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A series of polyphenylacetylene networks are predicted to

exhibit the not so common property of a near-zero Poisson’s

ratio, a property which is highly desirable in various practical
applications. This behaviour is explained qualitatively in terms

of a simple honeycomb model involving flexure, hinging and/or

stretching of acetylene chains.
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1 Introduction The Poisson’s ratio of a material
describes how the dimensions of the material change as it is
uniaxially loaded. Most common materials have a positive
Poisson’s ratio, i.e. they contract laterally when stretched.
However, materials can also have negative Poisson’s ratios
(auxetic materials [1]), i.e. expand when stretched [1–33]
(e.g. certain foams [5–8], polymers [1, 2–4, 9–15], metals
and minerals [16–21], honeycombs and models [22–26]) or
a zero Poisson’s ratio (ZPR), i.e. their lateral dimensions
remain unchanged during uniaxial loading (e.g. cork [34],
beetle’s wing’s membrane [35], scaffold-type and
rectangular cellular structures [36, 37] and polymer gels
[38] were found to have a zero or near-ZPR). In this respect
we note that although in recent years there have been much
attention being given to materials exhibiting negative
Poisson’s ratios in view of their superior properties when
compared to conventional materials [5, 27, 28], the area of
ZPR materials have so far been greatly ignored, probably
because of the fact that such property is not easy to achieve.
Nevertheless, it should be noted that ZPR is a highly
desirable property especially in applications where changes
in the lateral dimensions are detrimental to a system’s
performance. ZPR materials are also particularly useful in
the manufacture of cylindrical surfaces, something which
neither conventional nor auxetic materials can do very well
(auxetics tend to form doubly curved surface [1, 5, 39]
whilst conventional materials tend to form saddle shaped
surfaces).

In this work we present new type of molecular systems
which have been predicted to exhibit a (virtually) ZPR.
These systems are designed to mimic the geometry of the
honeycomb illustrated in Fig. 1c-i, which honeycomb has
both non-re-entrant and re-entrant features (normally
associated with conventional and auxetic behaviour,
respectively, see Fig. 1a and b) and is henceforth referred
to as a ‘semi re-entrant honeycomb’. It has been shown that
such honeycombs exhibit ZPR for stretching in the Ox1

direction if the honeycombs deform through flexure or
hinging of the honeycomb cell walls (idealized flexure/
hinging models) or even through stretching of the cell walls
(idealized stretching model) [40–43]. Deformation for
loading in the Ox2 direction of the idealized honeycomb
model is more restrained: by virtue of the periodicity of the
structure, only stretching of the vertical ribs would be
permitted (idealized stretching model) as other deformations
would introduce distortions that are not allowed in perfectly
planar honeycombs. In fact, an idealized network would
have resisted deformations through in-plane hinging or
flexure of the cell walls for loading in the Ox2 direction since
the re-entrant layer has a tendency to expand whilst the non-
re-entrant layer has a tendency to contract laterally when
stretched in the Ox2 direction, two properties which
obviously cannot occur simultaneously. Such ‘idealized
stretching model’ is also expected to exhibit ZPR for uniaxial
loading in the Ox2 direction.

These idealized ‘hinging/flexure/stretching’ models
[40–43] for the semi re-entrant honeycomb suggest that the
Poisson’s ratio is scale independent, meaning that the ZPR
effect can be manifested at any length scale. Thus, in theory,
it is possible to achieve the desired ZPR even at the molecular
level by designing molecular networks with similar geo-
metric features.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Simulated Poisson’s ratio for different (m,n)-semiflex-
ynes, (m,n)-flexynes and (m,n)-reflexynes. Note that the results
confirm that the Poisson’s ratio for the semi-flexynes are approxi-
mately zero in sharp contrast to those obtained for the flexynes and
reflexynes which are very similar to ones published elsewhere by
Evans et al. and Grima et al.

(m,n)- (1,4)- (1,5)- (1,6)- (2,4)- (2,5)-

semi re-entrant n23 0.03 0.03 0.02 0.00 0.00
(m,n-semiflexynes) n32 0.06 0.08 0.05 �0.01 0.00

non-re-entrant n23 0.29 0.27 0.25 0.54 0.49
(m,n-flexynes) n32 0.56 0.52 0.85 0.93 1.05

re-entrant n23 �0.40 �0.37 �0.31 n.a. �0.77
(m,n-reflexynes) n32 �0.34 �0.41 �0.46 n.a. �0.50
A molecular system which could possibly mimic this
behaviour is one which replaces the ribs by acetylene chains
which are connected together by benzene rings that act as
junctions as shown in Fig. 1c-ii. Similar molecular networks
which consist of only the re-entrant or the non-re-entrant
feature have already been studied and shown to exhibit
negative and positive Poisson’s ratios, respectively [1, 2–4].

