparing
Fig. 6 and Fig. 7, and combining with Fig. 4 and Fig. 5, it isn’t difficult to find that
deformation features of ABNR and ZBNR are entirely different. The deformation process for
the ABNR can be divided into four typical stages: the linear elasticity, elastic-plastic, plastic
and fracture phases, but the deformation process for the ZBNR is simpler, almost straight
from the linear elasticity to fracture. Fig. 6 and 7 show that the changes of the bond
stretching and angle bending arethe main factors thatinfluence deformation,
specially the former, among which the dominating factors are structural deformation of
stretched BNRs. Fig. 6 shows the critical elastic strains of ABNR and ZBNR are 15.30%
and 22.03%, respectively. Obviously, the critical elastic strains of ZBNRs are significantly

greater than ABNRs.

13



RSC Advances

In addition, comparing Fig.6 and Fig.7, one can find that the total energy [E, is mainly contributed

by E, and E,. Also, E, is much larger than E,, which indicates that £, dominates the E.

. . . . 1 2
The main reasons are as follows: in the equation (1), the bond stretching E, = Z—kr (r—r,)" and the
bonds

1
angle bending £, = Z ~k,(0—-86,)°, where r—7, and @—6, are deviations of bond length or

angles
angle from equilibrium. Due to the special atomic configuration of borophene, the most bond direction are
not entirely tensile direction, the most of bond length deviations 7 —7, is almost very small only when
applying the strains on borophene are not too great. In particular, almost all of bond length maintain
equilibrium length without the strain, their deviations 7 —7, are close to zero. However, 8 -0, is
different, because the allbond angle € in borophene under unideal situation is more difficult
to maintain their consistency, especially many hexagonal hole defects in borophene. Consequently, E, is
much larger than £, . In the expression of E., the contribution of latter terms generally are little and the

E, is mainly contributed by the first two terms £, and £, under in-plane tensile strains in this paper.
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Fig. 8 Geometric structure of ABNR-NH,; with different in-plane tensile strains €
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£=22.63% £=24.14%

Fig. 9 Geometric structure of ZBNR-NH; with different in-plane tensile strains €

When grafted around nanoribbons with amine groups, some changes occur in all of the
above structural properties of BNR-NH, under different in-plane tensile strains. Fig. 8 and 9
show geometric structure changing process of grafted ABNRs and ZBNRs. The results show
that the bond-breaking strain in internal hexagonal vacancies at the center increase from
16.7% to 19.5% for ABNR, while the strain for no distortion in ZBNR decreases slightly
from 22.0% to 21.1%. In particular, when the strain occurs on BNR, cracks obviously
increase from 26.9% to 29.9% for ABNR and from 24.1% to 22.6% for ZBNR. The
structural fracture modes for grafted BNR still remain similar to the aforementioned

non-grafted BNR.

15
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Fig. 10 Effect of different in-plane tensile strains (&) on the total potential energy ( £, )
of BNR-NH,

The effects of different in-plane tensile strains (&) on the total potential energy ( £, ) of
grafted ABNR and ZBNR are as shown in Fig. 10. By comparing Fig. 6 and Fig. 10,
it's easy tosee thatthe grafted ABNR and ZBNR still have distinctly different
elastic strain ranges and slightly different elastic modules, as is the case with non-grafted
BNR. By fitting the curve around the equilibrium position, their elastic coefficients can be
calculated. Through further data fitting, the functional correlation between the total potential
energy and strain around the equilibrium position can be obtained as follows:

E, =416.17487-0.01245¢ +895.45165¢>  for ABNR-NH, (5)
E, =416.22776-0.83926¢ +878.22102¢>  for ZBNR-NH, (6)

Based on Formula (2), combined with Formulae (5) and (6), the Young’s moduli for

grafted ABNRs and ZBNRs have been computed. The results indicate that the Young’s

moduli for ABNR-NH; and ZBNR-NH, are 1.125 TPa and 1.016 TPa, respectively. The

16
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moduli for armchair are still larger than for zigzag, and both are greater than non-grafted
BNR. Besides, the modulus ratio of armchair to zigzag (Ya /Yz) reduces slightly from 1.117
to 1.107, showing that the anisotropy of in-plane elastic property of BNR improves
somewhat with grafted amine groups. In particular, with grafting, the critical elastic strains of
ABNR-NH, and ZBNR-NH, areincreasedto 182%s and 21.12%. Similar to

the aforementioned non-grafted BNR, the former are still greater than the latter.
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Fig. 11 Effect of different in-plane tensile strain (&) on the bond ( £, ) and angle energy
(E,) of the arm (a) and zig BNR-NH; (b)
Fig. 11 further shows the bond (E,) and angle energy ( E,) of the ABNR-NH, and
ZBNR-NH; with different in-plane tensile strains. Compared with non-grafted BNR, it can
be found that the strains at which E, suddenly fall significantly increases for ABNR (from

25.65% to 36.45%) and decreases for ZBNR (from 23.51% to 21.12%). This is consistent

E

with the above-mentioned structural evolution and the ~7 change. The results indicate that

the main reason for the obvious crack in BNR is bond tolerance; grafting amine groups is

17
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useful for strengthening crack resistance of armchair but not zigzag.

