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The possibility of achieving the anomalous property of
negative linear compressibility through a mechanism involving
the rotations of rigid units is presented and discussed through
analytical modelling. It is shown that some rotating rigid units
with particular geometric features and connectivities will

expand rather than contract in certain directions when a
hydrostatic pressure is applied. The conditions required for this
anomalous property to be achieved via rotations are elucidated
in terms of speciﬁc geometric and structural requirements as
well as their Poisson’s ratio and stiffness properties.
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1 Introduction Negative linear compressibility
(NLC) is the anomalous property of expanding in one
direction when a compressive hydrostatic pressure is
applied. A few materials have been reported in literature
to exhibit NLC [1–38]. It has also been predicted by means
of DFT simulations or ab initio calculations in platinum
sulﬁde [39], some zeolites [40] and metal-organic
frameworks (MOFs) [41, 42]. Some materials not only
exhibit NLC, but also exhibit the even rarer occurrence of
negative area compressibility [31–38].
A number of geometry-based mechanisms have been
proposed to explain the occurrence of negative compressibility.
The ﬁrst of such explanations were two mechanisms proposed
by Baughman et al. in their seminal paper [4] which are
based on a ‘wine-rack’ motif. The simplest of these models
proposed is a ‘wine-rack’-like structure which deforms through
hinging, whilst the second mechanism proposed is that of
oppositely wound single helical chains forming a structure akin
to the children’s toy known as the ‘ﬁnger cuff’ (this also has a
‘wine-rack’-like structure but is in 3D). Li et al. [21] observed
that the hybrid zinc formate framework exhibited NLC through
a concurrent ‘wine-rack’-type and tilting mechanism. A tilting
mechanism was also suggested to explain some instances of
NLC observed in sodium vanadate [33].
Some of these model systems have also been
investigated through analytical modelling so as to obtain
the optimal conditions for exhibiting this anomalous

behaviour. Such work includes models for the hexagonal
honeycomb-like system, as well as its particular case of a
‘wine-rack’ type system [43]. This study showed that NLC
is observed when these systems deform primarily through
changes in the angles in the system (a hinging mechanism).
This geometry-deformation mechanism has been used to
describe the NLC observed in methanol monohydrate [14],
KMn[Ag(CN)2]3 [18], Zn[Au(CN)2]2 [22] and that
predicted in some MOFs [41]. Another mechanism which
was reported to exhibit negative compressibility is that of
hard-disks connected together by means of stretchable
rods [44]. Later, it was also shown that any re-entrant
honeycomb-like truss systems which deform primarily
through stretching of the ribs having different stretching
stiffness constants can also exhibit NLC [45]. NLC has also
been reported to arise from tetragonal structures constructed
from networks of bending beams [46] where, through ﬁnite
element modelling, it was shown that it is the intersecting
angle between the intersecting beams which gives rise to
NLC. Design of materials which exhibit NLC by means of
optimisation techniques [47, 48] has also been proposed.
Other systems which could exhibit negative compressibility are those which are made up of two materials having
different mechanical properties, such as different Young’s
moduli. The two materials can either be used as bi-material
strips or used as separate trusses in a structure. In the case
where a bi-material strip is used, on applying a pressure, the
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two different materials contract in a different manner
causing the strip to bend and exhibit NLC [49]. These
bi-material strips can be used to construct a variety of
geometries such as chiral honeycombs.
Although all of these models are particularly useful in
explaining NLC in a number of materials and structures, it is
also well known that not all materials may be described via
these models. For example, it is known that a wide variety of
materials may be adequately described in terms of models
which look at them in terms of rotating rigid or semi-rigid
sub-units that may rotate relative to each other. Such
approach can be used to explain anomalous thermomechanical behaviour such as auxetic behaviour [50–52]
and negative thermal expansion [53–55]. Model structures
to generate auxetic behaviour through rotating rigid or semirigid units have been extensively studied [56–60]. For
example, mathematical models on systems involving
rotating squares connected together at their corners by
means of ﬂexible hinges have shown that when these are
uniaxially loaded, irrespective of the square size, the squares
rotate relative to each other resulting in an in-plane isotropic
Poisson’s ratio of 1 [57]. Later studies replaced the
squares by other shapes and as a result, completely different
proﬁles of mechanical properties were achieved. In
particular, if rigid rectangles are used in place of squares,
it becomes possible to connect them in two different ways,
by either joining together the shorter sides of adjacent
rectangles such that the pores are of a rhombic shape in two
different sizes (Type I) [61], or by joining the shorter side of
a rectangle with the longer one of an adjacent rectangle so
that the resulting pores are identical parallelograms (Type
II) [62]. Similarly, using rigid rhombi [63, 64] instead of
squares also leads to two possible networks, one where the
smaller angles of a rhombus are connected to the larger ones
of adjacent rhombi (Type a) or one where like angles of
adjacent rhombi are connected together (Type b). Results
obtained from these studies showed that the Poisson’s ratios
change according to the type of connectivity present in a
system, and in some cases, the in-plane Poisson’s ratios are
dependent on the geometry parameters of the system. In
particular, it was shown that some of these systems, for
example the Type I rotating rectangles, are only auxetic
when the rectangles of certain aspect ratios are at
speciﬁc angles relative to each other and for loading in

