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Abstract 

Poly(phenylacetylene) sheets that mimic the geometry of a wine-rack-like structure have 

been predicted to exhibit negative Poisson’s ratios off-axis. However, their potential to 

exhibit negative linear compressibility (NLC) has remained largely unexplored. In this work, 

the compressibility and other mechanical properties of wine-rack-like poly(phenylacetylene) 

networks with 1,2,4,5 tetra-substituted phenyls as well as their equivalent with allene or 

cyclobutadiene centres are simulated to assess their ability to exhibit negative linear 

compressibility on-axis and off-axis. It is shown that some of these systems can indeed 

exhibit negative linear compressibility whist others exhibit a near-zero compressibility. The 

results are compared to the compressibility properties of other poly(phenylacetylene) 

networks reported in literature as well as with those predicted from the analytical model for 

an idealised wine-rack structure deforming through hinging. Results suggest that these 

mechanical properties are arising from a wine-rack-like mechanism, and there is a good 

agreement with the theoretical model, especially for systems with longer acetylene chains 

whose geometry is closer to that of the idealised wine-rack.  

 

Introduction  

In the last decades, there has been a growing interest on hyper-conjugated carbon-based 

molecular networks in view of their very interesting topologies and the properties they 

afford1–29. In particular, the literature describing materials with a negative Poisson’s ratio 

(NPR, auxetic)12 is rich with studies on the structure and mechanical properties of 

poly(phenylacetylene) crystalline networks of various forms and connectivity14,19,20,22,30 

which compliments the ever-growing body of knowledge in this field 12, 14–16 , 31–50  . Studies 
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which focus on the Poisson’s ratio of such materials include work on flexynes and re-

flexynes, where the phenyl ring is tri-substituted12,14,21,22; work on triangles and wine-rack 

like structures, where the phenyl ring is tetra-substituted20,22,31; as well as penta- and hexa-

substituted graphyne, graphydiyne and related systems6,9,19,20,31. Most of these papers have 

focused on the variation of the Poisson’s ratio with various structural parameters, such as 

length of the acetylene chain, manner of substitution and the direction of uniaxial stretching. 

More recent studies on mechanical metamaterials51 have started to give more importance to 

the compressibility of such systems, that is, the variation in dimensions that occur when they 

are subjected to externally applied hydrostatic pressure52–63. Although some of the 

aforementioned systems have the amenable geometric requirements (e.g. a wine-rack-like 

geometry) to permit one to infer that they may exhibit negative linear compressibility (NLC), 

to this date these crystalline networks have not been formally analysed vis-à-vis their 

compressibility properties. In view of this, this paper attempts to address this lacuna by 

reporting and analysing the compressibility and other mechanical properties of 

poly(phenylacetylene) networks with 1,2,4,5 tetra-substituted phenyls and two crystalline 

graphite-like layered carbon allotropes together with a re-analysis of the properties of the 

crystalline equivalents of graphyne, graphdiyne and other related systems which have 

comparable characteristics. 

 

Methodology 

(a) Systems Studied 

The systems shown in Figure 1 and their homologues with longer chains having 

{ }1,2,3,4,5n∈  triple bonds in their acetylene chains were considered in this study. The 

systems shown in (a) and (b) are carbon allotropes, which have geometric features that are  

archetypal of the wine-rack model (see Figure 2) where acetylene chains are connected via 

either an allene or a cyclobutadiene centre henceforth referred to as C2-n and C4-n systems 

where n is the number of triple bonds in the acetylene chain. Similar to these are the 

poly(phenylacetylene) systems, represented in (c), where the allene is replaced by a 1,2,4,5-

susbtituted  phenyl centre, referred to as C6-n systems. The systems in (d) to (g) are other 

poly(phenylacetylene) systems with different connectivities, as discussed in Degabriele et al. 

and works cited therein. These are ‘1,2,3,4’ tetra-substituted, ‘1,2,3,4,5,6’ hexa-substituted, 
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‘1,2,3,4,5’ penta-substituted and ‘1,3,5’ tri-substituted phenyl centres, which are also known 

as ‘polytriangles’  (Fig. 1d), ‘graphyne, graphdiyne, etc.’ (Fig. 1e), ‘megaflexynes’ (Fig. 1f) 

and ‘flexynes’  (Fig. 1g)’ respectively. For this present study, all systems were considered as 

crystals with different layers being oriented in the (100) plane and able to stack freely in the 

[100] direction.  

