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Systems with negative Poisson’s ratios (auxetic) exhibit the unexpected feature of expanding laterally
when uniaxially stretched and becoming narrower when compressed. Here, we examine the role of
the tetrahedra found in the frameworks of the predicted auxetic zeolites natrolite (NAT), thomsonite

PACS: (THO) and edingtonite (EDI) for generating negative Poisson’s ratios in an attempt to relate the auxeticity
60 in the (001) plane to rotations of the tetrahedra in the zeolite framework. The behavior of the tetrahedra
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is then examined in terms of their 2D projections in the (001) plane and we show that in the extreme
scenario, where the three-dimensional tetrahedra in the zeolite framework are perfectly rigid and simply
rotate relative to each other, then their 2D projected behavior in the (001) plane becomes equivalent to
the idealized two-dimensional ‘rotating squares model’ with a Poisson’s ratio of —1.
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1. Introduction

Auxetic materials or structures exhibit the unusual property of
expanding laterally when uniaxially stretched, i.e. they have a neg-
ative Poisson’s ratio [1-3]. Although auxetics are not commonly
encountered in everyday applications, it is well known that they
can exist, and in recent years various systems have been reported
to exhibit negative Poisson’s ratio [1-53]. These systems include
various naturally occurring zeolites [4-12] and silicates [13-24]
which are crystalline materials characterized by highly intricate
geometric frameworks made from MO, tetrahedra with M being
Si in the case of silicates and typically Si and Al in the case of
zeolites.

All of the auxetics discovered so far are characterized by having
macro-, micro- or nanostructures with very particular geometric
features that allow for auxetic behavior when they deform through
appropriate deformation mechanisms. In fact, in recent years, var-
ious models have been developed in an attempt to explain the
occurrence of negative Poisson’s ratios. Such models can be extre-
mely useful as they provide a better insight into the mechanisms
by which negative Poisson’s ratios can be achieved. In particular
the auxetic behavior in the (001) plane of the zeolite natrolite
(NAT, chemical composition: Nay(Al,Siz01) - 2H,0, Fdd2 symme-
try [54]), a zeolite which has been recently reported as auxetic fol-
lowing an off-axis analysis [9] of its experimentally measured
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elastic constants [8] (see Fig. 1), has been qualitatively described
in terms of 2D models involving ‘semi-rigid quadrilaterals’ [12]
(which can be regarded as a more elaborate version of the ‘rotating
squares’ model [4-6,25,26]) while the auxetic behavior in the aux-
etic silicate a-cristobalite [13-24] has been described in terms of a
2D rotating rectangles model [23,27] and also in terms of a 3D con-
current ‘rotating-dilating’ tetrahedral model [16-20].

Although 2D models that describe the projected behavior of
materials in some particular plane are very commonly used to
explain the presence of auxetic behavior, especially since the
Poisson’s ratio is in itself a two-dimensional property, these mod-
els can never fully represent all the deformations that are occurring
in three-dimensional auxetic structures or materials. For example,
it is important to appreciate that systems such as NAT are in reality
3D systems with a framework made from AlO4 to SiO4 tetrahedra.
Thus, it is important to have an understanding of how the auxetic-
ity relates to deformations and/or re-orientations in these three-
dimensional tetrahedra, and also examine how the projected
behavior in the (001) plane, which can be described using 2D mod-
els based on ‘rotating semi-rigid quadrilaterals’, relates to the
tetrahedra.

In view of all this, in this paper we will attempt to obtain a bet-
ter picture of the behavior of the tetrahedra in NAT and related sys-
tems (in particular thomsonite (THO) and edingtonite (EDI)) by
simulating the properties of hypothetical systems having NAT/
THO/EDI-type frameworks where the tetrahedra in the frameworks
are all of the same size but have different extents of rigidity so as to
investigate whether the auxetic nature of NAT/THO/EDI can be ex-
plained, at least partially, in terms of rotating tetrahedra.
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Fig. 1. (a) The Poisson’s ratio in the (00 1) plane as calculated from the experimentally determined elastic constants; and (b) the projection of the NAT framework in the (001)
plane. Note that the projection of NAT in this plane is characterized by a ‘rotating squares’-type geometry.