2 Simulations Referring to Fig. 1, a series of (m,n)-
flexyne, (m,n)-reflexyne and (m,n)-semiflexyne polyphenyl
acetylene honeycombs with m¼ 1, 2 and n¼ 4–6 were
modelled through molecular mechanics simulations.
Simulations of the minimum energy configurations for the
systems discussed here were carried out using the Cerius2

V4.1 (Accelrys, Inc., San Diego, USA) molecular modelling
package. Using periodic boundary conditions, the networks
where represented as infinite layers aligned parallel to the YZ
plane in such a way that the vertical n chains align
approximately to the Z directions (i.e. the Ox2 direction in
Fig. 1 was aligned with the Z direction and the Ox1 was
constrained to lie in theYZ plane) and were permitted to stack
Figure 1 (online colour at: www.pss-b.com) The geometry of (a-i)
a non-re-entrant, (b-i) re-entrant and (c-i) semi re-entrant honey-
combs deforming through hinging and their respective molecular
equivalent: (a-ii) (m,n)-flexyne, (b-ii) (m,n)-reflexyne and (c-ii) the
new (m,n)-semiflexynes where in accordance with existing nomen-
clature, m and n are the number of triple bonds in the inclined and
vertical acetylene chains, respectively.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
freely on top of each other along the third direction (X),
without imposing any restraints on the lattice parameters.
The energy expressions E were set up using parameters from
the PCFF force-field [44]. Non-bond terms were added using
the Ewald summation technique [45]. The mechanical
properties were also calculated from the 6� 6 stiffness
matrix C (and its inverse, the compliance matrix S) for the
minimum energy configuration of the polyphenylacetylene
systems obtained from the second derivative of the potential
energy function since:
Figu
load
cij ¼
1

V

@2E

@ei@ej
; i; j ¼ 1; 2; :::; 6; (1)
where E is the energy expression, V the volume of the unit
cell and ei, ej are strain components. The Poisson’s ratios
re 2 (online colour at: www.pss-b.com) Deformations for
ing in the (a) Y and (b) Z directions.
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Table 2 Measurements for the changes in bond angles characterizing (b-i) hinging and (b-ii) flexing and (b-iii) the fractional changes in
the bond lengths quantifying the extent of stretching in (a-i) (1,5)- and (a-ii) (2,5)-semiflexynes for loading at a stress equivalent to 10% of
the Young’s modulus. The deformations in the benzene rings are also shown in (c-i) and (c-ii).
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(a-i) (a-ii)

hinging

bond angles (o) n3–2–25 n28–11–10 n24–23–32 n29–14–13 n14–13–42 n33–4–3
(1,5)- �5.4 8.6 �5.1 8.5 �1.1 �0.3
(2,5)- �5.4 7.1 �5.2 7.1 �0.4 0.0

(b-i)
flexing

bond angles (o) n2–25–28 n14–29–32 n2–25–26 n25–26–27 n14–29–30 n29–30–31
n25–28–11 n29–32–23 n27–28–11 n26–27–28 n31–32–23 n30–31–32

(1,5)- �1.6 �1.4 – – – –
(2,5)- � – �2.8 �0.9 �2.4 �0.7

(b-ii)
stretching in m-linkages

fractional change 2–25 14–29 25–26 29–30 26–27 30–31 25–28 29–32
28–11 32–23 27–28 31–32

(1,5)- 5.5 5.7 – – – – 2.6 2.7
(2,5)- 3.3 3.3 1.6 1.6 1.6 1.7 – –

(b-iii)

deformations in benzene rings:
stretching

fractional change 1–2 2–3 3–4 7–8 8–9 9–10
6–1 5–6 4–5 12–7 11–12 10–11

15–16 14–15 13–14 21–22 20–21 19–20
16–17 17–18 18–13 22–23 23–24 24–19

(1,5)- 3.6 �0.3 �0.4 3.5 �0.3 �0.4
(2,5)- 2.3 �0.2 �0.5 2.2 �0.2 �0.5

(c-i)

www.pss-b.com � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hinging

bond angles (o) n6–1–2 n1–2–3 n2–3–4 n3–4–5
n15–16–17 n5–6–1 n4–5–6 n18–13–14

n14–15–16 n13–14–15
n16–17–18 n17–18–13

(1,5)- 1.9 �3.3 2.0 0.7
(2,5)- 0.5 �1.8 1.5 0.0

bond angles (o) n12–7–8 n7–8–9 n8–9–10 n9–10–11
n21–22–23 n11–12–7 n10–11–12 n24–29–20

n20–21–22 n29–20–21
n22–23–24 n23–24–19

(1,5)- 2.2 �3.4 1.8 0.9
(2,5)- 0.7 �1.9 1.5 0.1

(c-ii)

Table 2 (Continued)
were then calculated from these matrices since it is given by:
� 20
nij ¼ � ej
ei
¼ � sij

sjj
; (2)
where i indicates the loading direction and j the transverse
direction. Convergence tests were also performed to ensure
that the mechanical properties of the system are not
dependent on the size of the unit cell considered.