INSERT FIGURE 1 

INSERT FIGURE 2 

(b) Simulations 

The systems in Fig. 1(a) and (b) with n = 1,2, …, 5 were constructed within the molecular 

modelling package Cerius2 as crystalline systems with the unit cells as shown in Figure 1. All 

the crystals were oriented with respect to the Cartesian system in such a way that the crystal 

[001] direction lies parallel to the global z-axis and the [010] crystal direction is aligned in the 

global yz-plane with the [100] left to orient freely in any direction. This method of 

construction is similar to that described in other studies20 and allows the layers to remain well 

oriented in the yz-plane during the simulation so as to facilitate data comparison and 

interpretation. 

The energy expression was set up using the PCFF force-field64,65 as implemented in Cerius2. 

Default settings were used, with the exception that non-bond interactions were summed up 

using the Ewald summation technique66.  The systems were then optimised so as to minimise 

the energy of the system to default Cersius2 high convergence criteria which include an 

atomic RMS gradient less than 0.001 kcal mol-1 Å-1. Following this, the full 6 6× stiffness 

matrix C and its inverse, the compliance matrix S, were simulated using the second derivative 

method since: 

 
21 , , 1, 2,...,6ij
i j

Ec i j
V ε ε

∂
= =

∂ ∂
 (1) 

where V is the volume of the unit cell, E represents the energy expression and ei (i=1,2, …6) 

are the strain components where 1=xx, 2=yy, …, 6=zy. 

The equivalent optimised systems as well as the respective stiffness and compliance matrices 

of the systems shown in Fig. 1(c)-(g) are taken from Degabriele et al.20. 
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(c) Calculation of compressibility and other properties 

The linear compressibilities, Poisson’s ratios and moduli in the (100) yz-plane were 

calculated from the transformed compliances, ( )ijs ζ , which correspond to the compliance 

matrix of the crystal after the crystal is re-oriented following rotation by an angle ζ  around 

the x-axis as follows: 

Compressibility: ( ) ( ) ( ) ( )21 22 23y s s sβ ζ ζ ζ ζ= + +  (2) 

Poisson’s ratio: ( ) ( )
( )

32

22
yz

s
s

ζ
ν ζ

ζ
= −  (3) 

Moduli:  ( ) ( )22

1
yE

s
ζ

ζ
= ,     ( ) ( )44

1
yzG

s
ζ

ζ
=  (4) 

Results and Discussion  

The results of simulations are shown in Figure 3 - 4 and in the Supplementary information. In 

particular, Figure 3 shows images of the yz-projection of the energy minimised systems with 

the wine-rack like geometries having (a) allene (b) cyclobutadiene and (c) phenyl central 

units where n = 5, together with the corresponding plots of the linear compressibility, 

Poisson’s ratio and moduli. (See Supplementary Information Figures S1 – S3 for images of 

all the minimised systems.) Note that the data for (a) and (b) is being reported for the first 

time whilst that of (c) is a re-analysis of the data published by Degabriele et al. From this 

data it is evident that whilst the systems with the allene and phenyl centres behave in a highly 

comparable manner and exhibit, in different directions, both NLC and NPR, the system with 

a cyclobutadiene centre exhibits different trends with the Poisson’s ratio being always 

positive and the compressibility being near zero. Reported in Figure 4 are the compressibility 

properties of the other poly(phenylacetyelene) systems which all exhibit quasi-in-plane 

isotropic positive compressibilities.  

INSERT FIGURE 3  

INSERT FIGURE 4 

This compressibility, Poisson’s ratio and stiffness behaviour may be explained by looking at 

the equivalent highly idealised wine-rack like models which deform exclusively through 
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changes in angles between the ligaments61, as illustrated in Figure 2. Recognising that the 

systems studied here may be, to a very rough approximation, be considered in terms of a 

system made from ligaments of length l, which are connected together through hinges to 

make a wine-rack like structure with either 120θ = ° or 90° , see Figure 5,  then the equations 

for the compressibility, Poisson’s ratio and moduli in the plane of the structures for loading at 

angle ζ  to the Ox1-axis may be expressed as: 

(a) For the systems 120θ = ° : 