speciﬁc directions. At other angles of aperture, this system
for loading in speciﬁc directions may also exhibit very
high positive Poisson’s ratio properties. This provides the
possibility that, if the Poisson’s ratio is high enough, the
systems may even be candidates for NLC [43, 65].
In view of this, in this paper, a mechanism based on these
rotating rigid units is investigated vis-a-vis its potential to
exhibit NLC [43]. In particular, in the present work, a rigorous
analytical model for the on-axis linear compressibilities of
a number of different systems made from rotating rigid
quadrilaterals, namely squares, rectangles and rhombi,
connected at their corners is presented (Fig. 1). These models
are analysed both from a mathematical and a geometrical
perspective, in an attempt to relate the various geometrical
parameters that describe the systems to instances where NLC
may occur. Moreover, since some of these models are
anisotropic, their off-axis behaviour is also investigated to
identify the directions at which the maximum and minimum
values of linear compressibility occur.
2 Analytical modelling of linear compressibilities
2.1 Conditions required for NLC It is well known
that the linear compressibility of a system is a function of
the elastic compliances sij [4, 66]. More speciﬁcally, for
a two-dimensional system which can only experience a
hydrostatic pressure at its boundaries (i.e., the pressure
transmitting medium does not permeate through the pores), the
on-axis linear compressibility along the Ox1 and Ox2 directions,
bL ½Ox1  and bL ½Ox2  respectively, can be given by the formulae
bL ½Ox1  ¼ s11 þ s12 ¼

1 n21

;
E1 E2

ð1Þ

bL ½Ox2  ¼ s21 þ s22 ¼

1 n12

;
E2 E1

ð2Þ

where Ei is the Young’s modulus along the Oxi direction
and nij is the on-axis Poisson’s ratio in the Oxi–Oxj plane.
For NLC to occur, bL ½Ox1  < 0. This requires (from
Eq. (1)) that the following condition has to be fulﬁlled:
0<

1
n21
<
:
E1 E 2

ð3Þ

Figure 1 The different rotating rigid units
quadrilateral networks considered in this study.
Networks with a grey background exhibit NLC
whereas networks with a white background do
not exhibit NLC.
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Since E1 and E2 can only take positive values, for this
condition to be satisﬁed, n21 must also have a positive value.
Thus, it follows that the condition is more likely to be
satisﬁed as E1!1, v21!þ1 and/or E2!0. These
conditions are compatible with the thermodynamic
requireﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ments that n12 =E1 ¼ n21 =E2 and jn21 j < E1 =E2 [67].
Similar arguments can also be made for bL ½Ox2 . Moreover,
it becomes immediately apparent that in instances where
the Poisson’s ratios are negative, the condition can never
be satisﬁed and therefore the linear compressibility cannot
be negative. This is also true for isotropic systems, in which
cases E1 ¼ E2 ¼ E and n12 ¼ n21 ¼ n and Eqs. (1) and (2)
simplify to:
bL ¼

