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Auxetic materials exhibit the unusual property of getting fatter
when stretched and thinner when compressed, i.e. exhibit
a negative Poisson’s ratio. Here we simulate and analyze
three types of 2D networked polymers two of which are
polyphenylacetylene polymers and the third is constructed from
calix[4]arene building blocks. We simulate the molecular level
deformations that take place when these systems are stretched
in various directions in an attempt to obtain an insight into the
molecular level deformations which result in auxeticity. The
results of these simulations are then used to explain why these
polymers are auxetic for loading in certain directions but not in
others.

Introduction
Auxetic materials exhibit the unusual property of getting fatter when stretched
(rather than thinner) and getting thinner when compressed (rather than fatter),
thus having a negative Poisson’s ratio (1, 2). These materials have been shown to
exhibit various enhanced properties when compared to conventional materials,
ranging from an enhanced indentation resistance to the ability of forming
dome-shaped surfaces and are thus superior to conventional materials in various
practical applications. In recent years there have been various reports in literature
describing advances in the field of auxetics relating to the design, modeling,
synthesis and/or discovery of auxetic materials (1–48). One area which has seen
significant advances vis-à-vis auxetic behavior is that of auxetic polymers (1–25)
with Griffin et al.’s synthesis work on liquid crystalline polymers (3, 4). Examples
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of auxetic polymers include Baughman et al.’s three-dimensional 10,3-b auxetic
polymeric networks (5), polymeric foams and microporous polymers (16–25) and
various classes of organic 2D networked polymers which have been proposed to
be potentially auxetic (1, 3–13). This paper discusses three of these 2D networked
polymers namely:
1.
2.
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3.

the polyphenylacetylene networks commonly referred to as ‘reflexynes’
originally proposed by Evans et al. (1, 6, 7, 12, 13) (see Fig. 1a);
the polyphenylacetylene networks ‘polytriangles’ networks (see Fig. 1b)
proposed by Grima and Evans respectively (8, 9, 13); and
the ‘polycalixes’ built using calix[4]arene building blocks (see Fig. 1c)
also proposed by Grima et al. (8, 10, 11, 13).