Compressibility:  ( ) ( )( )
2

1 1 2cos 2
8 3 h

l z
K

β ζ ζ= +  (5) 

Poisson’s Ratios: ( )
2

12 2

1 3 tan ( )
3 tan ( )

v ζζ
ζ

−
=

−
  (6) 

Moduli:  ( )
( )( )1 22

16 3 1
1 2cos 2

hKE
l z

ζ
ζ

=
+

, ( ) ( )212 2

3 1
sin 2

hK
l

G
ζ

ζ =  (7) 

(b) For the systems 90θ = ° : 

Compressibility:  ( )1 0β ζ =  (8) 

Poisson’s Ratios: ( )12 1v ζ =  (9) 

Moduli:  ( )1 2 2

8 1
cos (2 )

hKE
l z

ζ
ζ

= , ( )12 2 2

2 1
sin (2 )

hKG
l

ζ
ζ

=  (10) 

where Kh is the stiffness constant of the hinges and z is their out-of-plane thickness. It is 

interesting to note that despite the many differences between the molecular-level systems and 

the idealised ‘wine rack’ model, including the lack of a ‘mechanical hinge’, these equations 

for the hinging model can satisfactorily predict most of the properties demonstrated by the 

nanoscale systems thus suggesting that a wine-rack like mechanism may indeed be operating. 

Note that in the present work the Ox1 and Ox2 axis in the analytical model correspond to the 

global y- and z- direction i.e. the [001] crystal axis (permanently aligned with the  z-axis) 

corresponds to the Ox2 direction. 

INSERT FIGURE 5 
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In particular, the analytical model with 120θ = ° predicts the highest Young’s moduli, 

tending to infinity, off-axis when 60ζ = ± ° i.e. directions which correspond to the directions 

of the ligament. This behaviour occurs because the analytical model assumes that the 

ligaments are perfectly rigid i.e. the only mode of deformation is through relative rotation of 

the ligaments (hinging). When the loading direction is parallel to the ligaments, these can no 

longer rotate thus rendering the structure ‘undeformable’. This behaviour is replicated, to 

some extent, by the C2, C4 and C6 systems where the same trends are reproduced i.e. for 

[ ]90 , 90ζ ∈ − ° + °  the Young’s modulus assumes very low values on-axis and large values at 

off-axis angles close to (a) 60ζ = ± ° , (b) 45ζ = ± °  and (c) 60ζ = ± °  respectively, which 

angles correspond to the direction of the acetylene chains. Obviously, in the case of the 

molecular systems, infinite Young’s modulus is not observed since in these more realistic 

systems, alternative modes of deformation can be manifested. A particularly interesting 

observation is that whilst in the case of the phenyl-centred C6 systems maximum Young’s 

moduli occur at almost exactly 60ζ = ± °  off-axis, in the case of the allene, these maximum 

moduli occur at slightly different values. For example as noted in Table 1, for 5n = , 

maximum Young’s modulus is at  56.91ζ = ± °  for C2 and at 59.74ζ = ± ° for C6. This may 

be explained by the fact that, as shown in Figure 5, in the case of the phenyl-centred C6 

systems a superimposed wine-rack model would have its ligaments parallel to the acetylene 

chains and meeting at the centre of the phenyl rings at an angle of 60o/120o to each other 

given that the phenyl link has an amenable geometry which permits such angles. However in 

the case of the C2 geometry, a superimposed wine-rack model would not have its ligaments 

perfectly parallel to the acetylene chains since in this case, the hypothetical ligaments which 

would form a wine-rack would pass through the centre of the double bond and through the 

centres of the acetylene chains. Note that as the length of the acetylene chain increases, this 

effect becomes less pronounced and the angles tend to the idealised values of 60ζ = ± ° . In 

the case of C4, maximum Young’s moduli always occur at . 45c ± ° (see Table 1). 

