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The Brillouin light-scattering technique was used to investigate the single-crystal elastic properties
of two aluminosilicate zeolites, natrolite (NAT) and analcime (ANA), at ambient conditions. An
inversion of the acoustic velocity data results in the full set of elastic stiffness moduli (C;;’s) for both
materials. From the single-crystal moduli the aggregate adiabatic bulk moduli (K,), shear moduli
(G), and Poisson’s ratios (v) were found to be K,=48.5(1.0) GPa, G=31.6(1.0) GPa, and v
=0.232(5) for NAT, and K,=59.8(1.2) GPa, G=32.1(1.0) GPa, and v=0.272(5) for ANA
(Voigt-Reuss-Hill averages). The bulk and shear moduli of both zeolites are relatively low compared
with those of densely packed aluminosilicates, reflecting an open framework structure of (Al, SiO,)
tetrahedra which is easily deformed by bending the Si—O-Al angles. As expected for a less dense
crystal, NAT is softer and more compressible than ANA. An evaluation of the directional Young’s
moduli shows that the compressibility of NAT is nearly uniform along the [100] and [010] axes,
while [001] is stiffer, in agreement with previous compression studies. We do not find experimental
evidence of negative Poisson’s ratios for NAT zeolites as predicted by recent theoretical

calculations. © 2005 American Institute of Physics. [DOL: 10.1063/1.2014932]

I. INTRODUCTION

Zeolites are both naturally occurring aluminosilicate
minerals and important synthetic materials. They crystallize
in a variety of low-density framework nanostructures built
from corner-connected (Al,SiO,) tetrahedra which define a
narrow size distribution of pores and channels with molecu-
lar dimensions. These pores contain charge-balancing cations
and molecular water." The increasing interest surrounding
zeolite structures derives from their widespread industrial
applications,2 such as pollution control, radioactive waste
disposal, gas purification, and petroleum production. These
applications make use of the unique physicochemical prop-
erties of zeolites, including selective ionic exchange, cataly-
sis, and related molecular sieve properties.3

For this reason, a number of experimental and theoreti-
cal studies have been carried out in recent years to investi-
gate the structural and thermal properties of zeolites.*
These studies reveal that the unusual framework topology of
zeolites allows for “negative” thermal and mechanical be-
haviors. For example, several zeolite materials are among the
few known examples of solids with a negative thermal-
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expansion (NTE) coefficient.* Recent force-field molecular
calculations also predict that a number of zeolite structures
possess negative Poisson’s ratios,” that is, they expand later-
ally in tension and contract laterally in compression. Materi-
als exhibiting the later unconventional property, also found
in other inorganic compounds as foams, polymers, or the
mineral cristobalite,g_” are known as auxetic materials.'”

Apart from their purely scientific interest, auxetic mate-
rials can enhance many material properties (e.g., shear stiff-
ness and indentation resistance) and as a consequence they
have numerous potential technological applications.lz_14 For
instance, the auxetic behavior in zeolites could modify their
capacity for adsorption, diffusion, or reaction by the applica-
tion of strain along specific axes.® Due to the scarcity of
experimental data on the single-crystal elastic properties of
zeolites,” it is difficult to confirm these theoretical predic-
tions.

Brillouin scattering is an accurate nondestructive tech-
nique for investigating the elastic properties of small single
crystals. It allows direct measurement of the sound velocity
along general directions in a transparent medium and hence
the determination of the elastic stiffness tensor C;;, as well as
aggregate properties, including Poisson’s ratio. For instance,
Brillouin scattering was used to experimentally determine

© 2005 American Institute of Physics
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that cristobalite'' has a negative Poisson’s ratio, providing
the only experimental evidence of auxetic behavior in a crys-
talline silicate.

In this paper we report single-crystal measurements on
the sound velocities and the elastic properties of natrolite
(NAT) and analcime (ANA) zeolites using the Brillouin scat-
tering technique. The acoustic velocities measured at ambi-
ent conditions in the samples have been inverted to deter-
mine the full set of elastic moduli C;;’s for both materials.
These results were used to evaluate the aggregate elastic
properties and directional dependence of Young’s moduli and
Poisson’s ratios along the major crystallographic planes.