2. Method

In this study we performed simulations using the software
package Cerius® V4.2 (Accelrys Inc.) running on a SGI Octane2
workstation on idealized forms of NAT/THO/EDI-type frameworks
where the extent of deformation of the tetrahedra in the frame-
works was controlled. In particular, the frameworks used were
ones which contained no interstitial species, with all the aluminum
atoms in the framework being replaced by silicon atoms (i.e. the
Si0, equivalents of the empty frameworks). These simplified
frameworks were used so simplify the simulations and at the same
time accentuate the role of the tetrahedra.

The systems (crystals) were aligned in global XYZ space such
that the [001] crystal direction is always parallel to the global Z-
axes and the [010] crystal direction is aligned in the global YZ-
plane.

Energy expressions for each crystal were set up using modified
versions of the Burchart force-field [55] with non-bond terms
added using the Ewald summation technique [56] and where the
original terms for the Si-O bond stretching and O-Si-O Urey-
Bradley were modified from

Stretching, Original Burchart :

2
Vsir = Do (eXP [— szso(l—lo):| —1) —s. 1)

Urey—Bradley, Original Burchart : Vy_g

= %kug(u —Uo)? +d - kyglo(u — o) (2)
to
Stretching, modified : Vg = 107 B ks(1 - lo)z}. (3)
Urey—Bradley, modified : Vg = 10" B kus(u — uo)z} , 4)
where  k,=526.0000 kcal mol ' A2, [,=1.5910A, Dy=s=

350.000 kcal mol~",  kyg = 190.6100 kcal mol~' A2, u, =3.0800 A
and d =0 (parameters taken from the Burchart force-field [55]).
The modified equations permit the control of the extent of rigidity
of the tetrahedra through the value of the parameter n which in our
simulations was assumed to take values of 0, 0.5, 1 and 2. The
resulting ‘semi rigid’ systems, which we shall henceforth refer to
as ZEO_SI_SR(r), ZEO = NAT, THO and EDI, are such that when

r =0, the systems will be equivalent to those obtained using the ori-
ginal Burchart force-field (also referred to as ZEO_SI), while the sys-
tems with r=0.5, 1 and 2 have tetrahedra which are increasingly
more rigid than predicted by the Burchart force-field proper. Note
that the other force-field settings, including parameters and terms
describing the non-bond interactions and the angles between tetra-
hedra (i.e. the Si-O-Si Urey-Bradley terms) where left as defined in
the force-field, i.e. the ‘increased rigidity’ of the tetrahedra is rela-
tive to these other terms.

Geometry optimisations on 1 x 1 x 1 unit cells with periodic
boundary conditions were performed to the default Cerius? high
convergence criteria which include the requirement that the root
mean square (RMS) force on each atom must be less than
0.001 kcal mol~' A='. No symmetry constraints were used in the
minimisations (i.e. the systems were assumed to exhibit a P1 sym-
metry). We then simulated the elastic constants from the second
derivatives of the energy expressions from which the Poisson’s ra-
tios in the (001) plane (i.e. the plane where maximum auxetic
behavior was observed) were calculated using standard axis trans-
formation techniques [57]. Note thata 1 x 1 x 1 unit cell was used
as it was shown that the results obtained were not dependent on
the size of unit cell used, i.e. a 1 x 1 x 1 unit cell was sufficient
for the calculations performed.

We also performed simulations using the modified Burchart
force-field where the stiffness constants associated with these
two terms where set at the maximum value permitted by Cerius?
(ks = kug = 99,999 kcal mol™ Afl) so as to estimate the proper-
ties of a hypothetical model where the tetrahedra in the SiO,
equivalents of NAT, THO and EDI are forced to remain as rigid as
possible but can easily rotate relative to each other (henceforth re-
ferred to as NAT_SI_R, THO_SI_R and EDI_SI_R, respectively).

Finally, in an attempt to examine the deformations that take
place when these systems are mechanically deformed, we also per-
formed simulations where the NAT_SI and NAT_SI_R were uniax-
ially compressed at 45° to the x-axis, (a direction of maximum
auxeticity in the case of NAT), where the loads applied were

cos(45°) sin(45°) O g 00
6 = | —sin(45°) cos(45°) O 0 0O
0 0 1 0 00O
cos(45°)  sin(45°) 0\' 6 -0 0
x | —sin(45°) cos(45°) O =% -0 o O
0 0 1 0 0 O
o =—1.00 GPa, — 0.75 GPa,...,0.00 GPa (5)
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For each minimized system under an applied load, we then
measured various lengths and angles corresponding to the quadri-
laterals ABCD in the (001) plane (see Fig. 3), and from these we
extrapolated the change of these parameters (either as absolute
values in the case of angles, or, as percentage changes in the case
of lengths) per 0.05E applied stress, where E is the Young’s modu-
lus in the direction of loading. A similar analysis was performed on
measurements relating to the tetrahedral descriptions of these
models, where we measured the properties of the five typical tet-
rahedra in the system, in particular the ones illustrated in Fig. 2.