To better understand the relationship between differences in elasticity of the
aforementioned BNRs and their structures, we further investigated their radial distribution
functions (RDFs). The g(r) in RDFs gives the probability of finding a B atom in the distance 7
from another reference B atom. If we count the appearance of two B atoms at separation r, from
r=0 to r=0, we can get the radial distribution function g(7). To quantify the crystalline
perfection of BNRs under the different circumstances, we have computed the distribution of the
inter-atomic distances from the atomic coordinates ( g(7)) by using molecular dynamics. The RDF is a
useful tool for describing the structure of a system. In a solid, it exhibits a number of sharp peaks,
separations and heights characteristic of a lattice structure. In RDFs of BNR nanosheets, peak locations
(abscissa values) correspond to the distance between the first, second and other neighboring atoms
separation from reference atom on the sheet. The ordinate values for peaks represent that it is relative
probability that two B atoms would be found at this separation. To calculate the pair distribution
function from a simulation, the neighbors around each atom or molecule are sorted into
distance bins. The number of neighbors in each bin is averaged over the entire simulation.
For example, a count is made of the number of neighbors for every atom or molecule in the
simulation. This count can be performed during the simulation itself or by analyzing the
configurations that are generated, so based on analysis to the optimized structures, the RDF can be
directly obtained from molecular dynamics simulation. The FWHM can be got by calculating the abscissa
difference values at half maximum ordinate values for peaks in RDF. In general, the full width at half
maximum (FWHM) of an RDF is closely related to the integrity of the crystal structure. The more

integrated the structure is, the sharper the RDF peaks are and the smaller the FWHM is, and vice versa.

18

Page 18 of 27



Page 19 of 27

RSC Advances

100' I
|
o0l | ZBNR-NH,
& ZBNR
= | \
> © ) . ABNRNH
) SOV AN N 2
20
0 o |/,\”' L AB'NRl
1 2 3 r(nm)4 5 6

Fig. 12 RDF of grafted and non-grafted BNRs.

Table 1 Main peak positions and FWHMs of RDF (nm)

First peak Second peak Third peak
Materials
Location FWHM Location FWHM Location FWHM
ABNR 0.186 0.0802 0.323 0.1410 0.371 0.1235

ABNR-NH, 0.186 0.0750 0.323 0.0907 0.371 0.1162
ZBNR 0.186 0.0773 0.323 0.1450 0.371 0.1080

ZBNR-NH, 0.186 0.0760 0.323 0.1380 0.371 0.1078

Fig. 12 (Table 1) shows that there is some difference between RDF parameters in grafted
and non-grafted BNRs. Locations of their highest peaks, subpeaks and third peaks are about
0.186, 0.323 and 0.371nm, respectively, with little significant change taking place among the
BNRs. But their FWHMs are different. The first three FWHMs for ABNR are about 0.0802,

0.1410 and 0.1235nm, respectively. After being grafted, the FWHMSs are 0.0750, 0.0907 and

19
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0.1162nm. It can be seen that the FWHMs for grafted BNRs are slightly smaller than those
for non-grafted BNRs. Similarly, the FWHMSs of the first three peaks for ZBNR are about
0.0773, 0.1450 and 0.1080nm, respectively. After grafting, the FWHMs are 0.0760, 0.1380
and 0.1078nm. FWHMSs for grafted BNRs are still slightly smaller than those for non-grafted
BNRs. These results can be attributed to the differences in free boundary shapes and grafts
and lead to the differences between B-B bond lengths of BNRs in the triangular lattices.
These results indicate that grafts can decrease the FWHMs of the crystal structure, thereby
improving the integrity of the crystal structure. Comparison of the FWHMs in terms of
the elastic moduli, the critical elastic strains and the rupture strains before and
after grafting shows that the elastic properties of BNRs are basically related to the integrity
of the crystal structure. The smaller the FWHMs are, the more integrated the structure is and

the stronger the distortion resistance is.

3.2. High-temperature structural stability of BNRs

As with graphene, BNR and its composite structures are likely to be used in varying
high-temperature environments in actual applications, such as the spark plasma sintering of
graphene reinforced zirconium diboride ultra-high temperature ceramic composites,45
high-temperature  multifunctional magneto active nickel graphene polyamide
nanocomposites,*® and so on. In order to know the high-temperature structural stability of
BNRs, structural performances of the above-mentioned four BNRs, when subjected to high
temperatures, are simulated and analysed through molecular dynamics simulations. Fig. 13

shows the overall appearance of the four BNRs after quenching at temperature of 1500 K.