INSERT TABLE 1 

INSERT FIGURE 5 

The Poisson’s ratios afforded by the C2, C4 and C6 systems are also in agreement with some 

of the predictions from the analytical model. For example, for [ ]90 , 90ζ ∈ − ° + ° , the 
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analytical model predicts that  at 120θ = °  negative Poisson’s ratios are given when ζ  is in 

the range of 30 60ζ° < < °  and 60 30ζ− ° < < − ° . This is in good agreement with the off-axis 

plots given in Figure 3 where, for example, the C2-5 and C6-5 shows auxetic behaviour in the 

range of  34 56ζ° < < °  and 34 56ζ− ° < < − °  for C2-5, and, 33 60ζ° < < °  and 

28 59ζ− ° < < − °  for C6-5. In the case of C4 systems when 90θ = ° , the analytical model 

correctly predicts the Poisson’s ratios of c. +1 for νyz and νzy for the molecular systems with 

longer acetylene chains but is unable to predict the anisotropy in this property since the 

idealised model predicts a Poisson’s ratio of +1 for all values of ζ and ligament lengths. 

Instead, the mechanical properties of the C4 systems show that the on-axis Poisson’s ratio 

approximates +1 as the length of the acetylene chain increases but is not isotropic in-plane as 

this decreases as  45ζ → ± ° . In other words, the Poisson’s ratio is dependent on both the 

length of the acetylene chain and direction of loading, two features which were not predicted 

by the analytical model. This is because in these nanoscale systems, which lack proper well-

defined hinges at the joints, it is unreasonable to assume ‘hinging’ to be the exclusive 

operating mechanism. Instead, the overall behaviour of the system would be the result of the 

interplay of a number of deformation mechanisms, which may be expressed in changes in the 

bond lengths and bond angles, and the Poisson’s ratio is reflective of all these deformation 

mechanisms.  

In terms of the compressibility, for [ ]90 , 90ζ ∈ − ° + ° , the systems presented in Figure 2 (a) 

and (c) show negative compressibility of considerable magnitude when 57ζ > °  and 

57 ζ− ° <  respectively. This is in good agreement with the range of 60ζ > °   and 60ζ < − °  

predicted by the analytical model. In this case, as with other properties, the best agreement 

between the analytical model predictions and the simulated properties for the molecular 

systems are exhibited for the systems with the longer acetylene chains, a feature which may 

be explained through the observation that the systems with longer acetylene chains bear a 

closer geometric resemblance to their equivalent hypothetical wine-rack model. It is also 

interesting to note that the analytical model correctly predicts the very low magnitude of the 

compressibility of the C4 systems, which are an order of magnitude lower than their 

corresponding C2 and C6 systems.  

In an attempt to obtain more information on the nanoscale ons of these systems when 

subjected to pressure or uniaxial loads, a series of additional simulations meant to simulate 



8 

 

the behaviour of the system under hydrostatic pressure or uniaxial stresses were carried out 

on the C2-5 and C6-5 systems, details of which are provided in the Supplementary 

Information (Figure S5 and S6). The simulations suggest that under a hydrostatic pressure, all 

systems contract along the x-direction (positive linear compressibility) so that the 

poly(phenylacetylene) layers are forced closer to each other. Moreover, as illustrated in 

Figure 6, these simulations confirm that in the yz-plane a wine-rack-like mechanism is indeed 

operational in all of these systems. In fact, in all systems studied the ligaments deform in a 

manner which make them appear as if they are rotating relative to each other in a scissor-like 

manner. On closer inspection, one may note that this rotation is caused by both changes in the 

angles between the acetylene chains and the allene/cyclobutadiene/phenyl group (which 

would correspond to hinging in the analytical model) and changes in the angles along the 

acetylene chain (which would correspond to flexure). Such behaviour where hinging and 

flexing occur simultaneously in an additive manner is concordant with what was predicted by 

Evans and Masters67 in their work on honeycombs and had also been observed when studying 

the flexyne/re-flexyne systems14. Also worth noting is that models by Barnes et al.68 suggest 

that models involving ‘flexing wine-rack-like’ structures are not dissimilar to the models 

deforming through hinging such as those presented by Grima et al53 and Zhou and Zhang.69 

INSERT FIGURE 6 

At this point it is interesting to compare the behaviour of these three wine-rack like systems, 

in particular their linear compressibility properties, with the other poly(phenylacetylene) 

networks discussed by Degabriele et al. 20 and works cited therein. If one looks at the 

compressibility values of the poly(phenylacetylene) networks shown in Figure 4, as noted 

above, one would note that all of them exhibit quasi-isotropic compressibility properties in 

the plane of the networks. This may be explained by the fact that the systems belong to a 

symmetry group which renders them isotropic in-plane. It is also interesting to note that the 

1,2,3,4-substituted systems are characterised by much higher compressibility properties (i.e. 

respond to a greater extent when subjected to pressure); a feature which may be explained by 

the fact that these systems may easily be deformed through what may be described as relative 

rotations of the triangular unit70. In contrast both the 1,2,3,4,5 and 1,2,3,4,5,6 systems, shown 

in Figure 4, are very difficult to compress in-plane due to the fact that in such systems the 

triangular units ‘lock’ the systems and make them practically incompressible.71 
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Before concluding, it is important to appreciate some of the limitations of this work. 

