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Negative linear compressibility, i.e., the phenomenon of
expansion rather than shrinkage in at least one direction upon
the application of a hydrostatic compressive pressure is an
unusual mechanical property which is attracting more interest
in the recent years. Here, through analysis of published data
by Hu et al. [J. Superhard Mater. 36, 257–269 (2014)] as well
as through static force-field based simulations, it is shown that

it is possible to achieve this property in the novel carbon
allotropes built from sp2 and sp3 hybridized carbon atoms
which have a two-dimensional projection that resembles a
honeycomb motif in their (001) plane. This is in accordance
with earlier predictions that honeycombs deforming through
a hinging-like mechanism could exhibit this property for
certain geometries.
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1 Introduction The discovery of new carbon allo-
tropes such as buckyballs, nano-tubes, and graphene,
has intrigued several chemists and materials scientists to
further study new forms of carbon. The unique electrical and
thermal properties and the high strength and hardness in
the case of covalently bonded carbon networks lead to
the advent in development of superior materials with very
specific applications. Carbon based systems also represent
some of the earlier systems to be studied vis-�a-vis their
potential to exhibit anomalous mechanical behavior.
Such properties include auxeticity i.e., the phenomenon
of becoming wider rather than thinner when uniaxially
stretched (negative Poisson’s ratio) [1], as well as negative
linear compressibility i.e., the phenomenon of expanding in
at least one direction when hydrostatically compressed. The
fields of auxeticity [2–25, 47] and negative compressi-
bility [26–38] have been gaining significant growth in the
last decades, partly in view of the scientific curiosity of
having materials and model systems which exhibit such
counter intuitive mechanical properties, as well as the wide
range of applications where such materials can be used.

Various nanoscale materials which exhibit negative
linear compressibility have been identified [31, 34–38].
Here it should be noted that negative compressibility as a
result of pressure being exerted by a fluid on a solid system
can be achieved via twomodes. The first, relates to scenarios

where the pressure is exerted by the fluid particles on the
external surface of a non-porous solid system [31, 32, 34,
35]. In this case, negative compressibility generally arises
due to very high positive Poisson’s ratios and anisotropy. On
the other hand negative compressibility can also be achieved
in porous solid systems as a result of the fluid particles
exerting a pressure both from within the pores of the
material and on its surface, altering the relative orientation
of the structural features in the system, which may result in
NLC [44–45]. At the nanoscale it is more common to have
negative linear compressibility being manifested as a result
of the former effect. Several highly anisotropic geometrical
based models have been proposed so as to explain the
occurrence of this anomalous property. Suchmodels include
the wine-rack and conventional honeycomb mechanisms;
two systems which can be highly anisotropic and exhibit
very high positive Poisson’s ratios in particular directions
leading to the possibility of negative compressibility.

In fact earlier work [32] shows that idealized hexagonal
honeycombs such as the ones in Fig. 1 deforming solely
through a hinging-like mode of deformation can show
negative linear compressibility (NLC) for a given set of
initial angles [32]. The ratio of h/l, (i.e., the ratio of the
length of the ribs along the vertical direction and the inclined
ribs) determines the range of angles where negative
compressibility is shown with smaller h/l ratios favoring

Phys. Status Solidi B 252, No. 7, 1656–1663 (2015) / DOI 10.1002/pssb.201552234

basic solid state physics

st
a
tu

s

so
li

d
i

www.pss-b.comp
h

y
si

ca

� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



more negative values of linear compressibility in the Ox1
direction. It was also shown that all non-re-entrant idealized
hinging honeycombs are expected to exhibit a negative
compressibility along the horizontal Ox2 direction for
u> 458 [32]. This range can be further increased by
increasing h/l, although the actual magnitudes of the
negative linear compressibility decrease. However, it is
seldom the case that a real system deforms through a single
mode of deformation, and any such additional mode could
either augment, or, more likely, decrease the extent of
NLC [32]. For example, if the honeycomb system shown in
Fig. 1 would have also deformed though changes in length
of the various ligaments (stretching mechanism), then the
extent of NLC would decrease, potentially even be totally
annulled [32, 46].