1
ð1  nÞ:
E

ð4Þ

Since the classical theory of elasticity allows that
isotropic materials can have a Poisson’s ratio of 1
n þ 0.5, then from Eq. (4) it becomes obvious that for
isotropic systems the linear compressibility is always
greater than or equal to zero and therefore such systems
can never exhibit NLC.
All of the rotating rigid unit systems mentioned earlier
have been extensively studied and analytical models have
been derived in order to determine their Young’s moduli
and Poisson’s ratios. Thus, using these previously derived
models, it can be shown that some of these rotating rigid
units systems exhibit NLC whilst others do not. In
particular, the squares, the Type II rectangles and the Type
b rhombi do not only exhibit a negative Poisson’s ratio
throughout all their possible conﬁgurations, but are also
isotropic, with n ¼ –1. Hence their linear compressibility is
always positive with a magnitude of 2/E irrespective of their
orientation.
2.2 Linear compressibilities for the Type I
rectangles and the Type a rhombi Using the equations
derived for the Poisson’s ratios and the Young’s moduli
from Ref. [61] we can obtain the on-axis linear compressibilities for the Type I rectangles:
!
 2


a þ b2 cosðuÞ atan 2u  b
 ;
ð5Þ
bL ½Ox1  ¼ 
8K h
a þ btan 2u


 !
a2 þ b2 cosðuÞ a  btan 2u

bL ½Ox2  ¼
;
8K h
atan 2u þ b


ð6Þ

where a is the length of the longer side of the rectangle, b is
the length of the shorter side of the rectangle, u is the angle
of aperture between the rectangles as illustrated in
Fig. 2a and Kh is the stiffness constant of the hinge
connecting the rectangles as deﬁned by Ref. [61]. The
off-axis linear compressibility can also be found using
standard axis transformation techniques [66]:
bL ½z ¼ ðs11 þ s12 Þcos2 ðzÞ þ ðs21 þ s22 Þsin2 ðzÞ;

ð7Þ

h
i


2
cosðuÞ a4 þ b4 cosð2zÞ þ a2 þ b2 cosðuÞ




;
bL ½z ¼
8K h 2ab þ a2 þ b2 sinðuÞ
ð8Þ
where z is the off-axis angle. These expressions, as
discussed below, may achieve negative values for speciﬁc
combinations of the variables a, b, u and z.
Using the same approach and using expressions derived
from Ref. [63], expressions relating the on-axis and off-axis
linear compressibilities to the geometrical parameters of the
Type a rhombi may be established:


a2 cosðuÞ
fþu
cot
;
ð9Þ
bL ½Ox1  ¼
4K h
2

bL ½Ox2  ¼

b L ½z  ¼



a2 cosðuÞ
fu
;
tan
4K h
2

1 a2 cosðuÞ½cosðuÞ þ cosðfÞcosð2zÞ
  fu
;
8K h
sin fþu
2 cos 2

ð10Þ

ð11Þ

where as illustrated in Fig. 2b, a is the side length of the
rhombi, f is the internal angle and Kh is the stiffness
constant of the hinge connecting the rhombi as deﬁned in
Ref. [63]. As discussed, below negative values may also be
obtained for these expressions for speciﬁc combinations of
the variables a, f, u and z.

