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Simulations of the atomic structure and elastic constants of five zeolites with the NAT-type structure,
namely, natrolite, mesolite, scolecite, metanatrolite, and ammonium-exchanged natrolite, using the CVFF
force field implemented within Cerigsare presented. The validity of the simulation method is shown
by the excellent agreement between simulated and experimental crystal data, including location of
extraframework ions and water molecules, and for natrolite, the only zeolite studied here for which
experimental studies of elasticity have been reported, the good agreement between the simulated
and experimental elastic constants. For all materials, an off-axis analysis of the elastic constants
reveals that the Poisson’s ratieg, and vyx become negative when stress is applied &t #bthe
crystallographic axes. Further simulations of the elastic behavior of the materials under stress, using the
molecular dynamics method of Parrinello and Rahman, reveal that the elastic behavior may be described
by a “modified rotating squares” model. Here three-dimensional structural distortions are reduced to a
two-dimensional model where square cross-section units of structure both rotate about their hinges and
undergo change of dimension: the balance of these competing processes dictates the resulting Poisson’s
ratio and is highly dependent upon the direction along which stress is applied. We discuss the effect that
various concentrations of extraframework cations and water have on the elastic properties of the NAT-
type zeolites.

Introduction thermal expansivity, compressibility, and ion-exchange
selectivity?

An understanding of the elastic properties of silicate  gimuylations of the elastic properties of zeolites have
network structures has implications in diverse areas from ,radicted some unusual properties for some of the materials,
geology to nanotechnology. This encompasses the study ofynich also may be accounted for by the presence of rigid
dense silicate minerals, in particular, the perovskite MgSiO it modes, in particular, the presence of negative Poisson’s
and related phases, which are of importance in understanding atios in certain crystallographic directions for a number of
the seismic properties of the Earth’s crishrough to the  ze¢lite framework types, implying a counterintuitive lateral
study of the structural flexibility of open-framework zeolite widening upon longitudinal stress (known as auxetic behav-
materials which is of relevance to characterizing their ior).5 The low-density silica polymorph-cristobalite, in fact,
nanoscale, shape-selective ion-exchange, catalytic, and sorps one of the few crystalline materials to have been shown
tion properties. Several of the silicate structures, as well as experimentally to possess a bulk (aggregate) negative Pois-
polymorphs of silica itself, have been characterized by the son's ratio? and this behavior has also been interpreted using
presence of “rigid unit modes” where local flexibility results 3 model in which the concerted rotation of rigid tetrahedral
from oxygen hinges linking corner-sharing, rigid tetrahedral ynjts about their linked corners is dominant over other
silicate building unit$:* These considerations have then been stryctural distortions, leading to an opening out of the
used to explain properties of silicates such as negative strycture upon application of stres&Materials possessing
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Figure 1. lllustrations of the NAT-type material natrolite containing charge-balancing sodium cations and water molecules. (a) A ball and stick riepresentat
viewed alongz with the square cross section of columns running parallelindicated, (b) a representation of a single square column in a cross section with
the Pauling angles¥, and Wy, and hinge angle between the square urfiisshown, and (c) an idealized representation of the structure showing how
negative Poisson’s ratio might result in the plane by application of stress.

the counterintuitive property of negative Poisson’s ratio being incorporated into the pores with the formation of
(known as auxetic materials) have been widely discussed innew superhydrated phases and an unexpected volume
the literature recently because of their potential technological expansioré 2! experimental data are available on bulk
applications® '3 but generally the materials known to moduli at pressures below which the phase changes étcur.
possess such behavior are polymers and foams whereNatrolite is one of a series of a family of related minerals
structural deformation arises on the macroscopic scale andand synthetic materials whose general chemical composition
the geometric structure needed to produce this effect ismay be written as M xDyAl 2SizO10]-NH,O (with M a
fabricated postsynthestéSimulations of the possible pres- monovalent ion such as NaK*, or NH;* and D a divalent
ence of auxetic behavior in idealized siliceous zeolites cation such as C&).?> The common structure of these
suggest that the materials might have future applications asmaterials, with respect to the connectivity of the corner-
smart filters on a molecular (or nano) scale, where molecular shared tetrahedral silicate and aluminate primary building

discriminating characteristics are adjusted by application of units, has been designated the NAT-type structtifEhe

stres$
Natrolite, Na[Al;SisO10]-2H,0, is the only zeolite for

NAT-type materials are examples of fibrous zeolites whose
structures consist of one-dimensional chain motifs of ap-

which experimental elastic data have been measured from aProximate square cross section that are cross-linked to give
variety of techniques, including full sets of elastic constants an open net in which charge-balancing cations and, in some

determined using ultrasouttdand Brillouin scattering meth-

cases, water molecules reside, as illustrated in Figure 1. A

0ds$® and Young’s moduli measured directly using micro- particular interest in the elastic properties of this family of

mechanical measuremendfsThe material has also been

materials is the possible presence of negative Poisson’s ratios

studied by crystallography under hydrostatic pressure, andin thexy plane ¢,y andvy,).° This behavior has been predicted
although this can result in the pressure transmitting fluid to result from the concerted rotation of the square units with
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Table 1. Materials with the NAT-Type Structure Studied in the Present Work with Simulated and Experimental Crystal Data