This work will look at two all-carbon networks, recently
proposed by Hu et al. [39] which have a characteristic
honeycomb-like motif in their nanostructure, a geometry
which, as noted above, is well known for its potential to
exhibit negative compressibility. These novel all-carbon
systems were predicted using the newly developed USPEX
and CALYPSO methods based on ab initio simulations.
This seminal work has shown that these graphyne derived
networks are energetically more stable than the correspond-
ing graphyne under ambient pressure while most of the
proposed networks are more stable than fullerene C60. Hu
et al. have also shown that these networks can attain high
hardness while also showing tuneable electronic properties,
and that the formation of these networks from the
corresponding graphyne exhibits a lower barrier than
the graphite to diamond transformation. In addition they
have also calculated the elastic constants for single crystals
of these systems [39]. This, together with the resemblance
that particular planes of such system bear to hexagonal
honeycombs have prompted the reported work, where their
compressibility properties are analyzed, particularly their
potential to exhibit NLC. Static force-field based simu-
lations are also performed in an attempt to obtain additional
evidence through an independent modelling methodology
that these windows of NLC do indeed exist. With the same

method, an attempt is also made to simulate the nanolevel
deformations that occur when these crystals are hydrostati-
cally compressed. Such behavior is explained through
geometry based mechanistic models that are supported
through detailed static force-field base simulations of these
systems under hydrostatic loading conditions.

2 Methodology Static force-field based simulations
were performed on two all-carbon networks (Fig. 2)
as described by Hu et al. which networks can be described
as three-dimensional (3D) polymers of graphyne sub-structures
[39]. In particular the first of these networks, henceforth
referred to as oC24, is described by an orthorhombic unit cell
containing 24 atoms. The geometric arrangement of these
atoms is in such a way that the system resembles layers of
non-planar hexagonal honeycombs parallel to the (001) plane
as shown in Fig. 2. These layers are connected to one another
with single and double bonds forming smaller hexagonal
honeycombs perpendicular to the (001) plane. For such a 3D
network, the projection in the (001) plane is comparable to a
honeycomb of non-re-entrant hexagonal cells with a twofold
rotational symmetry. The second network contains 16 atoms
in a unit cell having hexagonal symmetry thus referred to as
hP16, and is similar to the aforementionednetwork; however,
it has regular honeycombs in the (001) plane exhibiting
hexagonal symmetry including the characteristic rotational
symmetry of order 6 [39].

The simulations were performed using the Materials
Studio 8.0 molecular modelling software provided by
Accelrys. For both systems a 1� 1� 1 unit cell was used
which was aligned in such a way so that its [001]
crystallographic direction was aligned parallel to the z
global axis, the [010] direction was constrained to lie in the
yz-plane and the [100] direction was left unconstrained. In
all cases no further symmetry constraints were used in the
simulations i.e., all atoms in the systemwere not restricted to
adopt positions dictated by the expected symmetry apart
from those imposed from periodicity. The unit cell size was

Figure 1 Negative linear compressibility from 2D non-re-entrant
honeycomb systems and the particular case of 2D wine-rack-like
systems. Note that in both cases the maximum NLC behavior is
measured in the [100] direction [32].

Figure 2 Perspective views of (001) planes of the hP16 and oC24
networks constructed from the coordinates as simulated by Hu
et al. [39].
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deemed to be sufficiently large to adequately model the
structural mechanical properties of these systems following
a validation study using larger unit cell sizes.