These three classes of organic networked polymers have all been designed to
resemble the shape of known auxetic macrostructures (compare Fig. 1 with
Fig. 2). For example, the reflexynes were designed with the aim of achieving
molecular-level auxetics which resemble the well known auxetic re-entrant
honeycomb structures (see Fig. 2a) where the ribs of the honeycombs are
represented by acetylene chains whilst the joints are constructed from phenyl
rings. In such systems, the ‘re-entrant connectivity’ is achieved by having
1,2,3-subsituted phenyl rings (to allow angles of 60° between adjacent acetylene
chains). Similarly, the polytriangles were designed to mimic a structure made
from connected triangles which rotate relative to each other (see Fig. 2b) whilst
the polycalixes where meant to imitate the behavior of a folded ‘egg-rack’
macrostructure (see Fig. 2c).
Although there has been various studies which suggest that these three
systems are predicted to exhibit some degree of auxetic character (1, 3–12),
it was only recently that an attempt was made to compare them together (13),
a study which suggested some very interesting results. For example, it was
found that despite the fact that the reflexynes are probably the systems which
have been so closely associated with negative Poisson’s ratios in view of their
characteristic re-entrant geometry, they are actually the least auxetic of the three
classes of honeycombs considered in the study. In fact, on analyzing the in
plane mechanical properties of the reflexynes (i.e. the plane of the re-entrant
honeycombs), it was found that these systems only exhibited auxetic behavior for
loading approximately on-axis with the Poisson’s ratio being positive for loading
in most of the other directions. Instead, it was found that the ‘polytriangles’ can
be regarded as showing the highest degree of auxeticity since it was found that
‘polytriangles’ polymeric systems are always auxetic for loading in any direction
in the plane of the triangles with the Poisson’s ratio tending to -1 for the systems
with larger triangles. These systems were also found to be isotropic in the plane of
the triangles meaning that the same extent of auxeticity was measured irrespective
of the direction of loading.
These recent findings highlight the fact that these 2D networked polymers
need to be studied in greater detail. For example, there is still little information
regarding the molecular level deformations as a result of uniaxial stresses applied
both on- and off-axis, an issue which will be addressed in the present study. In
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particular, in this work we use force-field based simulations to predict the atomic
level deformations as a result of stresses applied on-axis or off-axis in an attempt
to explain the values of the Poisson’s ratios obtained.
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Methodology
Three different classes of polymers were examined, namely reflexynes
(1), polytriangles (2) and polycalixes (3) and for each of these classes, three
different systems (homologues) were studied (A-C). These nine polymer systems,
illustrated in Fig. 1, were studied using force-field based simulations using
the commercially available software package Cerius2, V4.2 (Accelrys Inc., San
Diego, USA) with the aim of simulating the in-plane on-axis and 45° off-axis
Young’s moduli and Poisson’s ratios and the way these systems deform when
they are uniaxially mechanically loaded (stretched or compressed) on-axis or at
45° off-axis. These simulations were performed in an attempt to obtain a better
insight into the deformation mechanisms of these systems.
All systems were represented as crystals (with a P1 symmetry) so as to
represent infinite systems. The crystals were oriented in the global XYZ space
in such a way that the [001] direction was always parallel to the Z-axis with the
[010] direction lying in the YZ-plane. When systems are aligned in this way
within the Cerius2 environment, then one ensures that the plane of the networks
remains parallel to the YZ-plane. Furthermore, this alignment enables a direct
comparison with earlier work by Grima et al. (13) performed using Materials
Studio (Accelrys Inc., San Diego, USA). For the reflexyne and polytriangle
systems, the networks were allowed to stack freely ‘on each other’ in the third
direction, while for the polycalixes they were allowed to stack freely ‘inside one
another’ in the third direction. The energy expression was set up using the PCFF
(49) force-field with its standard parameters and settings, a force-field which is
adequately parameterized to model our systems (13). Non-bond terms (Van der
Waals and Coulombic interactions) were added using the EWALD summation
technique (50). This technique was used since it gives lower cut-off errors for
modeling of crystals (51) when compared to simpler cut-off techniques such as
the direct or spline cut-off. Energy minimization was performed using SMART
compound minimizer as implemented in the OFF method Simulation Engine
within the Cerius2 with default high convergence criteria settings which include
an energy difference of 1x10-4 kcal/mol, a RMS displacement of 1x10-5 Å and a
maximum displacement of 5x10-5 Å. During the minimization, all cell parameters
were set as variables, i.e. no constraints on the shape and size of the unit cell
were applied. The 6 x 6 stiffness matrix C of the minimum energy conformation
of the systems was calculated from the second derivative of the potential energy
function since
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Figure 1. An idealized 2D representation of the systems modeled: (a) the
reflexynes 1A – C where for 1A, 1B and 1C (m,n) = (1,4), (1,5) and (1,6)
respectively, (b) the polytriangles 2A – C where for 2A, 2B and 2C, n = 3, 4
and 5 respectively, and (c) the polycalixes 3A – C where for 3A, 3B and 3C,
n = 0, 1 and 2 respectively.

Figure 2. (a-c) An illustrations of the idealized models/mechanisms in operation:
(a) auxeticity from hinging re-entrant honeycombs; (b) auxeticity from rotating
hinging triangles; (c) auxeticity from the ‘egg rack’ / ‘opening of an umbrella’
mechanism.
where cij is an element of the stiffness matrix C, E is the energy expression, V is
the volume of the unit cell and εi and εj are strain components where ε1 = εx, ε2 = εy,
ε3 = εyz, ε6 = εxy. The in-plane on-axis and off-axis Poisson’s ratios and moduli of
these systems were calculated from the compliance matrix S = C-1. In particular
we note that for the YZ plane i.e. the plane of the networks, the on-axis moduli
and Poisson’s ratio are given by:
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The off-axis mechanical properties were then obtained using standard axis
transformation techniques, as described in (52).
In an attempt to obtain a better understating of the molecular level
deformations of these polymers when they are subjected to uniaxial stresses we
performed additional simulations where the polymers were minimized whilst
subjected to uniaxial stresses applied along the Y axis, Z axis and at 45° off-axis.
All stresses were applied in tension, usually within the range of 0 to 10% of the
Young’s moduli calculated at zero strain in that particular direction of stretching.
In Cerius2, such stresses may be applied by entering the components of stress
tensor σ where for stresses of magnitude σ applied in the Y, Z or 45° off-axis in
the YZ plane, the following respective stress tensors were used:

The deformations so obtained were then used to explain the particular values of
the Poisson’s ratio exhibited by the various polymers.