Figure 2 The unit cell parameters for (a) the
Type I rectangles and (b) the Type a rhombi.
www.pss-b.com
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One should also highlight the fact that the equations
presented in this work for the different systems are
geometrically related. In particular, if we were to take
the equations of Type a rhombi and make f ¼ 908, then
the equations for the compressibility reduce to the square
geometry and no NLC is observed. Likewise if we were to
take the equations of Type I rectangles and make a ¼ b, then
the equations of the compressibility also become identical to
those of the square geometry and no NLC is observed.
3 Discussion Analyses of the expressions derived
above indicates that NLC is achievable from rotating rigid
units, including the rotating rigid unit systems of Type I
rectangles and the Type a rhombi studied here. As
illustrated in Figs. 3–7, for these systems, the extent of
NLC is dependent on the various geometric parameters
which describe the systems, including the shape of the rigid
units, the angles between them and the actual direction along
which the linear compressibility is measured.
In fact, it is possible to show from Eqs. (8) and (11) that
the maximum and minimum linear compressibilities for the
presented systems always occur on-axis. This means that if a
system would not exhibit any NLC properties on-axis, then
it would not exhibit NLC in any other direction, i.e., it would
be fully conventional vis-a-vis its linear compressibility.
Therefore the expressions presented here for bL ½Ox1  and
bL ½Ox2 , which are the on-axis linear compressibilites for
the particular unit cells chosen to represent the systems,

correspond to the opposite extremes of the linear compressibility afforded by these systems. It would therefore be
meaningful to elucidate the conditions at which these linear
compressibilities are negative.
As shown in Fig. 3, which illustrates the variation of the
on-axis linear compressibilities and a number of geometrical
parameters for a typical system of Type I rectangles with
a ¼ 8 and b ¼ 2, it is evident that over a range of u values the
on-axis linear compressibilities assume negative values. In
this case, the on-axis linear compressibility along the Ox1
direction, bL ½Ox1 , is negative over the range 28.078 < u
< 908 whereas the on-axis linear compressibility along the
Ox2 direction, bL ½Ox2 , is negative over the range 908 < u
< 151.938. The angles which bind these ranges correspond
to very speciﬁc instances that have particular geometrical
signiﬁcance. Using the unit cell parameters for the Type I
rectangles from Ref. [61],
 
 
u
u
þ bsin
;
X 1 ¼ 2 acos
2
2

ð12Þ

 
 
u
u
þ bcos
;
X 2 ¼ 2 asin
2
2

ð13Þ

it can be shown that one of the bounds of the NLC range
corresponds to the instance when the unit cell of the rotating
rectangles system has a maximum area (Fig. 3c), which
always occurs at an angle of u ¼ 908. On the other hand, the
other bounding angle corresponds to when the system is
fully open in one of its directions, that is, it has reached a
fully extended position in that direction and its Young’s
modulus approaches inﬁnity (Fig. 3a). Unlike the former
ﬁxed limit of 908, this limit of NLC, is a function of the
geometric parameters a and b (refer to Fig. 3). In summary,
on-axis NLC for Type I rectangles is observed when:
For a > b bL ½Ox1  < 0 when : 2tan1 ðb=aÞ < u < 908
bL ½Ox2  < 0 when : 908 < u < 2tan1 ða=bÞ
For b > a bL ½Ox1  < 0 when : 908 < u < 2tan1 ðb=aÞ
bL ½Ox2  < 0 when : 2tan1 ða=bÞ < u < 908

Figure 3 For a Type I rectangle with a ¼ 8, b ¼ 2 and Kh ¼ 1
(a) Young’s moduli, (b) bL ½Ox1 , bL ½Ox2  and bA ½Ox12 , (c) area
of the unit cell and unit cell dimensions.
ß 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Thus, NLC in Type I rectangles occurs in the range of
angles between a maximum area and the system fully
extending in one of its directions. When the area of the
system is close to its maximum, applying a hydrostatic
pressure causes it to decrease. If the on-axis Poisson’s ratio
of the system is positive, then on application of a hydrostatic
pressure, one of the unit cell dimension increases in length
exhibiting NLC whilst the other unit cell dimension
decreases in length, exhibiting positive linear compressibility. This effect is observed until the unit cell dimension
which is increasing in length achieves a fully extended
position. Further application of a hydrostatic pressure from
this point onwards will result in a positive linear
compressibility in both directions. In fact, it must be noted
www.pss-b.com
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Figure 4 Schematic representation of the Type I
rectangles (of length ratio r ¼ 4) undergoing
negative linear compressiblity along the Ox1
direction when subjected to a compressive
hydrostatic pressue.