First and foremost, the results being reported here are obtained solely from simulations, and 

have not yet been backed up by experimental findings. An experimental verification of what 

is being reported here is not expected to be a trivial process as the systems discussed have 

never yet been synthesised and characterised. However, it is encouraging that in recent years, 

there has been considerable work which has looked at some of these systems4-11,23,24,27–29 and 

it is hence hoped that the present work will provide further impetus for experimentalists and 

theoreticians to further study these systems and characterise them. Also the discussion has 

focused on the in-plane behaviour of these systems, despite the fact that these crystalline 

systems are of a three-dimensional nature. In particular it should be noted that a hydrostatic 

pressure is applied in all directions and apart from the compressibility expansions in plane, 

there is also a considerable contraction which occurs out of plane as the separation between 

the adjacent layer decreases, despite the fact that the ligaments are deforming out of plane. 

This, together with the behaviour under shear loading, merits further investigation. It should 

also be appreciated that the work by Tretiakov et al. has also studied what can be considered 

as very similar structures to what was studied but using a rather different intermolecular 

potential. This work by Tretiakov et al. had suggested completely different properties, thus 

highlighting the critical role of the intermolecular potential on the macroscopic properties of 

the systems studied.72Finally, it should be mentioned that the systems studied here are 

extensively delocalised, therefore resulting in them being highly conductive. This feature 

makes these systems potentially usable in a number of possible niche applications requiring 

this property together with the anomalous mechanical behaviour reported here. This feature 

should be studied further through the use of simulation methods which permit an accurate 

representation of the electronic state of the systems. 

 

 

Conclusion: 

This work has shown that it is possible to design graphite-like nano-systems which can 

exhibit unusual mechanical properties through mimicking of mechanisms occurring at the 

macroscale. This re-highlights the very strong dependence between the macroscopic 

mechanical properties and the geometric features which characterise the various nano-
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networks. It also shows that it is possible to design and engineer crystals which can be tailor-

made to exhibit particular combinations of mechanical properties; which may include NLC, 

near-zero compressibility and/or NPR.  
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Figure 1: Schematic diagrams of the molecular-level systems studied. (a) and (b) are carbon allotropes simulated 
in this work which are meant to represent wine-rack like structures whilst (c) to (g) are poly(phenylacetylene) 
networks which are being analysed for their compressibility properties. Note that (a) have an allene centre, 
henceforth referred to as C2-n; (b) have a cyclobutadiene centre, henceforth referred to as C4-n, (c) 1,2,4,5 
tetra-substituted phenyl centre, henceforth referred to as C6-n, (d) are 1,2,3,4 tetra-substituted referred to a 
polytriangles (e) are 1,2,3,4,5,6 fully-substituted referred to as graphyne networks (f) are 1,2,3,4,5 penta-
substituted referred to as mega-flexynes and (g) 1,3,5 tri-substituted referred to as flexynes.
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Figure 2: The idealised wine-rack model which can lead to (a) negative linear compressibility when 
subjected to hydrostatic pressure, p or (b) negative Poisson’s ratio when loaded off-axis by a uniaxial 
stress σ .  
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Figure 3: Results of the simulations and analysis for (a) the networks with the allene centre and (b) the networks 
with the cyclobutadiene centres in the (100) plane i.e. the plane of the networks, and where (i) show minimum 
energy conformations for systems at p = 0GPa with 5n = ; whilst (ii), (iii) and (iv)  show the variation of the 