Results and Discussion
The in-plane on-axis Poisson’s ratios, Young’s and shear moduli are tabulated
in table 1 whilst the in-plane off-axis Young’s moduli and Poisson’s ratios are
reported in figure 3. These results suggest that the results of our simulations
compare well to those found in the literature. They also confirm that all systems
exhibit some degree of auxeticity, a property which is most predominant in the
polytriangles and least in the reflexynes, this being in accordance with the results
obtained in a similar study (13). Also, it appears, not unexpectedly, that the
more ”open” networks have significantly reduced densities. This may have some
undesirable limitations regarding the practical applications for these networks.
This is due to the fact that there might be a problem of empty space at the sub-nano
scale that could produce in effect a very high level of surfaces without van der
Waals contacts. To rectify this problem, one could include some inert species in
the empty spaces which could stabilize these systems. However, such inclusions
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are likely to have some effect on the mechanical properties of these systems, as
was observed in the case of the auxetic zeolite natrolite (39, 47) and thus further
work in this regard is required.

Table 1. The on-axis mechanical properties of reflexynes (1A-1C),
polytriangles (2A-2C) and ‘double calixes’ (3A-3C) obtained in this study
using the PCFF force-field found in Cerius2-OFF compared to values obtained
from literature
νyz
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Method
1A

2A

2B

2C

3A

3B

Ez

Gyz

(GPa)

(GPa)

(GPa)

Density
(g/cm3)

-0.37

-0.33

125.90

112.00

5.11

1.21

Ref. (13)

-0.41

-0.34

120.05

99.38

4.57

1.20

Ref. (7)

-0.29

-0.29

124

110

-

-

-

-

-

-

-

-

-0.37

-0.41

92.63

101.45

3.63

1.02

Ref. (13)

-0.37

-0.41

92.68

101.71

3.64

1.02

Ref. (7)

-0.29

-0.39

95

116

-

-

-0.33

-0.39

94

110

-

-

-0.31

-0.46

78.40

114.28

2.75

0.93

Ref. (13)

-0.31

-0.46

78.20

114.25

2.65

0.92

Ref. (7)

-0.22

-0.42

84

140

-

-

Ref. (6)

-0.28

-0.44

80

124

-

-

PCFF – Cerius2

-0.51

-0.51

52.49

52.51

53.57

0.90

Ref. (13)

-0.51

-0.51

52.56

52.60

53.52

0.90

Ref. (9)

-0.83

-0.83

-

-

-

-

PCFF – Cerius2

-0.65

-0.65

31.60

31.60

45.64

0.75

Ref. (13)

-0.65

-0.65

31.51

31.48

45.50

0.75

Ref. (9)

-0.90

-0.90

-

-

-

-

PCFF – Cerius2

-0.75

-0.75

20.06

20.02

39.86

0.64

Ref. (13)

-0.75

-0.75

20.18

20.12

39.75

0.64

Ref. (9)

-0.94

-0.93

-

-

-

-

PCFF – Cerius2

-0.51

-0.51

18.09

18.09

4.55

1.42

Ref. (13)

-0.47

-0.47

18.79

18.79

4.61

1.42

Ref. (9)

-0.51

-0.51

18.10

18.10

-

-

PCFF – Cerius2

-0.87

-0.87

3.78

3.79

2.11

1.10

PCFF –

Cerius2

Ref. (6)
1C

Ey

PCFF – Cerius2

Ref. (6)
1B

νzy

PCFF –

Cerius2

Continued on next page.

202
In Contemporary Science of Polymeric Materials; Korugic-Karasz, L.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2010.

Table 1. (Continued). The on-axis mechanical properties of reflexynes
(1A-1C), polytriangles (2A-2C) and ‘double calixes’ (3A-3C) obtained in this
study using the PCFF force-field found in Cerius2-OFF compared to values
obtained from literature
Method
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3C

νyz

νzy

Ey

Ez

Gyz

(GPa)

(GPa)

(GPa)

Density
(g/cm3)

Ref. (13)

-0.86

-0.86

3.65

3.65

1.95

1.10

Ref. (9)

-0.87

-0.85

3.78

3.78

-

-

PCFF – Cerius2

-0.91

-0.92

1.81

1.82

1.10

0.89

Ref. (13)

-0.95

-0.87

1.67

1.52

0.99

0.89

Ref. (9)