Il. EXPERIMENT
A. Sample preparation

Colorless naturally occurring single crystals of natrolite
from County Antrim (Northern Ireland, UK) were used in
this study. The structural formula, as determined by energy
dispersive x-ray analysis (EDXA), is close to the ideal
Na,(Al,Si;0,,).2H,0 composition. Natrolite crystallizes in
the orthorhombic system, space group F dd2,'° and the lattice
parameters determined by single-crystal x-ray diffraction are
a=18.350(8) A, »=18.622(7) A, and ¢=6.600(3) A. The
measured composition and the unit-cell volume yield a cal-
culated density of p=2.239(5) g cm™.

Analcime crystals were synthesized via the bulk-material
dissolution technique”’18 at the University of Exeter. This
technique is designed to produce large (>1 mm) zeolite
crystals. NaOH (0.9914 g, 25 mmol, Fisher analytical grade)
was dissolved in distilled H,O (6 ml,333 mmol) in a poly-
tetrafluoroethylene (PTFE)-lined stainless-steel autoclave
with a volume of 15 ml. Pieces of a ceramic boat (2.3412 g,
Fisher BSH-320-070S) were added as a bulk SiO,/Al,0;4
source. EDX analyses show that the ceramic boat is mainly
Si0,/Al,05; in a 1.4:1 ratio. Small amounts of K
(~1.4 at. %) and Fe (~0.4 at. %) were also observed. After
heating at 200 °C for 2 weeks the autoclave was cooled to
room temperature in air and the contents filtered and washed
with distilled water. The products consisted of 2.7420 g of
material, including unreacted remains of the ceramic boat
and large trapezohedral trisoctahedral crystals of around
2 mm across. EDX analysis of the crystals gave
1Al:1.15Na:2.23Si (at. %) with a structural formula of
Na, ¢5(Alj95Sis oOg) . H,O. Powder x-ray-diffraction mea-
surements performed on a Bruker D8 Advance diffracto-
meter with Cu K« radiation confirmed the sample to be anal-
cime with lattice parameter of a=13.752(5) A (cubic, space
group la3d)." The calculated density of the sample is p
=2.249(4) g cm™.

The elasticity of orthorhombic natrolite is completely
characterized by nine independent single-crystal elastic con-
stants (C;;’s). Crystals of high optical quality and free of any
inclusion were preoriented using both crystal morphology
and x-ray diffraction and polished into plates (150-350
X 150 X 50-30 um?) with faces approximately parallel to
the (110), (010), and (001) crystallographic planes. These
selected orientations allow us to independently and accu-
rately determine the on-diagonal elastic constants (C;;). Anal-
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cime is cubic and has only three independent elastic con-
stants (C;;, Cu, and C;,) which can be obtained by
measuring the acoustic velocities in a few nonequivalent
crystallographic directions in a single crystallographic plane.
An optically clear 70-um-thick plate with lateral dimensions
of 560X 350 um? was prepared for the experiments. For
Brillouin scattering measurements, the samples were
mounted on goniometer heads and their orientation checked
using a four-circle single-crystal x-ray diffractometer.

B. Brillouin scattering measurements

Brilloun scattering measurements were performed using
an Ar-ion laser (\g=514.5 nm) as a light source and a 90°
symmetric (platelet) scattering geometry for collection. The
scattered light was frequency analyzed with a six-pass Fabry-
Pérot interferometer of the Sandercock type,20 and detected
by a solid-state photon detector. Further details of the experi-
mental setup can be found elsewhere.”’ In platelet geometry,
the measured Brillouin shifts are independent of the refrac-
tive index of an optically isotropic material and the acoustic
velocities are directly calculated through the relation