simulated
chemical crystal unit cell experimental simulated crystallographic
compositiof structure R unit cell density density
material (space group) reference (this work) A (gcnm3d) (gcn3d)
natrolite Na[Al 2Si301q]: 2H,0 27 a=17.920 a=18.300 2.368 2.245
(Fdd2) b =18.006 b=18.630
c=6.611 c=6.600
mesolite Na.sCa.64Al 2Siz010] 2.6 7HO 28 a=18.294 a=18.405 2.268 2.268
(Fdd2) b =56.39 b = 56.655
c=6.615 c=06.5443
scolecite Ca[AlSiz010]-3H20 29 a=18.449 a=18.502 2.275 2.244
(F1dD b=19.01 b=18.974
c=6.622 c=16.525
metanatrolite N#AI 2Siz01] 26 a=16.345 a=16.244 2.244 2.54
(F112 b=16.746 b=17.018
c=6.547 c=16.430
ammonium (NH)2[Al 2Si301q] 30 a=17.662 a=17.899 2.090 2.066
natrolite C112) b=18.216 b=18.390
c=6.616 c=16.529

aChemical compositions are written to express relative number of extraframework species per aluminosilicateSis@ ki~ of the framework.

respect to each other upon application of stress, as indicatedsion will thus largely be focused on the elastic behavior of

in Figure 124 In fact, the initial angle between the square the materials to stress in the plane of the “rotating square”

units varies in the NAT family depending upon the cation units.

content and the amount of crystal water. This was first

proposed by Pauling in the 1938sand the extent of rotation Modeling Methodology

of the square cross-section columns may be defined using

the “Pauling chain rotation angle”. Thus, a structural

deformation (,:Orres_pond'ng to _rOtat'On of the square units rys., San Diego, CA) running on an Octane SE workstation running

can be chemically induced by ion exchange. Irix 6.5a. The starting structures of the zeolites, taken from
Given the range of extraframework species that can be crystallographic data available in the literature, were input into

incorporated into the NAT framework, the availability of full ~ Ceriug for the materials natrolit&’, mesolite?® scolecite?® met-

crystallographic data for several members of the family, and anatrolite?® and ammonium-exchanged natrolt¢see Table 1,

experimental elastic constants for natrolite itself, this group where their chemical compositions are also given). Charges were

of materials provides an opportunity for a systematic study assigned to the water moleculesQ.82 for oxygen and-0.41 for

of the effect of extraframework species upon the elasticity nydrogen) and ammonium ions-0.12 for nitrogen and-0.28 for

of a aluminosilicate framework. We have recently success- hydrogen). So.d'um lons were a55|gneq a chargelbénd Ca'c'””.‘

uly used the Ceripackage, ich aloved mplementa. 072 112 55010 8 08, et hargs o e sete

tion of the CVFF 300 force field, to simulate the elastic '

. e ) . 31the values employed in the simulations were=5i-0.224, Al=
properties of natrolite itself and a hypothetical siliceous form 5 394 and o= —0.348. Charges were then averaged to zero

of the NAT-type structure, which has no charge-balancing over the entire framework. The energy expressiBngere set up
cations, to back up our experimental studies of mechanical ysing parameters from CVFF (consistent valence-field force fld).
and elastic properti€s. We now extend the modeling This force field was originally developed for small organic
approach to consider four other members of the NAT family molecules but has been developed for materials science applications
and include new simulations of the off-axis elastic properties including the simulation of aluminosilicate zeolite structures and
of all the materials. The materials we will describe in this ©ther extended oxide networks, for which it has been successfully
paper are listed in Table 1; each has been studied usmgapplied recently3-3> The parameters useq to simulatg the zeolite
crystallography previously by a number of groups and each amework were the default ones provided by Cetitmr the
has precisely defined concentrations of extraframework CVFF_300" force field; they have been optimized for zeolitic
cations whose location (including hydrogen atoms of water _

K ._(27) Torrie, B. H.; Brown, |. D.; Petch, H. ECan. J. Phys1964 42, 229.
molecules) has been accurately determined. The mater|al(28) Stuckenschmidt, E.: Kirfel, AEur. J. Mineral. 200Q 12, 571.
metanatrolite is a dehydrated form of natrolite, but is stable (29) Stuckenschmidt, E.; Joswig, W.; Baur, W. H.; Hofmeister,Rhys.
under ambient temperature and pressure if water is ex- s, g?l?c"l:érﬁi‘gﬁ&}gféf“kgggﬁn D.; Joswig, W.; Baur, WEHL, J.
cluded?® The aim of our work was to predict and understand Mineral. 1992 4, 1229.
possible atomic-scale structural deformation mechanisms of(31) gurf?a?ggé '13é? I/Se?[heii' V. A.; Vanbekkum, H.; Vandegraaf, B.
the NAT materials, in particular, to examine the preliminary (32) Hi%:eEi?A. T Huler, E.: Lifson, S Am. Chem. Sod974 96, 5319.
predictions of their possible auxetic properties. Our discus- (33) Kim, N.; Kim, Y.; Tsotsis, T. T.; Sahimi, MJ. Chem. Phys2005

Simulations of Elasticity. Computer simulations were carried
out using the molecular modeling package Ceériug.8.1 (Accel-

122 214713.
(34) Moloy, E. C.; Cygan, R. T.; Bonhomme, F.; Teter, D. M.; Navrotsky,
(24) Grima, J. N.; Evans, K. El. Mater. Sci. Lett200Q 15, 475. A. Chem. Mater2004 16, 2121.
(25) Pauling, L.Proc. Natl. Acad. Sci. U.S.A93Q 16, 453. (35) Moloy, E. C.; Davila, L. P.; Shackelford, J. F.; Navrotsky, A.