-0.93

-0.88

1.67

1.58

-

-

Let us now attempt to explain these profiles of the Poisson’s ratios for the
various polymers in terms of the molecular level deformations, a process which
will make it possible for us to understand clearly the factors which aid or hinder
the presence of a negative Poisson’s ratios.
As illustrated in figure 4, in the case of the simulations on the reflexyne
polymers which had originally been designed to mimic the re-entrant
flexing/hinging honeycombs (see Fig. 5), the simulations suggest that all the
three reflexyne structures studied behave, to a first approximation, like ‘re-entrant
flexing/hinging honeycombs’ a process which results in auxetic behavior and an
increased pore size (see Fig. 4).
In fact, from several measurements of bond lengths and angles on the intitial
and deformed structures of (1,4)-reflexyne, whose results are summarised in Table
2, it is evident that for tensile loading (up to 2GPa) in both the Y and Z directions,
the benzene rings remain almost unaffected throughout the deformation process
(except for the bond angle at the benzene – vertical acetylene chain junction
during loading in the Z-direction). Stretching of the bonds in the inclined
acetylene chains (and the vertical chain for stretching in the Z-directions) offers
a significant contribution to the overall deformation of the network. In this
respect, it is inetersting to note that stretching occurs mostly in the bonds joining
the acetylene chain to the benzene ring, a fact which has already been outline
elsewhere (6). In fact, the fractional change in length of these bonds is around
twice as much as that for the other bonds. On the other hand, changes in the bond
angles in each acetylene chain are negligible when compared to changes in the
angle at the benzene ring – inclined acetylene chain junctions. This suggests that
flexing of the acetylene chains is insignificant at the stresses considered and that
deformations are mostly focused on hinging at the junctions. This is in accordance
to earlier work by Masters and Evans (48) which suggests that at the nanolevel,
hinging and stretching may play a very important role in the overall deformation
of the system, although flexing, which also leads to auxetic behaviour, becomes
significant as the length of the shorter chains increases. Also, the fact that these
hypothetical networks are able to exhibit a negative Poisson’s ratio confirms that
it is indeed possible to obtain auxetic behaviour at the nanolevel by downscaling
from macro-level structures.
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Figure 3. Off-axis plots for the in-plane Poisson’s ratios, νyz and Young’s
moduli Ey, for each of the network systems considered as obtained by the PCFF
force-field.
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If we now look at the molecular level deformations that occur when the
polymer is stretched at 45° off-axis (Fig. 4c), we note that the deformation profile
is completely different to what occurs when loading on-axis thus explaining why
the off-axis Poisson’s ratio are not negative (a property which has not been given
much attention in recent years). In fact, the simulations suggest that the longer
vertical arms of all three structures flex significantly more when compared to the
side arms which in fact remain almost undeformed. All this suggests that although
deformations still occur as a result of flexing/hinging of the acetylene chains, the
manner of deformation is not one which is conducive to auxetic behavior since
the net result is that the well known ‘re-entrant mechanism’ illustrated in figure
2a does not operate for stretching off-axis thus leading to the complete loss of
auxetic character when loading off-axis. This conventional behaviour for loading
at certain off-axis angles has already been discussed elsewhwere (48) where it has
been shown that re-entrant honeycombs exhibit conventional behaviour if they
deform primarily through hinging/flexure of the ribs. It should be emphasized
that from a structural point of view, such flexing of the long vertical chains (ribs)
is easier to induce than flexure of the shorter side chains (ribs) thus explaining
the lower Young’s moduli when stretching off-axis when compared to stretching
on-axis (see Fig. 3). Also, it is interesting to note that the way the network
deforms when loaded at 45° off-axis is very similar to the way they behave when
sheared on-axis, a property which is characteristic of all hexagonal honeycombs
of this form which are known to be weak in shear, thereby limiting, to some
extent, the suitability of these systems in practical applications which require
high strength.
In the case of the polytriangle structures, as illustrated in figure 6 for the
2B system which typifies the properties of all three polytriangles studied, the
simulations suggest that in whatever direction the stress is applied in-plane, the
acetylene chains are observed to flex in such a way that there is a net effect
where the triangles in the structure effectively rotate relative to each other. This
process results in the opening up of the larger pores of the structure, which pores
open in a symmetric manner, a property which may be useful in applications
of molecular filtration. This direction-independence of the properties, together
with the high negative Poisson’s ratios observed, is very significant and makes
these systems highly auxetic. Also significant is the fact that for the systems
considered here, changes in the size of the triangle affect the Young’s modulus
to a much higher extent than the Poisson’s ratio, i.e. the ‘rotating triangles’
deformation mechanisms remains the most prominent in all cases. This allows
for the possibility to design auxetic polymers having a variety of stiffnesses but
without significantly compromising its auxetic behaviour.
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Figure 4. Deformation mechanism of the 1,5-reflexyne (1B) due to a stress (of
6% of the Young’s modulus in the direction of the stress) along (a) the Y-, (b) Zand (c) 45° Z-axis. The light grey structure is the structure before deformation.