3. Results
3.1. Geometry of the different frameworks

It was observed that in all cases, the minimisations resulted in
frameworks with a shape that is very similar to that observed in
the actual zeolites, as expected. In particular, as illustrated in Table
1, it was observed that for the same zeolite type, there were only
very minimal changes in the cell parameters between the different
hypothetical forms modeled. (There were slight decreases in the
sizes of the unit cell as the constants describing the rigidity of

Table 1
A comparison of the unit cell parameters of the different systems with each other and
with the experimentally determined values

NAT THO EDI
a(A) b(A) cA) ad) b@A) cA) a) bA) c@
Experimental 18.298 18.650 6.559 13.088 13.052 13.229 9.550 9.665 6.523

r=0 18.621 18.621 6.363 13.187 13.187 12.698 9.321 9.321 6.349
r=0.5 18.554 18.554 6.360 13.149 13.149 12.690 9.296 9.296 6.345
r=1 18.397 18.397 6.342 13.113 13.113 12.683 9.272 9.272 6.342
r=2 18.090 18.090 6.273 13.090 13.090 12.679 9.256 9.256 6.340
Rigid 18.038 18.038 6.260 13.089 13.089 12.682 9.255 9.255 6.341

the tetrahedra increased in the case of NAT, and almost minimal
changes in the cases of THO and EDI.)

It was also observed that as these constants increase, the tetra-
hedra in NAT assumed more regular forms (see Table 2), as ex-
pected, with geometric parameters tending to the values defined
in the force-fields. Similar trends were also observed in the case
of THO and EDI.

Furthermore, when the minimized hypothetical SiO, systems
equivalent to NAT where examined in terms of the quadrilaterals

Fig. 3. (a) A 2D projection of the (001) plane of the NAT framework with the eight quadrilaterals A,B,C,D, (n = 1,...,8) highlighted by dashed lines, and (b) a diagram defining

the parameters relating to the quadrilaterals ABCD monitored in this study.
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Table 2
Values of geometric parameters associated with typical tetrahedra in the systems for
the experimentally determined form of NAT (NAT_EXP), NAT_SI and NAT_SI_R

N=1 N=2 N=3 N=4 N=5
NAT_EXP

01-Si (A) 1.629 1.738 1.733 1.738 1.615
02-Si (A) 1.614 1.736 1.743 1.733 1.615
03-Si (A) 1.649 1.733 1.738 1.743 1.627
04-Si (A) 1.610 1.743 1.736 1.736 1.627
01-Si-02 (°) 111.56 112.15 112.26 108.93 113.10
01-Si-03 (°) 107.54 108.93 108.93 104.17 108.24
01-Si-04 (°) 107.39 104.17 109.73 112.15 108.32
02-Si-03 (°) 109.28 109.73 104.17 112.26 108.32
02-Si-04 (°) 111.14 109.52 109.52 109.73 108.24
03-Si-04 (°) 109.86 112.26 112.15 109.52 110.63
Si[1] —O-Si[N] (° = 129.43 135.81 139.35 144.81
NAT_SI

01-Si (A) 1.585 1.585 1.595 1.585 1.593
02-Si (A) 1.605 1.605 1.601 1.595 1.593
03-Si (A) 1.595 1.595 1.585 1.601 1.593
04-Si (A) 1.601 1.601 1.605 1.605 1.593
01-Si-02 (°) 110.50 110.50 108.940 109.38 108.80
01-Si-03 (°) 109.38 109.38 109.38 111.69 109.81
01-Si-04 (°) 111.69 111.69 108.63 110.50 109.81
02-Si-03 (°) 108.63 108.63 111.69 108.94 109.81
02-Si-04 (°) 107.64 107.64 107.64 108.63 109.81
03-Si-04 (°) 108.94 108.94 110.50 107.64 108.80
Si[1] -O-Si[N] (°) - 147.72 142.22 14222 146.08
NAT_SI_R

