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Two-dimensional auxetic materials with negative Poisson’s ratio expand in response to a tensile strain in
cross-section. Such counter-intuitive behaviours have been mainly ascribed to concave structures with
ideal rigid ball-stick models. Here, based on first-principles calculations, we systematically analyze the
mechanical behaviours of three life-boat structured two-dimensional (2D) materials and report two new

auxetic materials: d-arsenic and 3-graphane. The calculated Poisson's ratio values are correlated with
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Accepted 11th December 2018 oung's modulus, cohesive energy, and valence shell electron pair repulsion of isostructures. Combining

with previous research, we provide a self-consistent explanation of the origin of the 2D in-plane

DOI: 10.1039/c8na00352a negative Poisson's ratio and an algorithmic route to discover new auxetic materials by comparing the
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Introduction

The Poisson’s ratio (PR) of a material is defined as v;; = —¢//¢;,
where ¢; is an applied strain in the active (i-axis) direction and ¢;
is the corresponding strain in the transverse (j-axis) direction. It
reflects the response in the transverse direction to a uniaxial
strain in the longitudinal direction. For normal solids, Pois-
son's ratio usually falls in the range 0-0.5," which behaves as
a geometrically inverse feedback to external strain. However,
counter-intuitively, there exist a group of materials with nega-
tive Poisson's ratio (NPR), namely auxetic materials, exhibiting
expansion in the transverse direction when a tensile strain is
applied in the longitudinal direction.> Materials with NPR are of
great interest in biomedicine,* fasteners,* tougher composites,*
tissue engineering applications® for their enhanced toughness”
and shear resistance.® R. Lakes firstly correlated these
phenomena to the unique mechanical structure of the auxetic
materials.’ Since ordinary crystals commonly have the convex
structure (bonds in which are located at the edge of the unit
cell), the perpendicular cross section of the unit cell tends to
decrease under a tensile strain, compelling the atoms to shrink
in the transverse direction. On the contrary, concave structure
(the bonds in which are located inside or on the surface of the
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energy restored in bond rotation and stretch.

unit cell) tends to behave in a positive feedback to strain,
exhibiting an NPR." For three-dimensional (3D) auxetic mate-
rials, such as o-cristobalite,"* the A7 structure,”> the cubic
metals," and the honeycomb,** the more concave the structure
is, the higher the NPR will be.”” In such an ideal treatment,
crystal structures were assumed to be made of rigid sticks
linked by flexible hinges (i.e. ball-stick model), neglecting the
chemical effects arising from distinct electronic configurations
at different bond angles.

Since the discovery of graphene in 2004, two-dimensional
(2D) materials have been under intensive research for diverse
applications due to their larger elastic strain duration than their
bulk counterparts*® In particular, a-phosphorene was the first
auxetic 2D material discovered in 2014, with an NPR of —0.027
in the zigzag direction." Its peculiar geometry in the unit cell is
formed by three P-P bonds and a lone pair, each with two sp®
orbital electrons from neighbouring phosphorus atoms.®
Crystals with such bonding framework may result in four
tetragonal systems (a-, B-, y-, and d-phase) and more monoclinic
allotropes (such as e-phase), as found in phosphorene,*** and
arsenic.”® Similarly, graphane, a hydrocarbon with the C:H
ratio = 1 : 1, may also form in these structures (see ref. 21 and
references therein)** since the electrons around carbon atoms
have similar distribution: three pairs of C-C sp® bonding elec-
trons and one pair of C-H sp’ bonding electrons taking the
place of the lone pair in phosphorene or arsenic. Subsequently,
many 2D materials with puckered structure, such as SnSe,*
penta-graphene® and W,C,** were reported to have NPR.
Recently, d-phosphorene, one of the 2D tetragonal-system
phosphorene allotropes with the so-called life-boat structure,
has been reported with a significantly low NPR ~ —0.267.%°
Moreover, 1T-phased 2D transition metal dichalcogenides

