SCIENTIFIC CORRESPONDENCE

Molecular
network design

SIR — Naturally occurring materials
have a positive Poisson’s ratio'; when
stretched, the material becomes thinner.
Recently, synthetic materials have been
processed that exhibit a negative Pois-
son’s ratio, (becoming fatter when
stretched)?®. Such materials can have
improved mechanical properties, such
as enhanced shear moduli, indentation
resistance and fracture toughness®’. All
these materials exhibit a negative Pois-
son’s ratio as a result of microstructures,
or geometric units, that are at least tens
of micrometres in size. We have used
molecular modelling techniques to de-
sign a molecular network with a negative
Poisson’s ratio. By altering the geometry
of the repeat unit, Poisson’s ratio can be
varied to produce positive or negative
values with mechanical properties that
are either isotropic or anisotropic.

The Poisson’s ratio of a material is
given by wv,,=—eg,/e,, where g, is an
applied tensile strain and ¢, is the result-
ing tensile strain in the transverse direc-
tion. For isotropic materials v,,=v,,=v
with the limits —1<v<Y2. For anisotro-
pic materials neither of these limits app-
ly. For example, orthotropic materials
may have Poisson’s ratios anywhere
within the range |v,,|<(E/E,)"?, where
E, and E, are Young’s moduli in the
orthogonal directions x and y®°.

Examples of materials that have been
fabricated with a negative Poisson’s ratio
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a, Two-dimensional re-entrant honeycomb,
showing transverse expansion on stretching.
b, (1,4)-reflexyne with a negative Poisson’s
ratio.
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are  two-dimensional  honeycombs®,
three-dimensional foams®® and micro-
porous polymers>®1%. An example of the
simplest microstructure that produces

general the simple flexure model over-
estimates Poisson’s ratio relative to the
molecular-mechanics approach. This is
because both stretching and rotational

this effect is illustrated sche-
matically in Fig. a. A con

_ CALCULATED VALUES OF POISSON'S RATIOS FOR (n,m)-REFLEXYNE

ventional hexagonal honey-
comb has a positive Pois-
son’s ratio, but making the
cells ‘re-entrant’, as in the
figure, produces a negative
Poisson’s ratio.

The honeycombs and
foams manufactured so far
have low densities and are
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—0.96
-0.95
-0.93
-0.63
-0.51

Flexure model Molecular mechanics

Vyy Ve UV Uy Uy Vgl
-1.04 093 -0.84 -0.81 1.04
—-1.05 092 -0.62 -1.14 0.55
-1.08 086 -0.59 -0.83 0.72
—-1.58 0.40 -0.43 -1.14 0.38
-1.96 0.26 -0.31 -1.47 0.21

intrinsically weak and flexi-
ble. By reproducing this geometric unit
on the molecular scale, however, it
should be possible to take advantage of
the innate free volume found, for exam-
ple, in polymeric structures to increase
the density and absolute stiffness of the
material. Figure b illustrates a molecular
network structure that reproduces, on
the molecular scale, the features of the
geometry in Fig. a. We suggest non-
systematic naming convention for the
hexagonal network of the form (n,m)-
flexyne for the honeycomb structure,
where n is the number of acetylene links
on the diagonal branches and m the
number of links on the vertical branches,
and (n,m)-reflexyne for the re-entrant
structure. By altering the values of n and
m, the structure can be either isotropic
or anisotropic with varying Poisson’s
ratios. The use of benzene rings at the
junctions and acetylene groups along the
branches creates, in principle, a planar
two-dimensional structure. Although
such a network may be hard to synthe-
size, it provides a simple example for
molecular tailoring of Poisson’s ratio.

A model has been developed!! that
successfully predicts Poisson’s ratio for
macroscopic honeycombs. This model
assumes that deformation occurs by
flexure, with no stretching of the cell
arms, whereas in the molecular structure
of Fig. b deformation will occur by
flexing, stretching and rotation of the
arms. We have used a molecular-
mechanics program!? which incorporates
a standard valence force field to model
the deformation of this structure and
thus to calculate Poisson’s ratio. Because
of the symmetry of the network, only
one unit cell need be modelled to deter-
mine the network’s deformation be-
haviour. A force is applied in the x
direction and the resulting displacements
in the x and y directions are used to
obtain v,,. Similarly, a force in the y
direction is used to obtain v,,. Strains of
less than 5% are used to ensure elastic
behaviour.

In the table we give values for five
(n,m)-reflexyne networks. The re-
entrant structure does indeed produce
negative Poisson’s ratios, although in
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deformation will tend to increase the
longitudinal deformation at the expense
of the transverse. The value of Poisson’s
ratio can be altered by changing the
shape of the repeat unit. v,, = 1 repre-
sents a truly isotropic structure. v,, =
—1 is only quasi-isotropic in that Pois-
son’s ratios measured by stretching along
directions away from the principal axes
will have different values; it is a square-
symmetric structure.

The molecular network described here
represents a first attempt at designing a
material that demonstrates a negative
Poisson’s ratio owing to mechanisms
acting at the molecular level. We are
now investigating more complex struc-
tures that are more amenable to synth-
esis that have been proposed by G. Wei
and S. F. Edwards of Cambridge
University. To avoid the cumbersome
phrase ‘negative-Poisson’s-ratio mate-
rials’, we suggest that they be called
auxetic materials, or auxetics (from the
Greek auxetos: that may be increased,
referring to the width and volume in-
crease when stretched).
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