01-5i (A) 1.592 1.592 1.592 1.592 1.592
02-Si (A) 1.592 1.592 1.592 1.592 1.592
03-Si (A) 1.592 1.592 1.592 1.592 1.592
04-Si (A) 1.592 1.592 1.592 1.592 1.592
01-Si-02 (°) 109.49 109.49 109.46 109.45 109.46
01-Si-03 (°) 109.45 109.45 109.45 109.50 109.48
01-Si-04 (°) 109.50 109.50 109.47 109.49 109.48
02-Si-03 (°) 109.47 109.47 109.50 109.46 109.48
02-Si-04 (°) 109.45 109.45 109.45 109.47 109.48
03-Si-04 (°) 109.46 109.46 109.49 109.45 109.46
Si[1] -O-Si[N] (°) - 145.33 135.69 135.69 139.13

The parameters measured are defined in Fig. 2.

ABCD projected in the (001) planes, we observed that all quadrilat-
erals assumed the shape of a square (see Table 3). This contrasts
with the properties observed experimentally in NAT proper where
the quadrilaterals are parallelograms with side lengths 5.03 A and
5.08 A and internal angle of 88.81°.

We also observed that there was a slight decrease in the size of
the squares accompanied by a decrease in the angles 0 between the
squares as the tetrahedra were modeled with higher values of the
stiffness constants (see Table 3) which can explain the observed

Table 3
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decrease in the unit cell parameters (see Table 1). In the case of
THO and ED], all changes were minimal.

3.2. Mechanical properties

The simulated on-axis mechanical properties for the different
frameworks are given in Table 4 while the off-axis mechanical
properties in the (001) plane are presented in Fig. 4. These results
clearly show that:

1. As the tetrahedra of the SiO, equivalents of the zeolites are
made more rigid, the auxeticity increases with the Poisson’s
ratios in the (001) plane tending to an isotropic value of —1
for the rotating rigid tetrahedra (see Fig. 4(b)).

2. The increase in the extent of rigidity of the tetrahedra will result
in a significant increase of the on-axis Young’s moduli in the
[001] direction while there is a minor increase in the moduli
in the (001) plane (see Fig. 4(c) and Table 4).

3. As the rigidity of the tetrahedra increases, the shear moduli in
the (001) plane increase significantly more than the Young’s
moduli in the (001) plane indicating that the shear stiffness
of the systems in the (001) plane may be approaching infinity
in the limit that tetrahedra are perfectly rigid.

3.3. Deformations on the application of stresses

Measurements of the atomic level deformations for NAT_SI and
NAT_SI_R are listed in Tables 5 and 6 (which should be compared
to the initial values of the respective parameters in Tables 2 and 3).
These results clearly suggest that:

1. In NAT_SI_R (but not in NAT_SI), the ‘3D tetrahedra’ and the ‘2D
squares ABCD’ do not change shape when subjected to stresses.

2. Both systems are such that there are significant changes in the
angles between some, but not all, of the tetrahedra.

3. In both systems the deformations have the net effect which can
be described in terms of relative rotation of the quadrilaterals
ABCDs projected in the (001) plane.

4, Any angle changes between different tetrahedra/different
squares are more pronounced in NAT_SI_R than in NAT_SI.

4. Discussion
The simulations on the frameworks reported here represent the

first attempt at understanding the predicted and/or experimentally
measured auxetic character of THO, NAT and EDI in the (001)

A description of the 2D projection of NAT in the (001) plane in terms of the ‘rotating quadrilaterals’ model. The parameters measured are defined in Fig. 3

Data relating to individual quadrilaterals

Angles between two quadrilaterals (degrees)

Lengths (in A) Angles (in degrees)

n AnB; BiCn C.Dn DnAn AnCy B:Dp AnBCn B,CnDy CiDnAn DnAnB, P n mn 0 mn 0" mn l// mn
NAT EXP

1,2,56 5.08 5.03 5.08 5.03 7.07 7.22 88.81 91.19 88.81 91.19 89.44 Grp I 42.11 137.89 132.12
3,4,7,8 5.08 5.03 5.08 5.03 7.22 7.07 91.19 88.81 91.19 88.81 89.44 Grp I 42.11 137.89 132.12
=0 (NAT_SI)