V,=Av\y/2 sin(6/2), (1)

where V; is the phonon velocity of the compressional (Vp) or
shear (Vg) mode, Aw; the corresponding measured Brillouin
frequency shift, A the laser source wavelength (514.5 nm),
and @ is the angle between the incident and scattered light
(90°). We approximate natrolite (5=0.012) as optically iso-
tropic in the data analysis. This assumption is justified by the
negligible effect of optical anisotropy on velocity calcula-
tion, as demonstrated in the case of Brillouin measurements
on highly anisotropic materials, such as carbonate
minerals.”” The accuracy and reproducibility of our Brillouin
system were tested before the experiments using a MgO
single-crystal standard. The reproducibility in repeated mea-
surements was found to be better than 0.5% of the measured
velocity.

Spectra of excellent quality with a high signal-to-noise
ratio were recorded with typical exposure times of 5—10 min
at an input laser power of 100 mW. All the Brillouin spectra
displayed very sharp peaks characteristic of high-quality
single crystals (Fig. 1). In order to accurately determine peak
positions (Brillouin shift Av;), both Stokes and anti-Stokes
contributions in the spectra were fitted assuming Voigt pro-
files.

lll. RESULTS AND DISCUSSION

A. Sound velocities and single-crystal elastic
constants

The acoustic velocities were collected for each sample
plate over an angular range of 180° in increments of 15° or
30° from both sides of the sample. At least two separate
spectra were collected for each direction, varying the collec-
tion position on the sample plate. Most of the collected spec-
tra showed the compressional (V) and one shear mode (Vy),
whereas two shear modes were observed in only a few di-
rections (Figs. 2 and 3). The combined observations from the
natrolite crystals resulted in a total of 166 acoustic velocities
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FIG. 1. Representative Brillouin spectra of natrolite (a) and analcime (b)
zeolites at ambient conditions. The compressional (Vp) and two shear (V,
and Vg,) acoustic modes are clearly visible on both the Stokes and anti-
Stokes sides of the spectra. The features at +1 km/s in natrolite spectrum (a)
are unattenuated tails of the Rayleigh peak.

(compressional and shear modes) measured in 39 crystallo-
graphic directions. For analcime, velocities were collected in
13 distinct crystallographic directions and the final data set
consisted of 49 averaged mode velocity measurements.

Phonon velocities are related to the single-crystal elastic
moduli through the Christofell’s equation,23

det|C,'jkﬂ’lji’l[ - pV25,k| = O, (2)

where C;jy; is the elastic modulus tensor, n; and n; the direc-
tion cosines of the phonon, p the density, V the phonon ve-
locity, and J;; the Kronecker delta. The elastic moduli are
indicated hereafter by the reduced Voigt notation® Ci-

We used a least-square algorithm to calculate the orien-
tations of the phonon directions within a known crystallo-
graphic plane from the measured acoustic velocities col-
lected on the sample. The phonon directions, determined
with a precision better than 2°, were then used as input data
to a linearized inversion plrocedure24 to solve for the inde-
pendent elastic constants [Eq. (2)]. Inversions were per-
formed with different initial sets of stiffness moduli to verify
the independence of the results from the starting model. The
best-fit elastic modulus model yields root-mean-square (rms)
errors of 0.043 and 0.018 km/s with respect to the observed
velocities for NAT and ANA samples, respectively. The data
sets collected for natrolite and analcime along with the cal-
culated velocity model from the inversion results are shown
in Figs. 2 and 3, respectively.

The excellent quality of the least-squares fitting indicates
a precision better than 2% in most of the retrieved elastic
constants of both zeolites. The C;;’s are reported in Table I

J. Appl. Phys. 98, 053508 (2005)

Acoustic velocity (km/s)

| P R S B

3= . .
180 210 240 270 300 330 360
4 angle (deg)

FIG. 2. Measured acoustic velocities in natrolite as a function of crystallo-
graphic directions in (a) (0.7465, 0.6654, and -0.0022), (b) (—0.0098,
—-0.0219, and 0.9997), and (c) (=0.0070, 0.9950, and 0.1001) planes. The
lines show the acoustic velocities calculated from the best-fit single-crystal
elastic moduli. The rms deviation between the calculated and measured
velocities is 0.043 km/s. Uncertainties in the experimental velocities are
smaller than the symbol size.

along with previous results for natrolite determined by ultra-
sonic measurements> and lattice dynamic calculations.”®
There is no other previous determination of the single-crystal
elastic constants of analcime with which our results can be
compared. The compliance constants S;; (Ci—jl) obtained in
the present study are also reported in Table 1.