Both systems were simulated using an energy expres-
sion based on the Dreiding force-field [40] which has been
extensively used for many years to study such carbon based
systems [31, 41] including studies which were aimed to
assess negative Poisson’s ratios and/or negative compres-
sibility behavior, as well as the more recently developed
PCFF forcefield which has also been used on similar
systems [31, 41, 42]. In the case of the Dreiding forcefield,
partial charges were calculated using the Charge Equilibra-
tion procedure as developed by Rappe et al. [43]. For both
force fields, the non-bond interactions were summed up
using the EWALD summation convention. Systems were
optimized to the default Materials Studio 8.0 convergence
criteria to less than 0.0001 kcalmol�1 A�1 using the
SMART minimizer integrated in Materials Studio 8. The
fractional atomic positions as well as the unit cell parameter
of the systems obtained were then compared to those
obtained via ab initio methods by Hu et al. [39]. Also the
elastic constants cijwhich relate stress s to strain e according
to s ¼ cij

� �
e were calculated from the second derivative of

the energy expression since

cij ¼ 1
V

@2E
@ei@ej

; i; j ¼ 1; 2; :::; 6;

where E is the energy expression, V is the volume of the unit
cell, e2 ¼ ey, and e3 ¼ ez are the strains in the x, y, and z
directions, respectively, while, e5 ¼ gxz and e6 ¼ gxy are the
shear strains in the yz, xz, and xy planes, respectively.

Off-axis mechanical properties including the Poisson’s
ratios and linear compressibility were then calculated from
both sets of force-field simulated elastic constants as well as
from the ab initio results by Hu et al. [39]. These were
analyzed so as to identify any negative Poisson’s ratio and
negative compressibility that may be present.

Additional simulations were also carried by both force-
fields to simulate changes in the nanostructure of these
networks under hydrostatic compression. These simulations
were performed in ten incremental steps up to a maximum
hydrostatic pressure which causes a change of ca. 2% in
the most amenable dimension. In particular, assuming that a
hydrostatic pressure pmax is required to cause a hydrostatic
compression of 2%, the optimized system as obtained above
was firstly re-minimized under the condition of an applied
hydrostatic pressure of pmax/10 up to the default high
convergence criteria, as described above. Once convergence
was achieved, an additional pressure of pmax/10 was added,
i.e., a total pressure of, and the process repeated again and
againuntil a total pressureofpmaxwas reached.Measurements
of the various parameters which describe the geometry of
the system were then performed on each of the optimized
structures at the different levels of hydrostatic pressures in an
attempt to identify the nano-level deformations which are
occurring when the systems are hydrostatically compressed.

3 Results and discussion The unit cell parameters
for both systems studied here as simulated by the Dreiding
and PCFF force-fields are listed in Table 1 where they are
compared with the respective data obtained by Hu et al.
trough ab initio simulations [39]. A comparison of the
fractional coordinates is also provided in the Tables S1
and S2 in the Supporting Information. This data clearly
shows that both force-fields can simulate very well, at least
when compared to the muchmore computationally intensive
ab initio simulations, the structure and properties of these
all-carbon networks. Furthermore, as illustrated in Fig. 3
which shows the projections of (001) planes of the simulated
networks compared to those by Hu et al., the expected
geometry features including, the honeycomb motif in the
(001) are being adequately simulated. Ensuring that the
structures are simulated adequately constitutes an extremely
important part of the validation process which should
precede any simulation of the elastic constants since it
is well known that the mechanical properties depend
significantly on the structure being modelled. Obviously,
had the simulation resulted in unrealistic networks, any
further simulations on the elastic constants would have
been futile.

The elastic constants as simulated by these force-fields
are tabulated in Table 2 and the calculated off-axis linear
compressibility properties are graphically represented in
Fig. 4, where they are also compared to those obtained from
the analysis of the data via ab initio simulations by Hu
et al. [39]. A comparison of this data suggests that although
the actual magnitudes of the elastic constants may differ
depending on the method used, the trends observed are
rather similar. The agreement in these trends is very
important as it suggests that any qualitative deductions
drawn on this data are independent of the method used hence
unlikely to be an artefact of these simulations. For example
the compressibility properties in the (001) plane of the hP16
system which projects as a regular hexagon are such that all
sets of data suggest that the system is completely isotropic in
this plane with constant positive compressibility behavior.
Here it must be emphasised that this behavior is to be
expected since structures exhibiting hexagonal symmetry
are expected to exhibit in-plane isotropy.