For all systems modelled, the minimum energy separ-
ation between adjacent layers was found to range between
3.34 and 3.36 Å (cf. 3.35 Å for graphite [46]), confirming that
the inter-layer p–p interactions are correctly modelled. Also,
mechanical properties simulations, the results of which are
illustrated in Table 1, suggest that the novel semi re-entrant
networks exhibit Poisson’s ratios which are very close to
zero as opposed to the flexynes and reflexynes which were
confirmed to exhibit conventional and auxetic behaviour,
respectively, for loading on-axis as suggested elsewhere
[1, 2–4]. This in-plane almost ZPR is in general accompanied
by a non-ZPR out of plane, which results from deformations
that aim at restoring the interlayer p–p interactions.

In an attempt to understand the underlying deformations
which lead to this behaviour, we simulated the minimum
energy configuration at different values of applied uniaxial
stresses and measured several bond lengths and angles at
different stress levels for loading in the Y and Z directions. In
all cases, an attempt was made to ensure that the applied
strains were less than 10%. In particular, the applied stresses
where always less that 10% of the Young’s modulus in the
stretching direction.

The simulations (see Fig. 2) suggest that the molecular
level honeycombs mimic the behaviour of the idealized
‘hinging/flexing/stretching’ model which explains the
values of the Poisson’s ratios obtained. It is evident from
Table 2, which shows the changes in some of the bond
lengths and angles most affected by deformation, that in
general, the dominant deformation mechanism for loading in
10 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
the Y direction is hinging at the junction between the
acetylene chain and benzene ring for which changes of up to
8.58 for m¼ 1 systems and 7.18 for m¼ 2 systems were
measured. Stretching of the acetylene chains occurs to a
lesser extent and is mostly concentrated at the bonds directly
connected to the benzene ring which experience a strain
which is approximately twice that of the bonds in the rest of
the m-linkage (see Table 2). The extent of hinging and
stretching is slightly smaller for the larger systems with
m¼ 2, while flexure becomes more significant. Also
interesting is the fact that for loading in the Y-direction,
m¼ 2 systems have a Poisson’s ratio that is closer to zero
than that of the corresponding m¼ 1 systems. This is
presumably because the benzene rings in the smaller m¼ 1
systems contribute significantly to the overall dimensions of
the system. Thus, any distortion of the benzene rings may
lead to deviations from ideal behaviour. As evident from
Table 2 (c-i) and (c-ii) such deformations occur to a larger
extent in the smaller systems and thus deviation from ideal
behaviour is expected to be most significant for the smaller
m¼ 1 systems (see Table 1). For the larger systems, such
distortions become negligible when compared to the size of
the unit cell such that any deformations that occur as a result
of such distortions which are not accounted for in the
idealized model, have little effect on the overall behaviour of
the system.

The simulations also suggest that the way the molecular
networks deform for loading in the Z direction (see Fig. 2b) is
slightly more complex. In particular, they suggest that the
molecular level honeycombs deform primarily due to
stretching of the vertical ribs, a mechanism which as
explained above leads to ZPR. This mode of deformation
is expected since as discussed elsewhere [47], the ‘stretching
mechanism’ would have been the sole mechanism in an
idealized perfectly planar honeycomb model. Nevertheless,
in these nanoscale honeycombs, stretching of the ribs is
also accompanied with some flexure and hinging of the
m-acetylene chains where the opposing deformation
www.pss-b.com
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Figure 3 Theundeformednetworkviewedinthe(a)YZand(b-i)XZ
plane and (b-ii) the out of plane deformation at the re-entrant part of
the network for loading in the Z direction.
tendencies are accommodated by out-of-plane deformations.
In fact, the simulations suggest that the re-entrant part of the
network tilt in a manner to accommodate the deformations at
the non-re-entrant part (Fig. 3). However, despite these
deformations which are not predicted by the idealized model
[47], the molecular networks still exhibit a near-ZPR for
loading in the Z direction.

All this is very significant since for the first time, we have
shown that nanostructures can be made to exhibit the very
useful property of ZPRs. These materials have some useful
potential applications, for example they can be used as a
substitute to naturally occurring materials such as cork, as an
alternative to composite materials that are specifically
designed to exhibit ZPRs thereby eliminating problems
related to interface failure arising from mismatch of the
properties of the materials and also used in the manufacture
of cylindrical shaped surfaces (e.g. pipes), something which
neither conventional nor auxetic materials can do very well
[40–43].

3 Conclusion In this work we have proposed a
polyphenylacetylene networks and have shown the potential
of these simple molecular system to exhibit a ZPR. We hope
that given the many advantages of such materials when
compared to conventional materials, these predictions will
encourage further research into their chemistry so as to
enable the synthesis of the first man-made ZPR.
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