Comparing the present results with those from previous
studies, the difference exceed the estimated error for the
present Brillouin measurements (~1%-3%). The pure
compressional C;; constants (Cyy, Cy,, and Cs3) agree with
each other to within 10% whereas larger differences of about
20% are found in the shear modes (e.g., C44). The origin of
this disagreement is unknown. However, the selected crystal-
lographic planes used in our Brillouin experiments allow us
to constraint the on-diagonal compressional and shear
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TABLE II. Aggregate elastic properties of natrolite and analcime zeolites.
All elastic moduli and acoustic velocities, reported as Voigt-Reuss-Hill av-

erages, are given in GPa and km/s, respectively.

Natrolite
Parameter This study Ref. 25 Ref. 26 Analcime
K 48.5x1.0 48.9 48.3 59.8+1.2
G 31.6+1.0 27.4 30.6 32.1x1.0
Vp 6.36+0.1 6.17 6.31 6.75+0.1
Vg 3.75+0.1 3.50 3.69 3.80+0.1
Vpl Vs 1.69+0.03 1.76 1.71 1.77+0.03
v 0.232+0.005 0.264 0.238 0.272+0.005
E 7719+1.5 69.3 75.8 81.7x1.6

x angle (deg)

FIG. 3. Measured velocities in analcime as a function of crystallographic
directions in the (-0.9334, 0.1146, and 0.3402) plane. The angle y=360°
corresponds to the [0.1879, —0.6159, and 0.7651] direction. The best-fit
acoustic velocity model is shown by solid lines. The rms deviation between
the calculated and measured velocities is 0.018 km/s. The error bars on the
measured velocities are smaller than the symbol size.

moduli along the principal axes with a high degree of inde-
pendence and accuracy. Our measurements also provide a
high degree of redundancy and cross-checking, ensuring the
accuracy of the reported C;; data set.

B. Aggregate properties and elastic anisotropy

In order to fully characterize the elastic behavior of NAT
and ANA zeolites, we have evaluated the aggregate proper-
ties and elastic anisotropy. The aggregate adiabatic bulk
modulus (K,), shear modulus (G), and aggregate acoustic
velocities were calculated from the C;;’s values using the
Voigt-Reuss-Hill (VRH) averaging procedures. The results
are reported in Table II together with the aggregate properties
calculated from the elastic models found in the literature,zs’26
using the same averaging method. The bulk modulus of na-
trolite reported in this work is in excellent agreement with
those determined in previous studies®?® (Table 1I). Our
shear modulus is, within the uncertainties, similar to that of
Goryainov et al.,”® but about 13% higher than the value re-
ported by Ryzhova et al.” The discrepancy is correlated with

the notable differences in the pure shear constants whereas a
better overall agreement is observed in the pure longitudinal
elastic constants (Table I).

The isothermal bulk modulus K; of NAT has been ob-
tained in previous measurements of the P-V equation of state
by static compression in the diamond-anvil cell (DAC) using
X-ray diffraction.””* Kholdeev et al?’ found Ky
=47(6) GPa whereas Lee et al.”**’ most recently reported a
value of 53(1) GPa. Taking into consideration that the
isothermal-adiabatic corrections usually amount to about 1%
or less, our present result is in agreement with the value
obtained in the compressional data by Kholdeev et al.”’ The
value of Lee et al.”>® however, differs from our result by
9%, exceeding the mutual uncertainties in the experimental
techniques. The discrepancy is unlikely to be explained by
compositional differences because both studies utilized na-
trolite samples close to the ideal Na,(Al,Si;0,).2H,0 com-
position.