Nanoscale Adv., 2019, 1, 1117-1123 | 1117


http://crossmark.crossref.org/dialog/?doi=10.1039/c8na00352a&domain=pdf&date_stamp=2019-03-08
http://orcid.org/0000-0002-6686-1570
http://orcid.org/0000-0002-7860-2023
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8na00352a
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA001003

Open Access Article. Published on 12 December 2018. Downloaded on 4/9/2026 12:54:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Nanoscale Advances

(TMDCs) have been systematically investigated and some
possess positive PR (PPR) while others have NPR.>® The varia-
tion of PR values was attributed to the distinct p—d orbital
electronic interactions between the chalcogen p orbitals and the
transition-metal d orbitals. This highlights the fundamental
role of chemical bonding in affecting the PR values for iso-
structural materials.

Although different elements with isostructures are expected
to have different PR values, we notice that the underlying
mechanism of NPR from a chemical sp® bonding perspective is
unclear. According to Lakes' theory, any material with concave
life-boat structure (see Fig. 1) should have an NPR. In a practical
process, tensile strain enlarges the length of the bonds, and the
valence shell electron pair repulsion (VSEPR) tends to limit the
bonds rotational freedom. As such, the NPR values of iso-
structural systems consisting of different elements should be
related to their corresponding elemental electronic configura-
tions. To study the intrinsic logic behind PR values of iso-
structural systems, we select the life-boat structure (one of the
2D structure with reported lowest PR) and calculate the PR
values for d-arsenic,”® 3-phosphorene and 3-graphane* (a
mechanically stable hydrocarbon with the same structure as 5-
phosphorene) and correlate NPR values with their chemical
structures. Moreover, combining with previous auxetic material
research, we analyse and summarize the correlation between

X

Fig. 1 The atomic structures of 8-phosphorene (a), d-arsenic (b) and
d-graphane (c), which all have the life-boat shape in the x-direction.
The unit cell of each material is marked in the dash-line square. x-, y-
and z-direction are defined in the diagram respectively.
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the NPR and electronic configurations and provide an operating
route to find new 2D auxetic materials.

Methods

DFT computational details

The first-principles calculations were based on the density
functional theory (DFT) as implemented in the Vienna ab initio
simulation package (VASP) and were used to determine the
atomic structure and electronic properties of atomic-layer d-
phosphorene, d-arsenic and d-graphane under certain strains.
We employed the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE)*”” with van der Waals (VdW)
corrections in exchange and correlation functions.”® Conver-
gence testing was performed for cut-off energies from 100 eV to
1000 eV and k-point meshes from 4 x 4 x 4to 24 x 24 x 24.In
a balance of time consumption and accuracy, a cut-off energy of
400 eV for phosphorene and graphene and 800 eV for arsenic
were adopted to ensure total energy convergence. A sampling of
the reciprocal space Brillouin zone was set as a grid of 8 x 8 x 8
k-points. To simulate 2D crystals, a unit cell with periodic
boundary conditions was used, in which a vacuum space of at
least 20 A was applied to minimize the interaction from z-
direction neighbours.
The uniaxial strain is defined as

A(l,‘
aip

& (1)
where i represents a certain direction such as x or y, Ag;
represents the difference between the lattice constant a; under
a certain strain and a; is that of the strain-free system. For each
uniaxial strain applied, the lattice constants in the transverse
direction were optimized. The Poisson's ratio is obtained via the
fitting of &; = —vje; + v,6” + 3¢, within 5.5% tensile strain in
each case.
The stress is defined as

1dU
V dé‘,‘

g; =

(2)

where V is the volume of the unit cell, which is the product of
the two in-plane lattice constants and the effective thickness
(defined as the vertical difference between the highest and the
lowest atom plus atomic radius), U is the total energy of the
system. Young's modulus can be obtained from the slope of the
stress—strain curve in the elastic region.