(26) Baur, W. H.; Joswig, WN. J. Miner. Monat.1996 171. Microporous Mesoporous Mate2002 54, 1.
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Figure 2. Comparison of representative portions (viewed inxfelane, along 001) of the simulated (top) and experimental (bottom) NAT-type materials:
(a) natrolite, (b) scolecite, (c) mesolite, (d) metanatrolite, and (€) ammonium natrolite.

systems and are the same ones previously used by De Luca et alTo allow comparison with the crystal structures, the Poisson’s ratios

who studied the structures of the zeolite silicalite and silica-
sodalite3® Minimum energy configurations were derived by mini-

are hereafter expressed in terms of the crystal coordinate system
(xy,2) such thatvi, = vy, etc. and the Young's moduls are

mizing the potential energy as a function of the atomic coordinates expressed aB;, E, andE,.

and unit cell parameters to the default Cetibigh-convergence
criterion (which include an atomic root-mean-square of the deriva-
tive of the energy expression of less than 0.001 kcalfal2).

No constraints on the shape or size of the unit cell were applied
during minimization. The 6 6 stiffness matrixC (and its inverse,

the compliance matrix$), of the minimum-energy, single-crystal-
line system was calculated for each zeolite from the second
derivative of the potential energy function since

’E
0e;0¢;

ii=1,2 .6 1)

1
Cij—v

wherec; is an element of the stiffness matrik, is the energy
expressiony is the volume of the unit cell, and ande; are strain
components.

The Poisson’s ratiosg; in the Ox—0Ox planes {j = 1,2,3) for
loading in theOx directions are then given by
___ transverse strain S

€
[ axial strain € S;

)

and the Young’s modul; (a measure of the stiffness) for loading
in the Ox (I = 1,2,3) directions are given by

~_ applied stress % _ 1 3)
' axialstrain ¢ s
wheres; is an element of the compliance matrix.

The bulk modulus can also be calculated from the compliance
matrix as follows:

K= 1
Siut St Syt 2[Sy + Sy + Sy

(4)

(36) De Luca, G.; Pullumbi, P.; Barbieri, G.; Fama, A. D.; Bernardo, P.;
Drioli, E. Sep. Purif. TechnoR004 36, 215.

Application of stress in three perpendicular directions was
simulated using the molecular dynamics method of Parrinello and
Rahmar?’-38 which allows both the size and shape of the cell to
change so that the internal stress of the system can match the
externally applied stress. Here, an additional energy term due to
the externally applied stress is added and the effect on the shape
and size of the unit cell is obtained from running the molecular
dynamic simulation to equilibrium. The edges of the unit egb,
and c are treated as dynamical variables. These variables are
arranged to form a % 3 matrix h and the work of Andersof?,
which allows volume but not shape changes of the unit cell, is
extended to include changes in the volume and shape of the unit
cell. The Parrinello and Rahman method introduces a Langrangian
that couples thé degrees of freedom with the microscopic motion
of the atoms under the condition of constant pressure. The size
and shape of the unit cell can change so that the internal stress of
the system can match the externally applied stress, according to
the dynamical equations given by the Langrangian. As well as
allowing a visual representation of possible atomic-level distortions,
this approach provides an independent means of calculating elastic
constants since the change of size of unit cell parameters with
application of known stress provides a strain ratio which allows
Poisson’s ratios and Young’s moduli to be determined.

Off-Axis Elastic Behavior. The effect of rotating the direction
of applied stress with respect to the crystallographic axes was also
investigated. The standard set of transformation equdfi¢hsere
used to rotate the elements of the computed or measured stiffness
(or compliance) matrix through a specified angle about a defined
axis. The elastic properties of the system could then be calculated
for a specific angle of rotation or plotted for a range of angles about
an axis.

(37) Parrinello, M.; Rahman, Al. Appl. Phys1981, 52, 7182.
(38) Parrinello, M.; Rahman, APhys. Re. Lett. 198Q 45, 1196.
(39) Andersen, H. CJ. Chem. Physl198Q 72, 2384.

(40) Hearmon, R. F. Rev. Mod. Phys.1946 18, 409.