Table 1 Unit cell parameters as simulated for both systems studied
here as simulated by the Dreiding and PCFF force-fields and the
results obtained by Hu et al., using ab initio simulations [39].

a (Å) b (Å) c (Å) a (8) b (8) g (8)

hP16
Hu et al. 6.777 6.777 4.219 90 90 120
Dreiding 6.843 6.843 4.298 90 90 120
PCFF 6.855 6.855 4.134 90 90 120

oC24
Hu et al. 6.974 6.485 4.195 90 90 90
Dreiding 6.836 6.904 4.304 90 90 90
PCFF 6.899 6.716 4.205 90 90 90
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In the case of the oC24 system it is evident that all three
simulation methods give the same profile for the variation of
the linear compressibility in the (001) plane against
direction of measurement. In all cases, the minimum linear
compressibility occurs along the [100] direction where a
negative value is measured. Maximum positive compres-
sibility is observed along the [010] direction. This is very
significant as the projection of the oC24 network in the (001)
plane can be described in terms of a non-regular hexagonal
honeycomb, characterized by the parameters illustrated in
Fig. 5, which geometry is well known for its potential to
exhibit negative compressibility, if the honeycomb deforms
primarily through hinging deformation. In fact the off-axis
compressibility trends are in concordance with predictions
of this proposed model. Table 3 lists the equivalent values of
these geometric parameters where no external hydrostatic
pressure is applied. From these measurements it becomes
clear that through a previously developed analytical
model [32] the geometry exhibited by the hP16 system
could not have exhibited negative compressibility, even had

the projection in the (001) plane deformed through idealized
hinging. In fact, the geometry of this system lies outside the
geometries for which negative compressibility is permitted
by the analytical model. This is not the case for the oC24
system, where the geometry is within the required range for
an idealized system to exhibit negative compressibility in
the horizontal direction.

In an attempt to verify whether the negative compres-
sibility in the system is indeed the result of such a
deformation mechanism, measurements of various geo-
metric parameters which describe the shape and size of these
projected honeycombs as they change with an increase in the
hydrostatic compression were made. These were compared
to the equivalent measurements of the hP16 network
(Fig. 5). This analysis of the manner of how the projected
systems in the (001) plane deform upon the introduction of
hydrostatic pressure shows that in the oc24 system, a
hinging-type mechanism is indeed the most dominant mode
of deformation as shown in ANIM01.gif in the Supporting
Information.

Figure 3 Projections of (001) planes of the
hP16 and oC24 networks simulated using the
Dreiding and PCFF force-fields and those
simulated by Hu et al. [39].

Table 2 Elastic constants as simulated for both systems studied here as simulated by the Dreiding and PCFF force-fields and the results
obtained by Hu et al., using ab initio simulations [39]. Note that the Dreiding force-field tends to overestimate the elastic constants
although their relative ratios are approximately in conformity with the published work by Hu et al. and the results of PCFF force-field.

c11 c22 c33 c44 c55 c66 c12 c13 c23

hP16
Hu et al. 254.0 – 764.2 200.8 – – 197.8 71.7 –

Dreiding 335.9 – 935.8 195.7 – – 232.5 143.5 –

PCFF 250.2 – 712.9 166.8 – – 189.7 65.5 –

oC24
Hu et al. 617.1 182.6 1009.0 149.3 392.2 133.4 216.4 149.0 42.2
Dreiding 676.9 287.3 1218.9 184.0 326.6 166.6 307.5 241.1 141.0
PCFF 541.9 201.6 824.8 164.0 289.3 159.7 250.9 107.0 65.9
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Figure 6 shows how the parameters X1 and X2 (which
represent the horizontal and vertical projections of
the honeycomb unit cell), the values for li (i¼ 1, 2, . . .,7)
and hj (j¼ 1, 2, 3) (which represent the various vertical
and inclined rib lengths, respectively) and values for
uk (k¼ 1, 2, . . .,6) (which represent the angles inside the
projected honeycomb) change with application of hydro-
static pressure. Note that in all cases the property being
measured is changing in a continuous manner indicating
that the increments in pressure are not large enough so as