that the range of angles u in which the Type I rotating
rectangles system exhibits NLC, is a subset of the larger set
of angles u where the on-axis Poisson’s ratios of the system
are positive, that is the system does not have auxetic
behaviour. Using this argument, one can also show that the
isotropic systems i.e., the rotating rigid squares, the Type II
rectangles and the Type b rhombi, which systems have a
Poisson’s ratio of 1, can never show NLC since a decrease
in size in one direction due to a hydrostatic pressure must be
accompanied by a decrease in size in the other direction as a
result of their isotropic nature. Also, for these systems, the
angle u at which one direction is fully extended coincides
with the angle at which the area is at a maximum.
Also interesting is the fact that for the Type I rectangles,
on changing the aspect ratio of the rectangles, the extent of
the NLC observed changes accordingly. In fact, deﬁning r as
the ratio of the length parameters a and b such that r ¼ a/b,
then as the ratio r!1 the range and magnitude of NLC
diminish in such a manner that when r ¼ 1 (this corresponds
to a square geometry), no NLC is observed. On the other
hand, as the ratio r diverges from 1, the range of u angles in
which NLC is observed increases and so does the magnitude
of the NLC. This behaviour, which is clearly illustrated in
Fig. 5a, can be explained by the fact that the greater the
divergence of r from 1, the greater the anisotropy of the
system, and hence the more likely it is to exhibit NLC
(which, as discussed above, depends on the system being
anisotropic). However, if one were to change the magnitude
of the parameters a and b such that the ratio r is kept
constant, then, the range of angles u at which NLC is
observed remains the same. In other words, the extent of u
values over which the system achieves NLC is dependent on

the shape of the rectangle but not on its size. Obviously,
depending on how the hinging stiffness constant is deﬁned,
the size of the rectangles may affect the magnitude of the
linear compressibility, since systems built from larger
rectangles would effectively have less hinges per unit area
offering resistance to the applied hydrostatic pressure, and
thus are less stiff. For example, for the system as deﬁned
above, the magnitude of the NLC observed is related to the
magnitude of a and b, such that if both a and b are doubled,
the magnitude of the linear compressibility quadruples.
Moreover, it should be mentioned that, the more
divergent the r ratio is from 1, the closer the resemblance the
system has to the ‘wine-rack’ motif, which motif has been
used to explain NLC [4, 14, 18, 21, 22, 41, 43]. In fact, if
b ¼ 1 and r has a very large value, Eq. (5) approximates to:
 
r2 cosðuÞ
u
ð14Þ
bL ½Ox1   
tan
8K h
2
which equation corresponds to that of the ‘wine-rack’-like
structure [43] after recognising the differences in deﬁnitions
of the stiffness constants Kh and the angles u and making the
necessary amendments to reconcile these parameters. This
resemblance is very evident in Fig. 5a where the range of
angles u over which NLC occurs for the Type I rectangles
converges to the range of angles in which NLC occurs for a
‘wine-rack’-like structure as the ratio r increases (for a
‘wine-rack’-like structure, bL ½Ox1  is negative in the range
08 < u < 908 with the angle u being deﬁned as in this study).
Also as the ratio r!1, the angle u , the angle in which the
largest magnitude of NLC is observed for the Type I
rectangles tends to the value of 51.838 (refer to Fig. 5b). This