(41) Hearmon, R. F. SAdv. Phys.1956 5, 323.
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Table 2. Simulated and Experimental Pauling Angles and Parameters Describing Chain Cross Section (see Figure 1 for Definitions)

experimental simulated
“square” “square” experimental  simulated
dimensions dimensions experimental simulated experimental simulated average average
material (A?) (A?) W, (deg) W, (deg) Wy, (deg) W, (deg) W (deg) W (deg)

natrolite 5.0455«< 5.0696 5.117% 5.0588 24.940 28.910 23.260 27.145 24.100 28.028
mesolite 4.982% 4.9710 5.059% 5.0849 21.138 23.021 20.010 23.021 20.617 23.021
scolecite 4.993& 4.9767 5.0518 5.1211 20.676 23.918 20.046 22.093 20.361 23.005
metanatrolite 49304 5.0411 5.1741x 5.1178 34.813 37.239 32.294 35.338 33.553 36.288
ammonium 5.0537x 5.0427 5.0723« 5.1437 26.258 29.709 25.008 27.687 25.633 28.698
natrolite

Table 3. Some Predicted Elastic Properties of the NAT Zeolites (Experimental Values for Natrolite from Brillouin Scatteringf Are Given in

Parentheses)
Cij (GPa) bulk
modulus

material C11 C22 C33 C44 C55 Cee C12 C13 C23 (G Pa)

natrolite 89.4 84.7 200.6 30.7 32.6 61.3 21.7 38.5 36.5 52.8
(70.4) (72.0) (132.3) (26.8) (26.5) (51.3) (26.0) (32.8) (31.8) (48.5)

mesolite 80.0 75.0 186.5 25.9 26.9 61.0 29.9 32.7 37.1 51.4
scolecite 75.2 83.6 183.0 26.8 27.6 61.6 32.9 29.7 39.4 49.5
metanatrolite 33.1 36.4 209.3 18.7 20.3 57.7 11.0 22.8 17.0 21.8
ammonium 38.4 44.9 192.2 13.7 32.1 58.3 6.5 15.4 16.4 23.6
natrolite

Table 4. Simulated On-Axis Poisson’s Ratios and Young’s Moduli of the NAT Zeolites; Experimental Data Are Also Given for Natrolite

material method Vyy Vyx Vax Vxz Vyz Vay Ex(GPa) E/(GPa) E;(GPa)
natrolite experimental data 0.28 0.29 0.18 0.36 0.17 0.31 57.14 59.17 111.1
strain independent; 0.189 0.180 0.347 0.157 0.148 0.342 79.262 75.436 174.775

second derivative method
change in cell parameters, 0.188 0.178 0.351 0.156 0.146 0.340 78.910 75.049 175.030
0.1 GPa stress

change in cell parameters, 0.171 0.167 0.346 0.143 0.133 0.341 74.303 70.757 176.028
1 GPa stress
mesolite strain independent; 0.345 0.319 0.267 0.107 0.143 0.389 65.181 60.203 163.302
second derivative method
change in cell parameters, 0.344 0.319 0.267 0.106 0.142 0.387 64.828 59.999 163.140
0.1 GPa stress
change in cell parameters, 0.330 0.312 0.266 0.097 0.136 0.386 61.313 58.080 164.511
1 GPa stress
scolecite strain independent; 0.334 0.347 0.223 0.084 0.146 0.373 60.574 62.878 161.026
second derivative method
change in cell parameters, 0.332 0.348 0.224 0.084 0.146 0.361 60.374 62.683 161.197

0.1 GPa stress
change in cell parameters, 0.312 0.355 0.222 0.078 0.139 0.372 56.524 60.242 162.081
1 GPa stress

metanatrolite strain independent; 0.511 0.441 0.487 0.058 0.048 0.463 22.421 19.350 187.018
second derivative method
change in cell parameters, 0.577 0.392 0.473 0.055 0.050 0.478 19.760 18.643 187.101
0.1 GPa stress
change in cell parameters, 0.135 0.276 0.494 0.073 0.079 0.468 17.233 24.077 187.858
1 GPa stress

ammonium strain independent; 0.118 0.138 0.349 0.070 0.074 0.315 36.598 42.802 181.687
natrolite second derivative method
change in cell parameters, 0.101 0.123 0.351 0.070 0.074 0.308 36.070 42.381 181.966
0.1 GPa stress
change in cell parameters, —-0.567 —1.037 0.345 0.101 0.119 0.311 9.488 11.622 182.634
1 GPa stress

Results and Discussion perimental and simulated structural models. Simulated and
1. Simulations of Atomic Structure and Elastic Con- experimgntal atomic coordinates are avail'ablie as Supporting
stants. The simulated unit cell parameters and densities of Information, where the excellent quantitative agreement
the crystal structures of the five NAT materials we have Petween them is shown. Bond angles and bond lengths for
studied are compared with experimental parameters in Tablethe experimental and simulated structures are also compared
1. For all of the structures, the simulated cell parameters in the Supporting Information. All bond distances within the
agree within 3% of the experimental parameters, typical framework agree within 0.1 A of the experimental values
agreement for force-field simulations. Figure 2 shows a determined by crystallography and all bond angles agree
comparison of representative portions of the structures, within 4°. There is slightly larger discrepancy in the bond
illustrating qualitatively the good agreement between ex- distances involving extraframework species, compared to
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Figure 4. “Rotated” unit cells for the NAT-type materials for analysis of off-axis elastic properties.