In the work of Lee et a the reported K is based
only on their data points collected at P<0.8 GPa, presum-
ably before any pressure-induced swelling of the structure
due to the selective sorption of water molecules from the
fluid pressure-transmitting medium. The discrepancy with
our value may in part be due to the difficulty of obtaining a
reliable bulk modulus from volume-pressure data over a very
limited range of compression. Alternatively, some pressure-

28,2
1,3

TABLE I. Single-crystal elastic moduli of natrolite and analcime zeolites.

Natrolite Analcime

C;; (GPa) Sy (10° GPa™") C;; (GPa) S; (10° GPa™")
ij This study Ref. 25 Ref. 26 This study This study This study
11 70.4+0.7 72.2 66.4 17.5+0.3 112.5+1.1 10.3+0.2
22 72.0+£0.7 65.7 67.8 16.9+0.3
33 132.3x1.2 138.0 130.7 9.0+£0.2
44 26.8+0.4 19.7 33.6 37.3+£0.6 27.9+0.3 35.8+0.6
55 26.5+0.4 24.1 34.9 37.7+0.7
66 51.3+£0.6 41.1 33.8 19.5+0.4
12 26.0+£0.6 29.6 30.1 -4.9+0.1 33.4+04 -2.40+0.05
13 32.8+0.9 25.6 32.9 -3.20+0.05
23 31.8+0.9 36.9 31.1 -2.80+0.05
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induced absorption of water may have occurred at low pres-
sures but have been difficult to detect via x-ray diffraction.

Concerning analcime, the only available value of Kj
with which our result can be compared is that published by
Hazen and Finger (1979).* These authors measured the iso-
thermal compressibility of ANA up to 3 GPa by single-
crystal x-ray diffraction in the diamond cell, using nonpen-
etrating pressure-transmitting media. They reported a K; of
40(1) GPa, which is 30% lower than the value obtained in
our study (K,=59.8+1.2 GPa). The reason for this large dis-
crepancy is uncertain, but conceivably could arise in part
from the accuracy of fitting the P-V data to a particular equa-
tion of state. An additional source of the discrepancy could
be the imprecision in the centering of crystals in DAC ex-
periments, as argued by the authors in a later publication.31
In Brillouin measurements, the adiabatic bulk modulus K is
determined independent of any of these factors and can be
therefore considered as more accurate than the previous one.

Comparison of the K values for NAT and ANA zeolites
show that NAT is more compressible and more compliant
under elongation than ANA. The small bulk and shear
moduli of both zeolites (Table II) are related to their rela-
tively open framework structure, which can be easily de-
formed by bending the Si—O-Al angle involving an oxygen
atom shared by the [SiO,4] and [AlO,] tetrahedra.%*? The K,
and G values of NAT and ANA are comparable with those
reported in acoustic measurements for related tetrahedral
frameworks such as a-cristobalite'' and sodalite™ but nota-
bly lower than those of dense closed-packed silicates (e.g.,
stishovite™). It is worth noting that the bulk modulus K of
natrolite is smaller than that obtained for the other members
of the fibrous group, such as edingtonite® [K,=73(3) GPa]
or thomsonite™ [K;=52(1)]. This distinctive compressional
behavior can be attributed either to the smaller pore size in
natrolite or to the influence of the type and the amount of
extraframework cations located in the structure.

The VRH averaged bulk (K,) and shear (G) moduli of
natrolite and analcime were used to derive aggregate Pois-
son’s ratio (v) and Young moduli (E) through the relations
(Table 1II):

_ (3K, 2G)
YT (6K, +2G)’ ®)
E=2G(1 +v). (4)

As seen in Eq. (3), the sign of the Poisson’s ratio is
determined by the relationship between K; and G. In the
present study K is significantly higher than G (Table II), as
is typical for a vast majority of crystalline and glassy
materials.’® The aggregate Poisson’s ratios are consequently
positive and have values that fall in the common range for
most crystalline compounds (0.20-0.27).