Results and discussion
Crystal structure

The unit cell of monolayer 3-phosphorene (3-arsenic and &-
graphane) consisting of 8 phosphorus (arsenic and carbon-
hydrogen) atoms, forming two atomic layers, are shown in
Fig. 1. The lattice constants are shown in Table 1. The lattice
constants in our calculations are systematically smaller than
previously reported values (in the bracket in Table 1) due to the
inclusion of VAW correction in our work. We found that VdW
interaction among neighbouring, but not chemically bonded,

This journal is © The Royal Society of Chemistry 2019
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Table1l The calculated atomic structures and cohesive energy of 2D 3-phosphorene, 3-arsenic and 3-graphane, compared with other values in

the literature (brackets)

Crystal

Lattice constant a (A)
Lattice constant b (A) 5.40 (5.42 (ref. 18))
Cohesive energy E. (eV per atom) 3.67 (3.23 (ref. 18))
Atom radius (pm) 195

Bond length (A) 2.27

d-Phosphorene
5.50 (5.56 (ref. 18))

“ Values for d-graphane are for carbon and C-C bonds.

atoms leads to non-negligible changes in the lattice constants
even in these monolayer 2D materials. The life-boat shape of
these structures along the x-direction and the zigzag shapes in
the y-direction results in anisotropic mechanical responses in
different directions, including anisotropic Poisson's ratios. We
also tested solid nitrogen and antimony in this structure and
confirmed these structures were mechanically unstable.

Poisson's ratios and mechanical properties

Table 2 shows the calculated Poisson's ratio (v, and »,,) and
mechanical properties for &-phosphorene, &-arsenic and
d-graphane subjected to an up-to 5.5% tensile strain in either x-
or y-direction. The negative PRs are found in both directions for
all these life-boat structured crystals. This indicates that the
occurrence of NPR can be expected based on a purely geometric
consideration. However, the PR values vary from —0.072 to
—0.148 in the x-direction and —0.090 to —0.265 in the y-direc-
tion for these similar puckered structures of different elements.
Evidently, the NPR value is strongly affected by the chemical
structure.

Table 3 shows the comparison of NPR values of recently
predicted 2D materials, where 3-graphane ranks 6.

Mechanical behaviour under tensile strain

To understand the strain behaviours of the auxetic materials,
we systematically calculated the volume, total energy and stress
as a function of tensile strain (up to 5.5%) of 3-phosphorene, -
graphane and 3-arsenic (shown in Fig. 2(a-i)). During the
calculation for volume-strain curves, the volume (V) of the 2D
unit cell is defined as the product of the two in-plane lattice
constants and the effective layer thickness.*® For positive Pois-
son's ratio (PPR) materials, enlarged longitudinal (the direction
of applied strain) lattice constant reduces the other two in the
transverse and vertical directions. The volume of NPR materials
with the life-boat structure increases linearly-like upon tensile

Table 2 The calculated Poisson's ratio values and mechanical prop-
erties of different life-boat structured crystals

Property d-Phosphorene  d-Arsenic  3-Graphane
Poisson's ratio vy, —0.148 —0.072 —0.080
Poisson's ratio vy, —0.265 —0.090 —0.160
Young's modulus E, (GPa) 83.1 67.1 200
Young's modulus Ey (GPa)  145.2 97.3 340

This journal is © The Royal Society of Chemistry 2019

d-Arsenic

5.86 (5.91 (ref. 20))
5.90 (5.93 (ref. 20))
2.80 (3.06 (ref. 20))
205

2.51

3-Graphane

3.76 (3.83 (ref. 21))
3.69 (3.83 (ref. 21))
3.29¢

170

1.09¢

strain, but faster than PPR materials since both in-plane lattice
constants increase upon longitudinal tensile strain. The ratio of
the increment of volume to the strain is approximately 1 for all
the three 2D materials studied here, while the ratio for tradi-
tional cubic mononitrides is less than 0.6.*° The parabolic trend
of total energy-strain curves is similar to those of non-auxetic
behaviour materials, which indicates that for both PPR and
NPR materials, the external work done upon elastic strain is
transformed into strain energy due to deformation.