those involving framework atoms, and this may reflect the the crystallographic data; these values are shown in Table
increased mobility of ions and water molecules within the 2, along with the edge lengths of the “square” cross section.
zeolite pores over those atoms which form part of the Although the simulated values of average Pauling angle show
framework. It is noteworthy, however, that the force-field some small discrepancy with the experimental values, all
approach predicts successfully the relative location of the being up to 4 larger than those found by crystallography,
extraframework species. importantly, the predicted values follow the general order
As was mentioned in the Introduction, an additional for the series of materials, with scolecite having the smallest
parameter that can be used to describe the NAT-type structuréPauling angle and metanatrolite the largest.
is the “Pauling chain rotation angle¥, which defines the Elastic constants determined from the second derivative
relative orientation of the square cross-section chain in the of the minimized energy are tabulated in Table 3, along with
xy plane to the unit cell edgesandb, as shown in Figure  the bulk modulus for all of the materials studied. Only for
1. In fact, the unit cells of the NAT-type materials are natrolite have experimental values of these parameters been
orthorhombic and not tetragonal, and so the “square” units determined, and we have recently published a comparison
are actually quadrilaterals (with the edge lengths close to of the simulated and experimental values for this particular
equal and the internal angles close td)9@his results in material?’ this is reproduced in Table 3. The experimental
two angles W, and Wy, defining the relative orientation of  values of elastic constants (elements of the stiffness matrix,
the quadrilateral edges to the and b unit cell edges, Cj, and its inverse, the compliance matrix) were measured
respectively, and it is the average of these that is usually by determining acoustic velocities from a natural, single-
quoted. Using the atomic coordinates of the projection of crystal specimen of natrolité. Inversion of the acoustic
the NAT-type columns (i.e., the andy coordinates of the  velocity data allowed the determination of the full set of
oxygen atoms defining the corners of the ‘squares’), we havenine unique elastic constants for orthorhombic natrolite,
thus calculated values of Pauling chain rotation angles for and then with use of standard relationships, values of elastic
each of the NAT materials and compared simulation with moduli could be calculate®. For further comparison, the
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Table 5. Off-Axis (45°) Poisson’s Ratios and Young's Moduli of NAT-Type Zeolites Calculated Using the Minimized Energy of the Rotated
Units Cell, from Changes in the Cell Parameters on Application of Stress, and from Standard Transformation on the Predicted and Measured
Elastic Constants

material method Vxy Vyx Vax Vyz Vyz Vay Ex(GPa) Ey(GPa) E;(GPa)

natrolite transformation of -0.115 —0.115 0.332 0.272 0.272 0.332 90.781 90.781 110.807

experimental valué$

transformation of modeled  —0.128 —0.128 0.344 0.211 0.211 0.344 106.877 106.877 174.776
elastic constants

strain independent; —-0.128 —0.128 0.344 0.211 0.211 0.344 106.890 106.851 174.779
second derivative method

change in cell parameters, —0.130 —0.130 0.344 0.210 0.210 0.344 106.704 106.600 174.984
0.1 GPa stress

change in cell parameters,  —0.149  —0.147 0.343 0.205 0.203 0.343 105.037 104.018 175.972
1 GPa stress

mesolité strain independent; — - - - - — - — -

second derivative method

change in cell parameters,  —0.133  —0.135 0.320 0.212 0.213 0.320 105.811 105.542 163.382
0.1 GPa stress

change in cell parameters,  —0.144  —0.145 0.328 0.209 0.209 0.328 105.400 104.107 164.556
1 GPa stress

transformation of modeled  —0.132  —0.132 0.328 0.213 0.213 0.328 105.975 105.975 163.303
elastic constants

scolectite strain independent; —0.134 —-0.134 0.296 0.195 0.198 0.300 105.949 106.153 161.020

second derivative method

change in cell parameters, —0.134 —0.135 0.300 0.195 0.197 0.300 106.389 106.110 161.118
0.1 GPa stress

change in cell parameters, —0.144  —0.142 0.299 0.194 0.195 0.299 105.930 104.954 162.108
1 GPa stress

transformation of modeled  —0.135 —0.135 0.298 0.196 0.196 0.298 106.117 106.117 161.025
elastic constants

metanatrolite strain independent; —0.445 0411 0.250 0.139 0.149 0.408 77.713 71.648 196.013

second derivative method

change in cell parameters, —0.436 —0.444 0.351 0.137 0.151 0.407 76.339 72.407 196.447
0.1 GPa stress

change in cell parameters, —0.419 —0.433 0.352 0.137 0.161 0.409 77.285 77.229 196.936
1 GPa stress

transformation of modeled = —0.451  —0.490 0.465 0.139 0.157 0.485 55.707 60.471 187.017
elastic constants

ammonium strain independent; —0.439 —0.442 0.333 0.119 0.119 0.331 64.804 65.359 181.685
natrolite second derivative method

change in cell parameters, = —0.453  —0.451 0.333 0.118 0.118 0.333 63.811 63.900 183.684
0.1 GPa stress

change in cell parameters, —0.988 —0.904 0.328 0.124 0.114 0.328 11.815 10.816 182.639
1 GPa stress

transformation of modeled —0.441 —0.441 0.119 0.332 0.119 0.332 65.162 65.161 181.686
elastic constants

aFor the large “rotated” unit cell of mesolite, the calculation did not reach completion.