Young’s moduli ( yE ); Poisson’s ratio ( yzv ) and compressibility ( yβ ) in the (100) yz-plane at an angle ζ with 

the y-direction. The equivalent data for 1,2,4,5 tetra-substituted networks, re-analysed from Degabriele et al. are 
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shown in (c). Note that as illustrated in the legend the solid lines in the graph represent the data related to the 
molecular networks whilst the dotted lines relate to the prediction by the analytical model 
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Figure 4: Compressibility of the poly(phenylacetylene) networks shown in Figure 2 (d) to (g) . Note 
that the compressibility plots for systems illustrated in (a) to (c) are illustrated in figure 3. Also, as 
shown in the legend the solid lines with different colours in the graphs represent  
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Figure 5: Schematic diagram which relates the idealised wine-rack model to the molecular systems 
studied here for systems with (a) an allene (b) a cyclobutadiene and (c) phenyl centre and a definition 
of how the in-plane length (l) and angle measurements (θ where for systems (b) and (c), 1 2θ θ θ= + ) 
were taken. Note the off-set between the acetylene chains and the hypothetical ligaments (l) in the 
idealised model in the case of (a).   
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Figure 6: Images of the minimum energy conformation in the yz-plane for the systems (i) C2-5 and 
(ii) C6-5 at (a) hydrostatic pressure, p = 0 GPa; (b) p = 2.5 GPa; (c) uniaxial loading 5GPazσ =  in 

[001] direction and (d) off-axis loading ( )max 5GPayσ ζ = in the direction of maximum auxeticity in 

the yz-plane which is at an angle maxζ  to the y-direction. Note that the unit cell for the unloaded and 
loaded conformations are being shown in green and red respectively. 

 

a) p = 0 GPa b) p = 2.5 GPa 5GPazσ = ( )max 5GPayσ ζ =i)  C2

a) p = 0 GPa b) p = 2.5 GPa 5GPazσ = ( )max 5GPayσ ζ =ii) C6

c) d)

c) d)

z

y

z

y

x

y

x

y



25 

 

Table 1: The value of ζ at maximum Young’s modulus for all C2, C4 and C6 systems.  

 C2 system C4 system C6 system 

n maxζ  (°) yzEζ  (GPa) maxζ (°) yzEζ  (GPa) maxζ  (°) yzEζ  (GPa) 

1 55.15 288.95 44.71 322.77 68.71 396.07 

2 55.37 232.66 45.05 272.60 61.79 322.34 

3 56.03 187.20 45.05 235.23 59.74 266.99 

4 56.69 170.16 44.94 206.82 60.07 236.23 

5 56.91 149.86 45.17 183.87 59.74 209.44 
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Part 1: Full report of the mechanical properties 

 

 

Images of each minimised structure together with their off-axis plots are shown in Figure S1-S3 

where it is evident that the systems adopt a wine-rack like structure where C2 and C6 systems have 

°= 120θ and C4 systems have °= 90θ . The procedure used here was outlined in the main text and in 

Degabriele et al. Phys Stat. Solidi (b) 2017. 
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Figure S1: Images of the minimised C2-n systems as simulated by the PCFF force-field where n = 
1,2…5 and their off-axis plots in the (100) plane ie. the plane which projects the wine-rack,  of the 
compressibility 𝛽𝛽y , the Poisson’s ratio νyz, Young’s modulus Ey and shear modulus Gyz. The red and 
blue lines show negative and positive regions respectively where it is clear that C2 systems show 
negative compressibility on-axis and negative Poisson’s ratio off-axis (in the direction of the 
acetylene chains).  
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Figure S2: Images of the minimised C4-n systems where n = 1,2…5 and their off-axis plots in the 
(100) plane of the compressibility 𝛽𝛽y , the Poisson’s ratio νyz, Young’s modulus Ey and shear modulus 
Gyz as simulated by the PCFF force-field.  
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Figure S3: Images of the minimised C6-n systems where n = 1,2…5 and their off-axis plots in the 
(100) plane of the compressibility 𝛽𝛽y , the Poisson’s ratio νyz, Young’s modulus Ey and shear modulus 
Gyz as simulated by the PCFF force-field.  
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Part 2: Simulations of the nano-scale deformations when systems are subjected to pressure and 

off-axis uniaxial stress. 