The anisotropic mechanical responses in different directions
are evident in the calculated strain-stress curves, where the
stress increases monotonously, but slows down as the tensile
strain rises, which implies the PR is a strain-dependent prop-
erty. These facts above indicate that the NPR phenomenon is
more counter-intuitive in macroscopic geometrical behaviour
than in mechanical behaviours.

Bond rigidity

The different PR values of TMDCs was ascribed to the t,e-
bonding orbitals with different d-orbital electrons,® yet neither
phosphorene nor graphane has d-orbital electrons. Here we put
forward a more general explanation. For a given auxetic struc-
ture, the length of rigid bonds in an ideal ball-stick model is
unchanged and the sticks can rotate freely around the “knot”
(ball) under applied strain. However, if the length of the bonds
is changeable, the “sticks” tend to extend to bear the strain in
order to reduce the extent of change in the transverse lattice

Table 3 Comparison of the negative Poisson's ratios in recently pre-
dicted 2D materials

Poisson's Poisson's

System Method ratio vy, ratio vy,
a-Phosphorene (BP) PBE" 0.046 —0.027
d-Phosphorene PBE + D2 —0.148 —0.265

(ref. 25) (—0.158)" (—0.267)*
d-Arsenic PBE + D2 —0.072 —0.090
3-Graphane PBE + D2 —0.080 —0.160
Penta-graphene PBE* —0.068 —
SnSe PBE** — —0.17
1T-MoS, PBE*® —0.07 —0.07
1T-WSe, PBE*® —0.2 —0.2
1T-TcTe, PBE>® —0.38 —0.38
W,C PBE** —0.33 —0.36

% Values in brackets are the calculation results in ref. 25.

Nanoscale Adv., 2019, 1, 1117-1123 | 1119
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Fig. 2 The volume-strain curve, the total energy—strain curve of and the stress—strain curve of 3-phosphorene (a—c), 8-arsenic (d—f) and 3-
graphane (g—i), in which the black curve represents the behaviour in the x-direction and the red curve in the y-direction.

constant. To quantify the rigidity of the chemical bonds among
these three systems, we compare the cohesive energies of these
three systems. From Jd-arsenic, d-graphane to d-phosphorene,
the increasing high cohesive energy values reflect that it is more
difficult to elongate the chemical bond (Table 1). For those
structures with greater stiffness, they tend to rearrange the
geometrical structure so as to extend the transverse lattice
constant in responding the longitudinal tensile strain, which
means smaller PR; hence vphosphorene < Vgraphane < Varsenic-

For a given structure, the stiffness partially reflects the
rigidity of the bond. Thus, we also calculated the effective
Young's modulus for each system based on the stress-strain
curves (shown in Table 2). 3-Phosphorene and d-arsenic have
the greatest similarity as they are both isostructures with similar
charge distribution. The phosphorus-based life-boat structure
has a greater Young's modulus (83.1 GPa in the x-direction and
145.2 GPa in the y-direction) than the arsenic-based one
(67.1 GPa in the x-direction and 97.3 GPa in the y-direction),
which implies §-phosphorene has stronger bonds than 8-
arsenic. Also, 3-phosphorene has smaller values of PR than -
arsenic, which is consistent with our previous discussion.