experimental value for the bulk modulus determined trolite contains Na cations balancing the negative charge
during high pressure (hydrostatic) powder X-ray diffraction of the aluminosilicate framework, scolecite containgCa
studies of natrolite is 53(1) GPawith which the simulated  ions, and mesolite represents the intermediate situation,
value shows very good agreement. The good agreementontaining both C& and N&.?® Although half as many
between the experimental and simulated values of elasticdivalent C&" ions as monovalent Naons are necessary to
data for natrolite gives us further confidence in interpreting balance the charge of the aluminosilicate framework, the
the simulation results for the other members of the NAT three materials contain different amounts of water: it can
family. be seen by their chemical formulas that, for each pair of

Table 4 contains the on-axis Poisson’s ratios calculated Na' ions replaced by a G4, an additional extraframework
from the simulated stiffness matrices (also compared to water molecule is also occluded. Thus, the extraframework
values determined using the change in cell parameters uponvoid space is filled by a total number of species that occupy
simulated application of stress as described below). Thus,a similar volume: the NAT framework is little disrupted by
the elastic constants in Table 3 imply that the Poisson’s ratiosthe ion-exchange process and all three materials have similar
of all members of the NAT family are positive “on-axis” Pauling angles defining the “openness” of the network of
(that is, when stress is applied parallel to any of the three linked squares. Despite the fact thafChas a larger charge
crystallographic axes). density than Na (their ionic radii being similar), the similar

We note here that the predicted elastic constants, bulkvalues for bulk and Young’s moduli of the series natretite
moduli (Table 3), Young’s moduli, and Poisson’s ratios mesolite-scolecite would suggest that it is the total volume
(Table 4) for the materials mesolite and scolecite are ratherof extraframework species that affects the elastic constants
similar to the values for natrolite itself, despite the fact that of the NAT-type materials, rather than their charge or charge
different extraframework species are present. Whereas na-density.
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Figure 5. Bar charts of percentage change in bond angles in the NAT-type materials on simulated application of stressuadbag48 to x for (a)
siliceous natrolite, (b) natrolite, (c) mesolite, (d) scolecite, (e) metanatrolite, and (f) ammonium natrolite. Hinge angles are indicated.

Examining the data for the materials metanatrolite and We now consider off-axis Poisson’s ratios. When standard
ammonium natrolite, which contain fewer extraframework transformation matrices are applied to the simulated elastic
species, backs up this view: the former is a dehydrated form constants, it is found that for the series of NAT-type zeolites
of natrolite and contains just Nawithout extraframework  the Poisson’s ratios,, andv,x become negative when rotated
water, while the latter contains just NH This pair of off-axis about thez-axis. The Poisson’s ratios reach their
materials has noticeably lower bulk moduli and Young’s most negative value at 45or each of the NAT zeolites,
moduli than the materials natrolite, mesolite, and scolecite. that is, maximum auxetic behavior would be observed in
This could be attributed to two (related) factors: either the thexy plane for stretching (or compressing) at'458 either
larger Pauling angles of these two materials compared tothe x or y axes. This is illustrated as a series of Cartesian
natrolite, mesolite, and scolecite, reflecting a closing up of plots in Figure 3 for the Poisson’s ratigy, which also
the network of square units, or the presence of fewer includes a plot derived from the experimental elastic
extraframework species, which might allow a more free constants for natrolite. This allows a direct comparison of
rotation of the tetrahedral framework upon application of the same off-axis behavior of each of the NAT-type zeolites
stress. and clearly shows how, for all the zeolites, the general trend
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application of stress and this serves as an independent means
of determining these parameters to compare with those
calculated from the second derivative of the minimized
energy of the atomic simulation, and the Poisson’s ratios
calculated using each of these methods are compared in Table
5. Excellent agreement is observed in the Poisson’s ratios
calculated using the different methods, and in the case of
natrolite, for which experimental values of the elastic
constants have been published, good agreement with the
experimentally derived Poisson’s ratios is also achieved.
These considerations give us confidence that the Parrinello
and Rahman method is accurately predicting atomic-scale
deformations upon application of stress and that we can use
the atomic movement predicted on application of stress to
produce structural models to explain the elastic behavior of
the materials.

L. It should be noted that, on addition of stresses larger than
x B'<B 0.1 GPa to ammonium-exchanged natrolite and metanatrolite,
Figure 6. View of a single chain of NAT, indicating how distortions within with use of the method of Parrinello and Rahman, the
the NAT chain (changes ihandp) can adjust the dimensions of the chain  frameworks are seen to open out significantly more than
cross section, B, anda). natrolite, mesolite, or scolecite: there are large increases in
the cell parameters (Supporting Information) and the densities
of a maximum negative Poisson’s ratio at°4&nd a of the materials decrease. As was noted above, ammonium-
maximum positive value on-axis at’ Gs found. While exchanged natrolite and metanatrolite contain fewer extra-

natrolite, mesolite, and scolecite have rather similar Poissons'framework  species, and it can be envisaged that on
ratios which all vary in a similar magnitude upon the change appllcatlon of a large stress, the effects of extraframework
of angle of applied stress, the materials metanatrolite andcations and water are reduced and the structures become
ammonium natrolite show rather different behaviors, with a freely rotating. The increased structural flexibility of am-
more pronounced negative Poisson’s ratio. This is in line Monium natrolite and metanatrolite is reflected in their low