Figure 5 (a) Variation of the range of angles in
which NLC is exhibited along the Ox1 direction
for changes in the ratio r for Type I rectangles.
(b) Variation of the maximum magnitude of NLC
observed along the Ox1 direction for changes in
the ratio r for Type I rectangles.
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value of u is equal to the value at which the largest
magnitude of NLC is observed in a ‘wine-rack’-like
structure. This angle does not seem to have any particular
geometrical signiﬁcance but is obtained on equating the
derivative of Eq. (14) to zero and solving for u. It is also
clear from the off-axis plots in Fig. 6 that by diverging the
ratio r from 1, i.e., making the systems more similar to a
‘wine-rack’-like structure, the ranges of off-axis angle z in
which NLC is observed also increase and converge to those
of the ‘wine-rack’.
As in the case of the Type I rotating rectangles system,
the ranges of angle u in which NLC is exhibited by the
Type a rhombi is independent of the size of the rhombi, but
is dependent on their shape, in this case deﬁned through the
parameter f (the internal angle of the rhombi), as can be
observed in the contour plots in Fig. 7. Moreover, as was
the case for the Type I rectangles, the size of the rhombi,
deﬁned through the parameter a, has an effect on the
magnitude of the NLC exhibited by these systems. For the
system as deﬁned here, the magnitude of the NLC observed
is at a maximum on-axis and is related to the magnitude of
a, such that if a is doubled, the magnitude of the linear
compressibility quadruples. Using the same treatment as
was used for the Type I rotating rectangles, by using the
unit cell parameters of these systems from Ref. [63], it is
possible to show that the maximum area of the unit cell is
exhibited when u ¼ 908 whereas the value at which these
systems are fully open in one of their directions depends
solely on the variable f rather than on the parameter a.

Thus, the following ranges over which on-axis NLC is
observed in Type a rhombi can be established:
For u < f

bL ½Ox1  < 0 when : 2 tan1 ½cotðf=2Þ < u < 908
bL ½Ox2  < 0 when : 908 < u < f

For u > f

bL ½Ox1  < 0 when : 908 < u < 2 tan1 ½cotðf=2Þ
bL ½Ox2  < 0 when : f < u < 908

As the angle f!908, the range in which NLC is
observed diminishes such that if f!908(this corresponds to
a square geometry), no NLC is observed. On the other hand,
as f diverges from 908, the range of u angles in which NLC
is observed increases. Once again, the further away f is from
908, the higher the resemblance of the Type a rhombi to the
‘wine-rack’-like motif. Thus, in the limit that f!08, 1808,
the expression for the on-axis linear compressibility in the
Ox1 direction given by Eq. (9) becomes:
 
a2 cosðuÞ
u
;
cot
bL ½Ox1 ; w ¼ 08 ¼
4K h
2

bL ½Ox1 ; w ¼ 1808 ¼ 

ð15Þ

 
a2 cosðuÞ
u
;
tan
4K h
2

ð16Þ

which correspond to the linear compressibility of the ‘winerack’-like structure for loading in the Ox2 and Ox1
directions, respectively, once again when recognising the

Figure 6 Contour plots for the off-axis linear
compressibility of the Type I rectangles (at
various ratios r with b ¼ 2 and Kh ¼ 1), the Type
a rhombi (at various angles f with a ¼ 4 and
Kh ¼ 1) and the ‘wine-rack’-like system.
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Figure 7 Contour plots showing the on-axis
compressibility properties for the Type a rhombi
with a ¼ 4 and Kh ¼ 1.

differences in the deﬁnitions of the stiffness constants,
angles and length parameters used to deﬁne the two systems.
Before we conclude, it should be noted that the
mechanism which gives rise to NLC in the systems
discussed here is such that the hydrostatic pressure is only
exerted on the outside of the system. Thus, for example, if
the hydrostatic pressure had to be exerted on the system by
means of a ﬂuid, then the system should be non-porous to
the ﬂuid particles (as discussed in Ref. [43]). This suggests
that although such a mechanism may be useful to generate
NLC effects at a nano or molecular level, it may not be ready
to operate at the macro-scale, unless the particles exerting
the pressure are themselves macro particles which are larger
than the pores themselves [43]. Furthermore, were these
systems to be fabricated at a macro-scale level, one would
also need to take into consideration the fact that a stress
build up would occur at the hinges, which stress could
compromise the system’s integrity [68].
However, one must emphasise the fact that even though
a single crystal may exhibit such an effect through this
mechanism, this behaviour may be diminished or
completely absent in polycrystalline aggregates. This is
because the anisotropy which is present in a single crystal
and which gives rise to NLC might be lost in the aggregate.
Also, even if a molecular systems had to have the right
geometric features for this mechanism to potentially
operate, it is necessary that the main (ideally the sole)
mode of deformation would be one involving relative
rotations. If other modes of deformation are present, these
may diminish the extent of the mechanism giving rise to
NLC such that only positive compressibility properties are
afforded. However, it should be noted that additional
mechanisms may sometimes themselves cause NLC and in
such cases, these would be beneﬁcial. Furthermore, the
property of NLC arising from the rotation of rigid units is
not limited to Type I rectangles and Type a rhombi, but may
in fact be exhibited by other rotating rigid unit systems
having very high positive Poisson’s ratios such as the
quadrilateral systems Type Ia, Type Ib and Type IIa
parallelograms [64, 69] as well as some generic triangles [70]. Likewise it is envisaged that 3D systems which are
highly anisotropic, exhibit very high positive Poisson’s
ratios in speciﬁc directions and deform predominantly
www.pss-b.com