Though d-graphane has the highest Young's modulus
(200 GPa in the x-direction and 340 GPa in the y-direction), it is
d-phosphorene that shows the most obvious auxetic behaviour,
with the lowest PR, —0.265 in the y-direction and —0.148 in the
x-direction (in agreement with the previous work®). This indi-
cates that the stiffness is a collective macroscopic property,
which reflects how difficulty we change the length of the whole
material rather than just a specific chemical bond. This paradox
is also observed in 1T-TMDCs.*® The variation of NPR values for
isostructures is believed to be determined by their distinct
elemental electronic configurations. To fully explain this

1120 | Nanoscale Adv., 2019, 1, 1117-1123

phenomenon, we calculate the electron charge distribution
(shown in Fig. 3) of the three systems, which reveals a deeper
understanding.

sp® VSEPR

Ideal geometrical analysis of auxetic materials assumed that
bonds can freely rotate around connected atoms. However, the
valence shell electron pair repulsion (VSEPR)*' among neigh-
bouring bonding or lone paired electrons constrain the rota-
tion. In a life-boat structure, there are four sp® orbitals around
each P (As, C) atom, three of which are occupied by pairs of
bonding electrons from neighbouring P (As, C) atoms, and the
last one is occupied by 2 lone paired electrons (3-phosphorene
and d-arsenic) or 2 bonding electrons from the C-H bond (3-
graphane). Fig. 3 shows the charge distribution of these three
systems, from which the lone pairs in -phosphorene and o-
arsenic are closer to P or As atoms compared to the C-H orbital
electrons in d-graphane to the C atoms. When a tensile strain is
applied, P-P and As-As bonds are easier to rotate towards the
paired electrons as the paired electrons can move further away
from the P or As atoms. On the other hand, C-H bonds show
greater VSEPR to C-C bonds than that among lone pair to P-P or
As-As bond. Smaller VSEPR allows P-P bonds in 3-phosphorene
to rotate more freely than C-C bonds in 3-graphane. As a result,
Vphosphorene 18 greater than vgraphane, and Vgraphane is closer in
value to varsenic than Vphosphorene-

Deformation mechanism

To systematically understand the microscopic auxetic behav-
iour of the life-boat structured materials, we plot a diagram of
the deformation mechanism in a unit cell under longitudinal

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The charge distribution of 3-graphane (a), 3-phosphorene (b)
and d-arsenic (c) in which the isosurfaces are 0.1 electron per A3 for 8-
phosphorene and 3-arsenic, and 0.32 electron per A® for 3-graphane,
respectively. Each phosphorus or arsenic atom has 5 outer electrons, 3
of them share 3 P—P sp® or As—As sp® orbitals with electrons from
neighboured atoms and the rest lone-paired two electrons occupy the
last sp®. Each carbon has 4 outer electrons, 3 of them share 3 C—C sp®
and the rest share a C—H sp® with one electron from hydrogen. The
lone pairs in 3-phosphorene and 3-arsenic are more closed to P and As
atoms, allowing P—P and As—As bonds to rotate more freely.

tensile strain in the y-direction (Fig. 4). The ball-stick model in
the figure is used to represent either the carbon framework in d-
graphane or the unit cell of 3-phosphorene or d-arsenic. There are
3 different motions including 2 translational motions for both
the x- and y-directions (marked red and black, respectively) and 1
rotational motion (marked in blue) during the rearrangement of
the 8 atoms (or 8 pairs of CH for 3-graphane) in the unit cell.
When a tensile strain is applied, the outer four atoms (A,, By, C,
and D,) in the y-direction move outwards correspondingly (as
shown by black arrows). The two bonds D;D, and A,D, constrain
the movement of atom D, and pull the D, and A, (so as to A; B,
and C, due to the symmetry as shown in Fig. 4). The bonds A,B,
and C;D; are slightly stretched and store the energy from the
work done by tensile strain and the bonds A;A,, B;B,, C;C, and
D, D, are forced to rotate (as shown by blue arrows). However, the
repulsion from the paired electrons in the last sp® orbital (either
in the C-H bond or a suspended orbital) around all 8 atoms limits
the rotation. Under this mechanism, the energy stored in the
stretched A,B, and C,;D; bonds should balance that in the
compressional deformation of electron density by bond rotation.
As a result, the rotations reduce the effective thickness and push
the inner 4 atoms (A,, B,, C; and D,) outwards as well (as shown
by the red arrows). The collection of these processes manifests
the enlarged transverse lattice constant.