to perturb the system or produce non-equilibrium states.
In the case of the oC24 system, there is a very significant
increase in value of u5 and u6 combined with the decrease
in values of u1–u4. This will translate into an increase in
the value of X1, hence the NLC behavior in the x-direction.
The values for u1, u2, u3, and u4 decrease to the same
extent while u5 and u6, increase significantly by an equal
amount as hydrostatic pressure is applied. The NLC
behavior observed along the [100] direction qualitatively
matches the conclusion from a previously developed

Figure 4 Calculated off-axis linear compressibility plots for the hP16 and oC24 networks as simulated using the Dreiding and PCFF
forcefield compared with the results obtained by Hu et al., using ab initio simulations [39].

Figure 5 Figure showing the parameters X1

and X2 representing the horizontal and vertical
projections of the honeycomb unit cell, the
values for li and hj representing the various
vertical and inclined rib lengths, respectively,
and values for uk representing the angles
inside the projected honeycomb. Note that one
set of data for each reading was plotted for
both systems since all the values of li and, all
the values for hj change to a similar extent,
respectively, while u1 and u5 represent values
for u1–u4 and u5–u6, respectively.

1660 J. P. Formosa et al.: Carbon allotropes exhibiting negative linear compressibility

� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com

p
h

ys
ic

a ssp st
at

u
s

so
lid

i b



analytical model [32] for a system with a similar h/l ratio
and set of initial angles. A closer inspection of this oC24
system, however, suggests that this nanonetwork does
not deform solely through idealized hinging, a result which
is to be expected as the network studied here is much
more complex in construction and the 2D honeycomb
visualized in the (001) plane is a mere 2D projection of
much more complex 3D network. In fact, an analysis of
this 2D projection of the framework suggests that there is
also some degree of change in the length of the ribs of
the system which contributes to conventional positive
compressibility properties. The net result is a system
exhibiting a less negative value for compressibility then if
the structure had to deform solely by hinging.

Table 3 Values for the hP16 and oC24 systems of the geometric
parameters h, l, and u influencing the linear compressibility
behavior, as described through a previously developed analytical
model [32].

h (Å) l (Å) u (8)

hP16
Hu et al. 3.913 3.913 30.0
Dreiding 3.951 3.951 30.0
PCFF 3.957 3.957 30.0

oC24
Hu et al. 1.569 3.868 26.4
Dreiding 1.509 3.932 29.6
PCFF 1.433 3.943 29.2

Figure 6 Graphs showing the changes in u1,
u5, l1, h1, X1, and X2 with increasing hydro-
static pressure until a change of ca. 2% in the
most amenable direction of the system as
modelled with the Dreiding and PCFF force-
fields for both systems studied.
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In the case of the hP16 network, which exhibit positive
isotropic compressibility properties in the (001) plane, there
are no measurable changes in the angles u1–u6. Yet, there is a
decrease in all the values of h and l which is of the same
extent as the decrease in the parameters X1 and X2 as shown
in Fig. 6. Consequently one can conclude that the 2D
projected image of this network in the (001) plane may be
describable through a stretching-like deformation mecha-
nism which predominates in the hP16 network and hence it
is unable to exhibit any NLC behavior as shown in
ANIM02.gif in the Supporting Information.