Figure 5. Atom identification numbers used in measuring the bond lengths and
bond angle deformations shown in Table 2.
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Table 2. Tables showing the gradients for plots of percentage strain in bond
lengths and angles for loading in the Y and Z directions from 0 to 2 GPa
Bond lengths
benzene rings

m-chains

atom ID

1-2

2-3

3-4

2-13

13-14

2-14

Y

0.27

-0.01

-0.03

0.47

0.22

0.47

Z

0.17

-0.01

-0.09

-0.14

-0.06

-0.14
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n-chains
1-5

5-6

6-7

7-8

8-9

9-10

10-11

11-12

12-1

Y

-0.08

-0.01

-0.01

-0.01

-0.01

-0.01

-0.01

-0.01

-0.08

Z

0.50

0.26

0.27

0.26

0.26

0.26

0.27

0.26

0.50

atom ID

Bond angles
benzene rings

m-chains

atom ID

2-1-2

1-2-3

2-3-4

3-4-3

2-13-14

13-14-2

Y

0.18

-0.25

0.14

0.03

-0.02

-0.02

Z

-0.54

0.24

0.13

-0.21

-0.03

-0.03

n-chain
atom ID

1-5-6

5-6-7

6-7-8

7-8-9

8-9-10

9-10-11

10-11-12

11-12-1

Y

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Z

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

junctions
atom ID

1-2-13

14-2-3

2-1-5

12-1-2

Y

0.64

-0.40

-0.08

-0.08

Z

0.37

-0.62

0.26

0.28
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Figure 6. Deformation mechanism of the polytriangle (2B) due to a stress along
(a) the Y-, (b) Z- and (c) 45° Z-axis. The light grey structure is the structure
before deformation.
In the case of the calix structures, as illustrated in figures 78910, the
simulations suggest that with an increase in the applied on-axis stress, i.e. for
loading along the Y-axis or the Z-axis, the calix opens up like an umbrella,
resulting in a negative Poisson’s ratio. This is accompanied by an increment in
the pore size of the structure, an effect which is more dominant when the number
of phenyl linkages is increased. This is very significant as it confirms that these
systems are indeed mimicking the behavior of the ‘egg-rack’ macrostructure.
Nevertheless, the ‘umbrella mechanism’ obtained in these simulations is not
symmetrical in the sense that the opening on the ‘phenyl arms’ in the direction of
loading is always greater than the opening of the arms in the orthogonal direction
(i.e. there is a loss of C4v symmetry which tends to become C2v). One may thus
refer to it as a ‘defective umbrella’ mechanism, which explains why the Poisson’s
ratio of these systems was always less negative than -1, the value of the Poisson’s
ratio as predicted by the idealized model of this structure (4). Also, it is important
to note that the ‘defective umbrella mechanim’ is much more dominant in the
smaller 3A systems. Additionally, one should also note that in reality, the four
poly-phenyl chains making up one ‘umbrella’ do not meet at a single point but
‘around a rim’ which is itself flexible. These deformations of the rims do not
contribute to auxetic behavior and thus the magnitude of observed Poisson’s ratio
will depend on the relative contribution of the two opposing effects. For maximum
auxeticity, one would require that the ‘umbrella type deformations’ leading to
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auxetic behavior are more dominant than the deformations of the rim, something
which is observed more in the larger 3B and 3C systems when compared to the
smaller 3A systems. In this respect we note that this effect is so significant that
it overturns ‘imperfections’ that are clearly visible in 3B and 3C systems when
compared to 3A. (Note: The larger 3B and 3C systems which are characterized by
lower densities and moduli when compared to 3A, deviate from the idealized ‘egg
rack’ geometry as a consequence of the increased flexibility that accompanies the
increase in the length of the ‘polyphenyl rods’. In fact, the unstretched 3B and 3C
networks appear as ‘less ordered’ when compared with the unstretched 3A with
the ‘polyphenyl rods’ adopting slightly bent conformations with the result that the
individual calixarene building blocks do not all align with their rims being parallel
to the YZ plane (the plane of the networks), thus deviating from the highly ordered
macrostructure they are meant to mimic.)
If we now look at the behavior of systems when loaded at 45° to the axis, we
note in the case of the 3A system, that the umbrella mechanism is not observed,
and instead the off-axis stress results in a deformation of the calixes whereby
the distances between adjacent phenyl rings increases / decreases in the manner
illustrated in figure 11 with the result that the calixes appear as ‘sheared’ and the
whole structure behaves in ‘wine-rack’ type deformation mechanism as illustrated
in the figure.