Pattern to find new auxetic material

Combining our analysis and previous NPR research, we can now
summarize the origin of the NPR phenomenon for 2D materials
at the atomic level. Here we define a (x-direction) and b (y-
direction) as the two in-plane lattice constants of a 2D material
unit cell, and ¢ as the reduced effective thickness in the z-
direction. For a 2D material, the effective thickness is much less
than a and b, and the decrease of ¢ is predominantly caused by
the flatting of the chemical bonds connecting interlayer atoms
under a tensile strain. As a result, the effective volume enlarges

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Deformation mechanism of the life-boat structure. A
longitudinal tensile strain is applied in the y-direction. The black arrows
represent the atoms movements in the longitudinal direction. The blue
arrows show the rotation directions of the bonds. The red arrows show
the final displacement of atoms in the transverse direction. The two
sub-diagrams show the top view (b) and the side view (c) of the system
before (left to the arrow) and after (right to the arrow) the strain.

with increasing applied tensile strain. Indeed, the thickness of
both a-phosphorene and penta-graphene obviously decrease
under tensile strains.'”** Hypothetically, if we apply an unreal-
istically large strain in either the x- or y-directions, but keep the
neighbouring atom is bonded at in a reasonable distance (same
value as the strain-free bond distance), the atoms tend to
arrange in a single atomic plane. Thus, to perform NPR, the 2D
structure must be arranged in at least 2 atomic layers.

Another important feature of 2D auxetic materials is that the
atoms are connected by the chemical bonds inside the unit cell
or on the surface instead of on the edge, which is often
described as a puckered, buckled or corrugated structure. The
tetragonal or hexagonal systems under strain remain in similar
shapes, but the bond angles change. SnSe, a-phosphorene and
life-boat structures have only 4 atoms at the vertices of the
tetragonal unit cell, while bonds of TMDCs lie on the lateral
surface of the hexagonal unit cell. The non-zero thickness and
the lack of constraint on the edge are two prerequisites for an
NPR in terms of the geometrical structure.

Nanoscale Adv., 2019, 1, 1117-1123 | 1121
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The work done by strain can be restored both in stretched
chemical bonds and distorted charge distribution caused by
VSEPR. The whole system tends to distort to an away-from-
equilibrium-state with lower total energy. For a given geomet-
rical structure, rigid bonds tend to force other bonds to rotate,
while soft bonds tend to be stretched. Either PPR or NPR is
determined by whether the enlargement or rotation of the
chemical bonds plays a dominant role in energy restoration.
Both rigidity and ease of rotation are important in the auxetic
phenomenon. This can be explained by the gradient of the total
energy in a spherical coordinate system referred by bonds:

v 1au 1 U

VU= 6r+r o7} rsinﬂ% (3)

where the U is the total energy, r is the length of the bond, § and
¢ are coordinates defined in Fig. 4. For any moment in the
process under strain, the crystal tends to behave in the direction

.. U -
that has the minimum value - enlargement for o rotation in
r

ou ou
—. The ratio of Wto

a plane for 10U or thinning for
p r 96 E10T sin g 99

- (2—0 in d-phosphorene, d-arsenic and d-graphene under strain
in the armchair direction are approximately 5: 1, 2.2 : 1, and
1.2 : 1, respectively (more details see ESIt).