with the observation made above regarding Bulk and Young's moduli (Table 4) and low bulk moduli (Table 3)
Young’s moduli. For comparison, the simulated off-axis and is also reflected in the values of the Poisson’s ratiog
values for the Poisson’s ratig, for a hypothetical siliceous ~ calculated from the cell parameters when a 1GPa stress is
form of natrolite are also presented in Figure 3. In this case, @Pplied. The on-axis values ef,, vyx approach those values
although the Poisson’s ratio is predicted to always be calculated for an off-axis stress at’4Fable 5), suggesting
negative, the off-axis graph shows exactly the same trend@ rotational effect is dominant in these structures both on-
as for the other NAT materials with the most negative and off-axis when larger stresses are applied. In the case of
Poisson’s ratio seen when stress is applied at@fhex-axis ~ @mmonium natrolite in particular, the values of, vy
(in the case ofyy). It is worth recalling at this point that the ~ Calculated foa 1 GPa stress approaeti, indicating that
idealized “rotating squares” model for negative Poisson’s this framework is behaving much like an idealized rotating
ratio behavior previously elaborated by Grima and co- Sguares model.
workers?* and depicted in Figure 1, predicts a valuevgf To further investigate the maximum auxetic behavior that
= vy = —1 at all orientations of applied stress. Our is predicted off-axis, the response of the structures to a stress
considerations suggest that the presence of extraframeworlapplied at 45 was examined. Here the unit cell of each
cations and water molecules is a highly important factor in material was redefined such that the original contents were
determining the absolute values of Poisson’s ratios, androtated 48 with respect to their original axes, resulting in a
also that the frameworks of the NAT-type materials new, larger unit cell. These “rotated” unit cells are illustrated
respond in a more complex manner upon application of in Figure 4. Applying a stress parallel to eitheror y in
applied stress, not just involving the rotation of square units each of these redefined unit cells is equivalent to applying a
about their hinges, whether or not extraframework speciesstress at 45to the axes of the original unit cell. The cell
are present. parameters of each of these NAT-type zeolites as stress is
2. Simulations of Atomic-Scale Elastic DeformationTo applied are presented as Supporting Information, and Table
better understand the predicted elastic constants and theib contains the Poisson’s ratios determined by the change in
off-axis behavior, the response of the NAT-type materials cell parameters compared to those produced from the second
to uniaxial stress in various directions was also simulated, derivative of the minimized energy of the redefined unit cell.
by using the molecular dynamics method of Parrinello and For a final comparison, the off-axis Poisson’s ratios produced
Rahmart” The cell parameters of the NAT-type structures by application of standard transformation matrices to the
with applied stress in the y, andz directions are presented values determined for the zeolite structures in Table 4 are
as Supporting Information. The Poisson’s ratio can also be also shown in Table 5: this demonstrates the self-consistency
calculated from the change in the cell parameters on theof the approach.
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The bond angles and bond lengths for the five zeolite scolecite, metanatrolite, and ammonium-natrolite, there are
structures whe a 1 GPa stress is applied in they, andz 20 unique inter-tetrahedral angles defining the three-
directions are presented in Supporting Information, compareddimensional network structure. For mesolite, the situation
to those of the initial, minimized structure. Bond distances is more complex since the extraframework void space
and bond angles fall within reasonable limits and do not vary contains alternating sodium and calcium ions in neighboring
significantly from those of the simulated structure. Bond channels, Figure 2c; thus, tetrahedral units in each chain of
angles and bond lengths of the stressed structures arehe structure do not all have the same environment. A single,
typically within 0.5% of those of the simulated structure. representative chain unit was therefore selected here for the
The fact that both StO and AFO bonds and intratetrahedral measurement of changing bond angles with stress: this was
O—Si—0 and O-Al—0 angles remain approximately fixed one surrounded by two sodium ions and a single calcium.
indicates that, to a first approximation, we can deal with The percentage changes in these inter-tetrahedral angles as
models that consider rigid tetrahedral units. Similarly, upon stress of 0.1 GPa is applied on-axis, and &tdff-axis, are
application of stress at 450 the principal crystallographic  represented in Figure 5 as a bar chart for each of the NAT
axes, the interatomic distances and angles defining thematerials, with the angles that correspond to the “hinge”
tetrahedral building units also remain approximately fixed between the square units highlighted (the remaining angles
(see Supporting Information). It is therefore clear that the correspond to those within the square cross sections or along
bond angles defining the linkages between {8&0,} and the chain axis). This shows that, for all of the NAT-type
{AlO,4} tetrahedral units are important to consider if an zeolites considered, the hinge angles are those that exhibit
atomic-scale model for structural deformation with stress is the largest percentage changes upon application of stress at
to be proposed: that is, a rigid-unit model. For natrolite, 45° to thex-axis (in the (110) or (310) directions), whereas
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upon application of stress along tkaxis (on-axis) the hinge  stretch compared to an on-axis stretch: it is the degree of
angles change with amounts comparable to, or much lesschain distortion that actually changes with direction of
than, the other angles defining the structure. This is consistentapplied stress.