In an attempt to assess the behaviour of such networks under uniaxial loading conditions and 

hydrostatic pressure conditions, two additional sets of simulations were performed on the C2-5 and 

C6-5 networks (see Figure S4), which homologues bear closest agreement with the idealised hinging 

wine-rack model. In the first set of simulations, the structures were subjected to a series of stresses  

applied in the yz-plane at an angle of c. 60°, at which auxeticity was found to be a maximum i.e. given 

the orientation of the cell and the direction of loading, the stress tensor takes the form: 

0 0 0
1 0 3
4

0 3 3

σ σ

σ σ

 
 

= − 
 − 

σ  

where: 

{0,  1,  2,  ... ,10}GPaσ ∈  

In the second set of simulations, a series of hydrostatic pressures was applied to each of the structures, 

i.e. when the stress tensor takes the form of: 

0 0
0 0
0 0

p
p

p

 
 =  
 
 

σ  

where: 

 {0.0,  0.5,  1.0,  1.5,  ... ,3.0}GPap∈  

For each of the off-axis and hydrostatic pressure simulations performed, the energy of the structure 

was minimised using the PCFF force-field and various measurements were taken (defined in Figure 

S4) which are reported in Figure S5 and S6. 

 

S2.1 Effect of uniaxial off-axis loading 

Figure S5-i) show the images of the deformed network superimposed over the corresponding 

undeformed network at zero stresses. A visual inspection of these images suggest that both C2-5 and 

C6-5 systems deform in a wine-rack like manner with the predominant changes occurring in the angle 

between the acetylene chain and the allene/phenyl central unit, equivalent to hinging in the idealised 
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wine-rack model. This is further highlighted by the plots in Figure S5-iii) which show that θ1 

increases and θ2 decreases, whilst the projection of the system in the y- and z-directions increases and 

decreases respectively, as expected for an idealised hinging wine-rack model. In addition to this, it is 

also evident that the distance between the two centroids which lies parallel to the direction of loading 

increases, while the length of the opposite chain decreases but to a smaller extent. Here it is 

interesting to note that the angle between the acetylene bonds making up the acetylene rib remains 

fairly constant. This suggests that deformation is not unimode but is a results of the interplay between 

hinging and stretching with hinging being the most dominant mechanism.   

 

S2.2 Effect of hydrostatic pressure 

The images in Figure S6-i) suggest that the systems deform mainly through a change in the angle 

between the acetylene chains leading to a contraction in the Y-direction and expansion in the lateral 

Z-direction and thus negative linear compressibility in the Z-direction. On further analysis of the 

acetylene chains, the plots suggest that the angle between the acetylene bonds changes while the 

length of the rib remains fairly constant upon deformation. This is shown pictorially in the image 

showing the xy-plane where the networks undergo flexure while the cell parameter γ decreases upon 

deformation so that the projection in the X-direction decreases. This suggests that the hinging 

mechanism which is responsible for the negative linear compressibility is also accompanied by 

flexure of the acetylene chains. 

 

Figure S4: Image of the C2-5 system showing the cell parameters Y and Z, the angle between the 
acetylene bonds (λ), the length of the bonds making up the acetylene chain (la), the length from one-
centroid to the other (l1 and l2) and the angle between the ribs ( 2θ θ=  and 1 2180θ θ= − ).
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Figure S5: Super-imposed images of the undeformed (red) and deformed (blue) a-i) C2-5 system and b-i) C6-5 system in the (100) plane (the plane of the 
wine-rack) and in the (001) plane when subjected to off-axis loading in the direction of the ligaments. Plots of ii) the percentage change in length from one 
centroid to the other (l1 and l2) , the projection of the network in the y- and z-directions (Y and Z) and iii) the change in the angles between the acetylene chains 
(θ1 and θ2), the angle between the acetylene bonds making up the diagonal rib (λ) and the cell parameter (α), against the applied stress when (a) C2-5 and (b) 
C6-5 are loaded at ζ = c. 60o as simulated by the PCFF force-field. 
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Figure S6: Super-imposed images of the undeformed (red) and deformed (blue) a-i) C2-5 system and b-i) C6-5 system in the (100) plane (the plane of the 
wine-rack) and in the (001) plane when subjected to hydrostatic pressure. Plots of ii) the percentage change in length from one centroid to the other (l = l1 = 
l2), the projection of the network in the x-, y- and z-directions (X, Y and Z) and the length of the acetylene bond (la) and iii) the change in the angles between 
the acetylene chains (θ), the angle between the acetylene bonds making up the diagonal rib (λ) and the cell parameters α and γ, against the applied hydrostatic 
pressure for (a) C2-5 and (b) C6-5 systems as simulated by the PCFF force-field.  
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