Figure 7. Deformation mechanism of the calix[4]arene (3A) due to a stress (of
20% of the y-axis Young’s modulus) along the Y-axis. The light grey structure is
the structure before deformation.
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Figure 8. Deformation mechanism of the calix[4]arene (3B) due to a stress (of
20% of the y-axis Young’s modulus) along the Y-axis. The light grey structure is
the structure before deformation.

Figure 9. Deformation mechanism of the calix[4]arene (3A) due to a stress (of
20% of the 45° off-axis Young’s modulus in the YZ-plane) along the 45° off-axis
in the YZ-plane. The light grey structure is the structure before deformation.
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Figure 10. Deformation mechanism of the calix[4]arene (3B) due to a stress (of
20% of the 45° off-axis Young’s modulus in the YZ-plane) along the 45° off-axis
in the YZ-plane. The light grey structure is the structure before deformation.

Figure 11. Schematic diagram of a ‘wine rack’ deformation mechanism of
a calix[4]arene.
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Table 3. The percentage changes in some dimensions as the 3A calyx system is
stretched by 20% of the modulus in the particular direction

Direction of
Loading

y-axis

z-axis

45°
off-axis

AD

11.9 %

11.6 %

12.2 %

AB

11.6 %

11.9 %

-0.5 %

BC

11.9 %

11.6 %

12.3 %

CD

11.6 %

11.9 %

-0.5 %

BD

7.9 %

15.5 %

5.7 %

AC

15.5 %

7.9 %

6.4 %

Such deformations are best explained by looking at some interatomic
distances associated with a typical single calix. In particular we make reference to
table 3 and look at the shape of the quadrilateral ABCD where AB, BC, CD and
DA represent the distances between adjacent phenyl rings in the same calyx for
the 3A system. In systems where the calixes have a ‘perfect’ C4v symmetry, the
quadrilateral ABCD would have the approximate shape of a square, a property
which we observe in the undeformed conformation of 3A. When 3A was loaded
on-axis, we observe that ABCD has an approximate shape of a rhombus where
(i) both diagonal are larger than those observed in the unstretched conformation
with the diagonals in the direction of the applied stress increasing more than the
other diagonal (c. 16% vs. 8%); (ii) the side lengths AB, BC, CD and DA are
still approximately of equal length and approximately 12% longer that those of
the unstretched system. These deformations are all in line with the proposed
‘defective umbrella’ mechanism. Instead, when the system 3A is loaded at 45°
off-axis, a direction which is parallel to side lengths AD and BC, we note that
although the diagonals increase slightly in length by c. 6%, an increase which
suggests that the ‘umbrella’ mechanism is still having some contribution, we also
find that whilst the lengths AD and BC increase significantly (c. 12%), the side
lengths AB and CD remain of approximately the same length. All this clearly
suggests that predominant deformation is not that of an ‘umbrella’ but one which
is better described as a ‘wine rack’ mechanism (see figure 11) which has the net
effect that no auxetic behavior is observed. Fortunately, this ‘non auxetic’ mode
of deformation appears to be less predominant in the 3B and 3C systems with the
result that these systems exhibit some degree of auxeticity even when loaded at
45° off-axis. All this suggests that the simplest of these polycalixes where the
different calixes are connected directly to each other is not highly suitable for
auxetic behavior and instead one should aim for ones such as 3B or 3C.
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Conclusion
This work discussed the deformation mechanisms which result in auxetic
behavior in three classes of networked polymers which have been proposed as
possible candidates for auxetic materials, and, probably more importantly, the
competing ‘non-auxetic’ mechanisms which reduce the auxetic potential of these
systems. These findings are likely to be of great use to synthetic chemists not only
since they may now be guided to understand the really essential features that make
these systems auxetic, but also to have a clearer understanding of the strengths and
limitations of these systems from a mechanical point of view.
In view of the many beneficial effects that these polymers are expected
to exhibit when compared to conventional materials, we hope that this work
will stimulate more experimental work aimed at synthesizing these polymers,
particularly those which appear to be amenable to exhibiting auxetic behavior.
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