with our observation that negative Poisson’s ratigsare

found at 43: here, the hinge angle appears to dominate Conclusions

structural change, resulting in the rotation of the squares,

rather than some other distortion of the structure. For the By “off-axis analysis” of experimental and simulated
hypothetica| siliceous form of NAT, which contains no elastic constants for natrolite we have shown that the
extraframework species, the hinge angles always change byP0isson’s ratios,, andv, would be negative if the zeolite
the largest percentage whether the stress is applied on-axignaterial were to be subjected to stress &t @either thex

or at 45 to the axes: this is consistent with the fact that Ory crystallographic axes. This is the first example of auxetic

Poisson’s ratios are expected to always be negative for thisbehavior in a zeolite material, and this result for natrolite
material. adds to the small number of inorganic network structures

that are now known to possess negative Poisson’s ratios,

It is also important to note that while the hinge angle L istobali hich h
between the rotating square units changes upon applicationVNich includes a-cristobalite, which has an aggregate

of stress along or at 45 to x, all other inter-tetrahedral ~ Negative Poisson’s ratioand paratelluriteq-TeO,, which
angles also change. As indicated by Figure 6, the effect OfST;)WS an off-axis Poisson’s ratigy at 45’ rotation about
deformations along the chain (which runs parallefteven z* Furthermore, we predlgt similar behaviors for four other
when stress is applied alongor y, is to distort the square ~ Members of the NAT family.
cross section. To simplify the discussion of this effect, we  Using two distinct approaches to simulation (a force-field
have therefore reduced the three-dimensional effect to a two-method and the molecular dynamics method of Parrinello
dimensional model in they-plane and thus consider the and Rahman), we propose that the simple “rotating squares”
dimensions of the “square” cross section and how this model originally proposed as a model for predicted negative
changes upon application of stress. The changing “square”Poisson’s ratio in NAT materials, and which gives a value
dimensions with applied stress are shown graphically in Of vxy = vyx = —1 at all directions of applied stressjs
Figure 7 which demonstrates how the lengths of the sidesmodified by the presence of extraframework cations and
of the square cross section change upon application ofwater molecules such that the square units deform due to
increasing stress. (Note that the maximum stress applied ofrotation of tetrahedral units within the chain, as well as
5 GPa is less than the hydrostatic pressure-6f &Pa that rotating about their hinges. Such a deformation has in fact
causes amorphization of natrol®. For each of the  previously been seen using crystallography, where ion
zeolites, an off-axis stretch at #6auses much less distortion ~ €xchange of sodium for lithium in natrolite results in only a
of the square units (i.e., changes of the length of edges)small change of Pauling angle, the main deformation being
than an on-axis stretch im. This is actually predicted & distortion of the chain with a resulting smaller chain cross
whether or not extraframework species are present, asSection’* Our simulations are thus producing a chemically
shown by the simulations of the behavior of the hypo- Valid structural deformation.
thetical siliceous NAT structure, which has a neutral For a hypothetical siliceous natrolite where extraframe-
framework and hence no charge-balancing species nor anywork cations and water molecules are abgéit,negative
extraframework water molecules. A similar effect can be Poisson’s ratio in theyy plane is predicted at all orientations
observed when a rotation-dominated, physical model (suchof applied stress abouat Our studies show however that for
as a cardboard model) of a rotating squares network is“real” zeolites where cations and water molecules are present
pulled: there is much less resistance when the model iswithin the pores, the Poisson’s ratio is not always negative
pulled open along the diagonal rather than along the in this plane. It can be envisaged that the interstitial species
horizontal (the diagonal direction being that which crosses present physically or electronically restrict rotation of
the void space between the square units, see Figure 1a). Thaframework units. In this case, the deformation behavior can
is, a moment is more easily applied in the diagonal direction no longer be described in terms of a simple rotational model
than in the horizontal. Thus, referring back to the NAT-type but account has to be taken of distortion of the rotating units
materials where both rotation and distortion can occur, an on stretching; i.e., these units are not rigid but deform to
on-axis stretch results in more resistance to rotation with an some extent and the direction of applied stress determines
accompanying distortion of the rotating units. A stretching to what extent the units will rotate or distort. An off-axis
force applied at 45results in less resistance to rotation, and stress applied at 4%o the crystallographig or y axes causes
in this case, rotation rather than distortion is the main less distortion of the rotating units and rotation of the square
deformational effect. cross-section chains is then the dominant effect, resulting in
In contrast to the differing behavior of the square cross @ negative Poisson’s ratio for the NAT zeolites. It appears
section with the direction of applied stress, the absolute to be the total volume of extraframework species that dictates
changes in hinge angle with applied stress in fact show little the balance of the distortion vs rotation: natrolite o[d,-
difference (Supporting Information). There is no evidence

that the rotational effect is more pronounced for an off-axis (43) Ogi, H.; Fukunaga, M.; Hirao, M.; Ledbetter, Rhys. Re. B 2004
69, 024104.

(44) Baur, W. H.; Kassner, D.; Kim, C. H.; Sieber, N. H. \Eur. J.

(42) Goryainov, S. VEur. J. Mineral.2005 17, 201. Mineral. 199Q 2, 761.
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