1,2,5,6 4.86 4.86 4.86 4.86 6.88 6.88 90.00 90.00 90.00 90.00 90.00 Grp | 56.35 123.65 146.35
3,4,7,8 4.86 4.86 4.86 4.86 6.88 6.88 90.00 90.00 90.00 90.00 90.00 Grp I 56.35 123.65 146.35
Rigid

1,2,56 4.79 4.79 4.79 4.79 6.77 6.77 90.00 90.00 90.00 90.00 90.00 Grp I 50.69 129.31 140.69
3,4,7,8 4.79 4.79 4.79 4.79 6.77 6.77 90.00 90.00 90.00 90.00 90.00 Grp I 50.69 129.31 140.69

(Grp I: [mn =23, 14, 35, 46, 67, 58, 17, 28], Grp II: [mn = 13, 24, 36, 45, 57, 68, 27, 18]).
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Table 4
The on-axis mechanical properties for the various SiO, systems modeled
(r) Vxy Vyx Vz Wz Vyz Vay E, (GPa) E, (GPa) E, (GPa) Gy, (GPa) Gy, (GPa) Gy (GPa)
NAT
0 -0.22 —-0.22 0.08 0.37 0.08 0.37 23 23 112 13 13 46
0.5 —0.54 —0.54 0.02 0.18 0.02 0.18 42 42 337 31 31 136
1 —0.80 -0.80 -0.07 -0.74 -0.07 -0.74 53 53 557 63 63 414
2 -0.97 -0.97 —0.01 -0.71 —0.01 -0.71 71 71 3428 138 138 4122
R —1.00 —1.00 0.00 —-0.71 0.00 -0.71 73 73 22 619 152 152 29 593
THO
0 —0.64 —0.65 0.12 0.41 0.13 0.41 33 33 107 11 12 15
0.5 —0.80 -0.80 0.06 0.34 0.06 0.34 54 55 326 25 25 44
1 -0.91 —-0.92 0.02 0.24 0.02 0.24 69 70 1010 38 38 132
2 -0.99 -0.99 —0.01 —0.60 —0.01 -0.60 79 79 9359 49 49 1264
R —1.00 —1.00 —0.01 —4.27 —0.01 —4.27 80 80 44 605 50 50 9137
EDI
0 —0.18 —0.18 0.09 0.40 0.09 0.40 24 24 107 12 12 46
0.5 -0.48 —0.48 0.05 0.33 0.05 0.33 46 46 326 25 25 136
1 —0.75 -0.75 0.02 0.24 0.02 0.24 65 65 1009 39 39 402
2 —0.97 —0.97 —0.01 —0.64 -0.01 -0.64 80 80 9292 51 51 3825
R —1.00 —1.00 —0.01 —4.34 —0.01 —4.34 81 81 43 106 52 52 27 323
a NAT EDI THO
+ ~
b o000 0.00 0.00
-0.25 1+ -0.251 -0.25
V{ -0.50 -0.50 -0.50
Xy A
-0.751.. -0.75 . - ‘«/_f\_'\//\\z_, -0.75 5
-1.00 = -1.00 - -1.00
-180 -90 0 90 180 -180 -90 0 90 180 -180 -90 0 90 180
40)] 40)] 40
C 80— 80 = 80 f—— :
; 60 60f T ] 60f " T T
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Fig. 4. (a) The structure of NAT, EDI and THO in the (001) plane (shown here are the conformation with the rigid tetrahedral) and the off-axis plots for (b) Poisson’s ratios, (c)
Young’s moduli and (d) shear moduli in the (001) plane for NAT frameworks of different rigidity.

plane, not only in terms of two-dimensional models representing
the projected deformations in the (001) plane, but also in terms
of the three-dimensional framework of these zeolites. In particular,
the approach chosen was one which attempts to assess how the
mechanical properties of NAT-type systems change as the tetrahe-
dra in the framework become more rigid, i.e. the frameworks start
to approach an idealized ‘rotating rigid tetrahedral’ model, similar

to the one used by Alderson et al. [16-20] to explain the experi-
mentally measured auxeticity in o-cristobalite [13].