All this is extremely remarkable as it confirms that
nanocarbon networks which have 2D projections, describ-
able through hexagonal centro-symmetric honeycombs can
indeed be designed so as to exhibit the compressibility
behavior predicted by the analytical models, including NLC.
Obviously, these effects observed here are in fact not
directly relatable to the two-dimensional projection of the
network in the (001) plane but are the effect of more
complex changes in the three-dimensional geometry of
the systems which is made up of sp3 and sp2 hybridized
carbon atoms. Thus all of the changes that are being
measured in the 2D projection should be interpretable in
terms of changes in the different C–C bond lengths, C–C–C
bond angles, and C–C–C–C torsion angles. In fact if one
looks in directions which are orthogonal to the (001) plane,
one would find that what projects as a “rib” in the (001)
plane is in fact a complex nanonetwork containing a set
of smaller honeycombs, most of which are made up of
6-membered rings which also deform under hydrostatic
pressure. By considering the changes in the internal angles
of these aforementioned 6-membered rings, which con-
stitute to the length of the ribs forming the honeycomb
motif in the (001) plane one can determine the resultant
effect of the change in angle over the lengths of the ribs
projected in the (001) plane. In fact a contraction of such
angles will inevitably lead to a decrease in the length
of the projected ribs. The hP16 network does not exhibit
NLC due to the fact that all the angles decrease in order
to accommodate the stretching mechanism which pre-
dominates in the system.

To some extent, the same effect is also manifested in the
oC24 network which together with some changes in torsion
angles, and bond length changes leads to some degree of
shortening of the projected horizontal ribs of length l upon
application of pressure. As a result, the ribs are no longer
perfectly straight and thus have to contract in order to
accommodate this type of deformation. However, in this
case there is also some very significant changes in the C–C–C
angles which fall on a vertex of the honeycomb in the (001)
plane and these changes lead to the NLC behavior. It is
remarkable that, despite all the changes which to some extent
hinder the hinging mechanism, negative compressibility is
still exhibited, thus highlighting the robustness of this
mechanism to generate NLC behavior. Had the shrinkage
in the lengths of the honeycomb’s sides not been present, then
one would have expected that the extent of negative

compressibility observed could have been even more
pronounced. This was in fact confirmed through the use of
a modified version of the Dreiding force-field which simply
restricted C–Cbond stretching through a tenfold increment in
the stiffness of the C–C bond which resulted in an increase
in the NLC in the [100] direction by ca. 170% that obtained
by the unmodified Dreiding forcefield.

Before concluding it is important to note that the work
presented here based on the results of simulations which,
irrespective of how complex theymay be, they would always
need to be verified through experimental work. In fact it
should be emphasized that themain aim of the currentwork is
primarily to elucidate in a qualitativemanner how the systems
proposedbyHuet al. exhibit their particular, and, in somecase
anomalous, compressibility properties. In this respect, the
actual valuesof the individual elastic constants as simulated in
this study are likely to be just an approximation of the real
values exhibited by these systems. Nevertheless given that,
the same conclusion vis-�a-vis the negative compressibility
characteristics may be drawn from this study as well as the
results obtainedbyHuet al., it is likely that this negative linear
compressibility effect will be manifested by these systems
should they be synthesized. Should such networks indeed be
synthesized, they would also most likely benefit from
additional interesting characteristics such as very high
conductivity down the [001] direction due to the extensive
delocalizationpresent. These systems are also likely to benefit
from other interesting mechanical properties including some
degree of auxeticity (evident from the data present if one had
to look at the off-axis Poisson’s ratio plots in the non-(001)
planes). All this will hopefully provide an impetus to
experimentalists to attempt further study these carbon
allotropes.

4 Conclusions In this work it was shown that the
oC24 carbon allotrope network proposed by Hu et al. [39] is
predicted to exhibit NLC in the [100] direction. This finding
was confirmed through simulations performed using the
Dreiding and PCFF force-fields as well from an analysis of
the original data by Hu et al. The force field based
simulations of this systems under hydrostatic pressure have
confirmed that the observed NLC is the result of a hinging
honeycomb mechanism which is hindered to some extent by
the concurrent operation of a stretching honeycomb
mechanism. It was also found that a similar network did
not exhibit NLC properties as in this case the geometry was
not amenable, in accordance with the previous predic-
tions [32]. All this has further established the robustness of
this hinging honeycomb mechanism to generate NLC
behavior and re-highlighted the very strong link between
nanolevel geometry and nanoscale deformation mecha-
nisms, and the macroscopic mechanical properties.

Supporting Information
Additional supporting information may be found in the
online version of this article at the publisher’s website.
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