20
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Because the difference at lower quenching temperature is not large enough to clearly
describe, a higher quenching temperature (1500 K) is selected in this paper. It is evident that
the structural deformation in Fig. 13al and a2 is obviously greater than that in Fig. 13bl and
b2. In the former, some areas of the structures exhibit some chaos in bond orders and the
hexagonal holes in the structures are obviously distorted or ambiguous, whereas those in the
latter display only slight chaos in bond orders and no obvious distortions, especially near the
clear hexagonal holes in the structures. At the same time, comparison of Fig. 6 (al) and (a2)
shows that deformation of zigzag is slightly less than that of armchair BNR but Fig. 6bl and
b2 show no evident difference between the armchair and the zigzag in terms of structural
deformation. This indicates that the degree of structure distortion is related to the chirality,
i.e. there is some thermal expansion anisotropy in BNR. Therefore, grafted amine groups can
not only enhance resistance to deformation at high temperature but also reduce its thermal
expansion anisotropy. The geometric models of BNRs at high temperature suggest that
grafted amine groups have certain protective effects that improve the high temperature

structural stability of BNRs.
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(b1, b2) after quenching at 1500 K.
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Fig. 14 RDF of grafted and non-grafted BNRs after quenching at 1500K.
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Table 2 FWHMs (nm) of the first RDF peak for grafted and non-grafted BNRs after

quenching at a temperature of 1500K

Material FWHM Material FWHM
ABNR 0.03558 ABNR-NH, 0.02165
ZBNR 0.03094 ZBBR-NH, 0.02011

Fig. 14 (Table 2 ) shows RDF parameters at quenching temperature of 1500K. The
thermal expansion of atomic distances and the increases of lattice vibrational frequency occur
with the rise of temperature based on the basis of thermodynamics, so it is reasonable that
RDF values of grafted and non-grafted BNRs after quenching at 1500 K (Fig. 14) have more
noise than data presented in Fig. 12. From Fig. 14 (Table 2 ), the FWHMs of the highest
peaks for ABNR and ZBNR are 0.03558 and 0.03094nm, respectively. When grafted,
distribution of the peak narrows. FWHM of the highest peak for ABNR decreases from
0.03558 to 0.02165 nm and that for ZBNR decreases from 0.03094 to 0.02011nm. These
results indicate that at a high temperature, the structure displays smaller deviation in distance.
The neighbouring atomic distances are more concentrated at all levels in the triangular
lattices on nanosheets. Hence, crystal structures of BNRs are protected by the amine grafts to
a certain extent, suggesting that BNR-NH, has higher resistance to distortion at high
temperature. Therefore, grafting amine groups can improve the structural stability of BNRs at
high temperature. In addition, it's easy to find that FWHM of the ABNR is greater than

ZBNR but that of grafted ABNR is closer to that of grafted ZBNR. This result indicates that
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grafting amine groups effectively reduces the thermal expansion anisotropy of BNR. The

RDF quantitative analysis result is consistent with the above-mentioned geometric shapes.

4. Conclusions

The molecular dynamics simulations suggest that Young’s moduli of ABNR are slightly
greater than those of ZBNR. Grafting amine groups can increase moduli and decrease
some anisotropy of elastic moduli. Optimizing the structures of BNRs and BNRs-NH, with
different in-plane tensile strains shows that the critical elastic strain for ABNR is less than
ZBNR and grafting amine groups can increase the strain. However, the ZBNR is
somewhat different as grafting amine groups slightly reduces the strain. The result indicates
that grafting amine groups can enhance elastic strain range of ABNR and efficiently reduce
the anisotropy of elastic strain for BNR. Their fracture modes are completely different;
ABNR and ZBNR show distinct typical ductile and brittle fractures, respectively. The crack
for ABNR begins from the middle and that for ZBNR begins from both ends.
The deformation process for the ABNR has four distinct stages: the linear elasticity,
elastic-plastic, plastic and fracture phases, and the breakup of ZBNR occurs so fast that one
is unable to see the transitional processes. The analysis results for failure strain indicate that
the main reason of obvious cracking of BNR is bond tolerance; grafting amine groups is
useful for strengthening the crack resistance of armchair but not zigzag. Geometric structures
of the BNRs and BNRs-NH; at quenching temperature of 1500K show that the deformation
of the armchair is slightly greater than that for the zigzag, but grafted amine groups can

significantly strengthen the capacity to resist deformation at high temperature and reduce the
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thermal expansion anisotropy. The analysis results for RDF reveal that elastic properties,
anti-deformability and high temperature structural stability of BNR have some corresponding

correlations with their crystallinities.
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