An analysis of the values of the elastic constants related to the
mechanical properties in the (001) plane of this system clearly
suggests that, as the tetrahedra become more rigid, the in-plane
Young’s moduli and Poisson’s ratios behave in such a way that sug-
gests that, in the limit when the tetrahedra are perfectly rigid (i.e.
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Table 5

Changes in the geometric parameters associated with tetrahedra (% changes in the
case of lengths, actual changes in degrees in the case of angles) per 5% applied strain
(= 0.05 x E* GPa, where E¥ is the simulated value of the Young's modulus Ey
transformed through axis rotation about z of 45°

N=1 N=2 N=3 N=4 N=5
NAT_SI

01-Si (%) -0.83 -0.83 0.15 —0.67 ~0.03
02-Si (%) ~033 ~0.33 0.30 0.15 ~0.03
03-Si (%) 0.25 025 —0.67 0.30 —0.15
04-Si (%) 0.55 0.55 -0.40 ~0.40 —0.15
01-Si-02 (°) 2.56 2.61 ~0.80 -0.96 —0.42
01-Si-03 (°) 0.55 0.55 ~0.96 ~2.00 ~0.26
01-Si-04 (°) 0.16 0.11 0.21 2.29 —0.23
02-Si-03 (°) -0.86 —0.85 ~2.00 ~0.80 -0.23
02-Si-04 (°) —0.67 —0.68 1.37 0.21 ~0.26
03-Si-04 (°) ~1.78 ~1.79 2.29 1.37 1.40
Si[1] —0-Si[N] (°) - 11.38 1.40 1.13 1.29
NAT_SI_R

01-Si (%) —0.03 -0.03 0.00 —0.03 0.00
02-Si (%) 0.00 0.00 0.00 0.00 0.00
03-Si (%) 0.00 0.00 ~0.03 0.00 0.00
04-Si (%) 0.00 0.00 0.00 0.00 0.00
01-Si-02 (°) 0.02 0.02 —0.01 ~0.01 ~0.01
01-Si-03 (°) ~0.00 ~0.00 —0.01 0.00 0.00
01-Si-04 (°) 0.01 0.01 0.00 0.02 0.00
02-Si-03 (°) ~0.00 —0.00 0.00 ~0.01 0.00
02-Si-04 (°) ~0.01 —0.01 ~0.00 0.00 0.00
03-Si-04 (°) ~0.01 —0.01 0.02 ~0.00 0.00
Si[1]-0-Si[N] (°) - 14.46 0.05 0.05 0.05

The parameters measured are defined in Fig. 2.

for an idealized ‘rotating rigid tetrahedral’ model), they become
isotropic in-plane, with Poisson’s ratio tending to —1. Furthermore,
with increased rigidity of the tetrahedra, the in-plane shear moduli
are observed to become much larger than the Young’s moduli
which only increase to a small extent. All this is very significant
as these properties are characteristic of the 2D idealized ‘rotating
rigid squares’ model® [25,26] which is commonly used to provide
a qualitative explanation for the presence of auxeticity in NAT-type
zeolites.

Further evidence linking the simple 2D idealized ‘rotating rigid
squares’ model to the more complex 3D idealized ‘rotating rigid
tetrahedral’ model can be obtained by looking at the measure-
ments listed in Table 6 which clearly shows that in the case of
NAT_SI_R, the tetrahedra in the framework are projected in the
(001) plane as squares which rotate relative to each other without
the squares themselves changing shape or size (to a first approxi-
mation). In fact, an analysis of the deformation suggests that this
system deforms in such a way that when it is stretched at 45° to
the x-direction, deformations of the ‘squares’ are negligible (less
that 0.015% per 5% applied strain in the case of the lengths of the
sides/diagonals of the squares, and less than 0.005° per 5% applied
stress in the case of the internal angles of the squares, or the angles
between the diagonals of the same squares) when compared to a
sizable change in the angle between different squares (approx.
14.5° per 5% applied strain).

It is also interesting to note that as illustrated in Table 5, there
are significant changes in the angles between some, but not all, of
the tetrahedra in the systems modeled. In particular, the simula-
tions suggest that there are two types of inter-tetrahedral connec-
tions: those which correspond to tetrahedra coming from ‘different
squares’ (e.g. tetrahedra 1 and 2) which are observed to change sig-
nificantly when the system is subjected to stresses in the (001)
plane, and others (e.g. tetrahedra 1, 3, 4, and 5) which correspond
to tetrahedra coming from the ‘same square’ which were observed

! The ‘rotating rigid squares’ model exhibits in-plane isotropic Poisson’s ratios
(=1) and Young’s moduli and infinite in-plane shear stiffness.