For those NPR structures having similar charge distribution,
such as life-boat phosphorene and arsenic systems, larger
cohesive energy and Young's modulus imply stronger bonding.
The stronger bonds force other bonds to rotate under a tensile
strain, thus larger Young's modulus shows lower PR value.
However, in some cases, the stronger VSEPR from neighboured
bonds or lone pairs weakens this effect, often along with
different charge distribution and density of states. For life-boat
graphane, the VSEPR between the C-H bond and the C-C bond
constrains the rotation of freedom and the PR of d-graphane is
greater than d-phosphorene though the C-C bond is stronger
than the P-P bond. Similarly, weak t,,—p coupling in d°, d° and
d® TMDCs causes strong repulsion among the M-X bonds,
reducing the NPR and some even become PPR.** The mechan-
ical formation or deformation pattern for bonds is fundamen-
tally determined by the elemental electronic configuration, in
which to achieve NPR behaviour, the bonds have to be both
rigid and free for rotation.

This conclusion is not contradictory to Lakes' theory. The
geometrical structure decides the mechanical reaction upon
a tensile strain and depends on the electronic configuration of
the elements selected, which also decides the bonding infor-
mation. Fig. 5 simplifies the critical factors in the origin of NPR,
which provides a route to predict 2D NPR material. In practice,
starting with a discovered NPR material, first one needs to find
several isostructures with different elements, then to investigate
the charge density and charge distribution to compare the
VSEPR. If the new structure has a similar VSEPR, the structure
with greater rigidity will lead to a lower NPR. If there exists
a new factor affecting the rotational freedom, then the final
criterion is the comparison between the energy restored in
bonds stretch and rotation under tensile strain. If the bonds

1122 | Nanoscale Adv., 2019, 1, 1117-1123

View Article Online

Paper

observe an auxetic material

v
find an isostructure with different

bonding information

Similar charge Yes

density/distribution

higher bond
rigidity?

Fig. 5 The flow chart to predict new 2D NPR materials. The squares
symbols are processes while the rhombus symbols are decisions.

tend to flatten then it should have NPR. To verify such an idea
we have calculated the PR values of another allotrope of phos-
phorene - e-phosphorene,* which has a similar side view and
bond information to that of 3-phosphorene. Indeed, e-phos-
phorene is found to have an isotropic NPR with the value of
—0.09. The increased PR value compared to that of 3-phos-
phorene is due to the limitation of the rotational freedom
caused by VSEPR (derived via charge distribution). For a new
material with a particular structure, our proposed pattern can
be utilized to estimate the likelihood of whether it has an NPR
value. Yet, it remains our future endeavour to use this method
to design a group of materials with controllable NPR values.

The auxetic behaviour we discuss here is in the elastic
region, with the original definition of NPR as v;; = —¢j/e;. There
is another PR defined by the formula v;; = —de;/de; often used
under large strains.**** We also notice that the PR v,, = —¢,/e) (2
means the vertical direction and the y means the armchair
direction) in the o-arsenic has been found to be negative.*
However, the positive in-plane PR reflects the increasing trend
of NPR as the As-As bond is softer than the P-P bond in a-
phosphorene, which is in agreement with our conclusion. The
original in-plane (v, or »,,) NPR describes the intrinsic positive
feedback in mechanical respond under strain.

Conclusion

Among the materials, we have selected and those mentioned in
references, d-phosphorene has shown the highest PR value due
to the unique concave structure and moderate VSEPR and bond

This journal is © The Royal Society of Chemistry 2019
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rigidity. Based on our calculation of these isostructures and
analysis of mechanical deformation, we have concluded that
the NPR only reflects a positive feedback in the geometry
parameter rather than in energy storage. The origin of the
auxetic phenomenon can be explained as that the energy is
more easily stored in the extension in the transverse direction
rather than compress when a tensile strain is applied in the
longitudinal direction. The auxetic behaviours are determined
by not only the concave geometry structure but also the high
bond rigidity and flexibility for bond rotation. The latter two
factors are strongly correlated with the chemical properties of
elements within the system, such as cohesive energy, VSEPR,
charge distribution etc. By summarising the logical connections
the NPR, we have provided an algorithmic method to discover
new possible candidate 2D material through analysing the
chemical structures of the isostructures of the known auxetic
material.
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