through the rotation of rigid units may exhibit negative
compressibility properties.
Also, it is important to highlight the fact that the
compressibility expressions for both the systems discussed
here, i.e., the Type I rectangles and Type a rhombi fulﬁl the
thermodynamic requirement that the overall area compressibility is positive for 2D systems. In fact, the ranges of
angles over which NLC is observed in the Ox1 and Ox2
directions is such that they never overlap so that it is not
possible to have both bL ½Ox1  and bL ½Ox2  negative
simultaneously, and therefore, the area compressibility, is
never negative. This means that on the application of a
hydrostatic pressure, the area of these stable systems is
always decreasing, hence resulting in densiﬁcation of the
system, even though one dimension may increase in size.
Thus the 2D equivalent of the bulk modulus and Young’s
modulus of these systems are always positive, as opposed to
other reported systems [71–73].
Finally it should be emphasised that this work should
not be regarded as a mere mathematical analysis as there are
potentially various existing materials, or ones which could
be speciﬁcally synthesised which could exhibit these
anomalous NLC properties if appropriately characterised.
For example, it is envisaged that there may be some metalorganic frameworks, materials which are known to be very
versatile in their shape and properties [41, 74–78], which
could be made to exhibit NLC through a hinging mechanism
not dissimilar to the one presented here. In fact, it is already
known that, for example, the rotation of nickel octahedra
in a nickel aspartate framework gives rise to anisotropic
compression of the unit cell dimensions [77]. Such
anisotropic compression, if large enough and appropriate,
could even result in NLC. Anisotropic compression
behaviour has also been reported in Zn(CN)2-II which
exhibits NLC as opposed to the isotropic compression
in Zn(CN)2-I which does not show NLC [26]. The
framework structure of this material is described by
connected pairs of tetrahedra [23] which when viewed
from a particular plane resemble a network of quadrilaterals
connected together at their corners in a fashion similar to the
systems described here. This, together with the fact that the
transition from Zn(CN)2-I to Zn(CN)2-II is ‘accompanied’
by rotations of these units may be suggestive that the
ß 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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rotation mechanism described here may be used to explain
the occurrence of NLC in Zn(CN)2-II.
4 Conclusions It has been shown through analytical
modelling that the rotating rigid unit mechanism may give
rise to NLC in cases where the system is anisotropic and has
particular geometric features. In particular the range of u
values in which NLC is observed can be related to the shape
of the quadrilaterals and to particular conformations of the
systems. In the case of the Type I rectangles, the range of
NLC depends on the aspect ratio of the rectangles and
increases as the rectangles become more elongated. On the
other hand, in the case of Type a rhombi, the NLC range is
dependent on the internal angle f. The models also suggest
that one may ﬁne tune the magnitude of NLC without
affecting the range of values over which NLC is observed.
Given the importance of these materials [4, 22] as well as the
advances being made in the ﬁeld of solid state chemistry [79], it is hoped that this work will serve as a blueprint
that can be used to either design new materials or else widen
the search for materials which exhibit NLC. These
could include zeolites or metal-organic frameworks, which
are well known to be very versatile in their shape and
properties.
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