Table 6

for NAT_SI and NAT_SI_R

The % changes (for lengths) and actual changes (for angles in degrees) vs. applied stress at 45° to the y-direction (in GPa)

Changes in angles between two quadrilaterals (degrees)

Data relating to individual quadrilaterals

Changes in angles (angles in degrees)

% Change in lengths

Winn

/
Omn ‘mn

B,C, C,Dn DA, Ay B,D, ABCy B,C.Dyy CoDuA, D,AB, on mn

AHBH

0 (NAT_SI)

7=

13.57
14.64

—14.87
-13.33

Grp I 13.33
14.87

0.50
-0.57

77
77

0.

-0.77
-0.77

0.77
0.77

0.73 -0.14 0.73 -0.38 0.97 -0.77
-0.21 -0.21 -0.38 0.96 -0.77

-0.14

1,2,5,6

3478
Rigid

Grp II

0.

0.79

0.79

14.50
14.50

—14.50
—14.50

Grp I 14.50
14.50

0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.01
0.01

0.00
0.00

0.01
0.00

0.00
0.01

0.01
0.00

00
01

0.

1,2,5,6
34,78

Grp I

0.00

0.

0.05 x E;* GPa), where E;” is the simulated value of the Young's modulus E, transformed

23, 14, 35, 46, 67, 58, 17, 28], Grp II: [mn = 13, 24, 36, 45, 57, 68, 27, 18]).

These values represent the change (percentage or actual) in the various lengths of sides/diagonals of squares, etc. per 5% applied strain (

through axis rotation about z of 45°. The parameters monitored are defined in Fig. 3. (Grp I: [mn

4219
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to remain constant in the simulations of NAT_SI_R under stress.
This lack of flexibility in the Si-O-Si angles associated with tetra-
hedra coming from the ‘same square’ stems from the way that such
tetrahedra are connected together in a cage-like unit which gives
these units their characteristic stiffness and make them appear
as ‘rigid squares’ when they are projected in the (001) plane.

All this is very significant as it suggests that the atomic level
deformations of an idealized NAT framework projected in the
(001) plane approaches the ‘idealized rotating squares’ model as
the tetrahedral units become more rigid, and in the limit when tet-
rahedra of equal size become fully rigid, the 2D projection of the
framework in the (001) plane behaves exactly like the ‘idealized
rotating squares’ model, thus highlighting the relationship be-
tween the two modeling approaches (i.e. the approach typically
adopted by Alderson et al. [16-20] where 3D frameworks are ana-
lyzed in terms of rotating tetrahedra and the alternative approach
where the 2D framework is modeled in terms of its 2D projections).

Before we conclude this discussion, it is interesting to note that
the simulations reported here also suggest that NAT-type frame-
works are predicted to become auxetic in the (100) and (010)
planes for loading on-axis if the tetrahedra were to become more
rigid, even if these planes are not characterized by the ‘rotating
squares’ geometry found in the (001) plane. Furthermore, it is
important to highlight that the behavior in these planes is also
characterized by another interesting property, namely that the
Young's modulus for loading in the [001] direction becomes much
larger than the moduli in the (001) plane which seems to suggests
that in the limit that the tetrahedra are perfectly rigid (i.e. for an
idealized ‘rotating rigid tetrahedral’ model), this Young’s modulus
may tend to infinity.

5. Conclusion

In this work, we investigated the properties of NAT/THO and
EDI-type frameworks constructed from tetrahedra having different
extents of rigidity. We showed that the mechanical behavior of
these frameworks in the (001) plane would tend to the idealized
‘rotating rigid squares’ if the tetrahedral units in the framework
were to be made more rigid, and in the limit that tetrahedra of
equal size become fully rigid (i.e. in the idealized ‘rotating tetrahe-
dral model’), the 3D ‘rotating rigid tetrahedral’ model and the 2D
‘rotating rigid squares’ become equivalent.

This is significant since for the first time, we were able to provide
a link between the modeling approach which considers only the 2D
projected framework of NAT in the auxetic (00 1) plane with a more
realistic (and more complex) approach involving the tetrahedra
present in these systems, thus showing that these two modeling ap-
proaches are complimentary and not conflicting with each other.
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