The elastic anisotropy of the materials expresses the dif-
ference in the stiffness of a structure in different crystallo-
graphic directions, and serves as an indicator of their stabil-
ity. We have computed the anisotropy of natrolite in
compressional shear waves and the polarization anisotropy
of shear waves in single directions as

J. Appl. Phys. 98, 053508 (2005)

TABLE III. Directional Poisson’s ratios and Young moduli of natrolite and
analcime.

Orientaion Parameter Natrolite Analcime
(100) plane V3 0.160 0.233
Vi 0311
(010) plane Vis 0.183 0.233
Vs 0355
(001) plane Vi 0.280 0.233
vy 0.290
[100] direction E, (GPa) 57.2 97.1
[010] direction E, (GPa) 59.2
[001] direction E; (GPa) 111.1
AVl- = (Vi,max - Vi,min) X 100/Vi,VRH’ (5)

where (V; nax—Vimin) is the difference between the maximum
and minimum of the velocities (i=P or S) and V;yry is the
corresponding aggregate velocity (Table II).

The present study shows that NAT has a maximum elas-
tic shear anisotropy of Ay,=42% in the (001) plane, whereas
the compressional anisotropy reaches its maximum value
(Ay,=32%) in the (010) plane [Figs. 2(b) and 2(c)]. The
maximum anisotropy for shear waves with orthogonal polar-
izations is observed close to the [010] and [100] crystallo-
graphic axes, and the shear waves velocities differ in these
directions by a factor of 1.4 [Fig. 2(b)].

In cubic crystals, the anisotropy is also expressed by an
anisotropy factor,”’ defined as A=(2Cy+C,)/Cy;—1, which
indicates the deviation from elastic isotropy (A=0). We de-
termine an anisotropy factor of A=-0.207 for ANA with
maximal velocity variations of about 6% and 15% for V), and
V,, respectively (Fig. 3).

C. Directional Young moduli and Poisson’s ratios

In a single crystal, the magnitude of Young’s moduli and
Poisson’s ratios depends on the specific directions of the ap-
plied stress and strain. We have thus evaluated the directional
dependence of the Young’s moduli as E;=1/S;(i=1,2,3),
which represents the response to a uniaxial stress applied to
the material. The calculated values are listed in Table III and
show that the linear compressibility of NAT is nearly the
same along the [100] and [010] directions, while the [001]
axis is stiffer. This result is in agreement with the static com-
pression studies of Lee et al.”** The fibrous structure of
NAT, composed of tetrahedral chains strongly linked along
the [001] direction and weakly interconnected in the xy
plane, accounts for this compressive behavior.

The directional Poisson’s ratio, defined by the quotient
of lateral to longitudinal strain for any crystallographic ori-
entation, is given in terms of the single-crystal compliance
constants §;; by

b= - %ﬂ (6)

The Poisson’s ratios calculated in the major crystallo-
graphic planes are listed in Table III. In NAT, the Poisson’s
ratios exhibit prominent anisotropy, with values ranging from
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+0.355 to +0.160 over the major crystallographic directions.
NAT and ANA Poisson’s ratios are all positives, showing
nonauxetic elastic behavior. These results are apparently in
contrast with the theoretical predictions of Grima et al.}
which suggested negative Poisson’s ratios for NAT in the
(001) plane. These authors reported Poisson’s ratios ranging
from —0.22 to +0.11, depending on the force-field model
employed in the calculation and on the chemical composition
of the sample. The inconsistency between the theory and
experiments can be explained by the fact that the simulations
were conducted in idealized zeolite cage frameworks, with-
out charge-balancing cations or water molecules in the chan-
nels. The presence of extraframework cations in the channels
is indeed thought to dramatically change the elastic proper-
ties of the zeolites and must be taken into account in the
simulation of zeolite structures. The elastic constants for
NAT reported in this study may allow refinement of the
force-field computational models and, hence, lead to recon-
ciliation between experiments and theoretical calculations.

IV. CONCLUSIONS

This paper reports on the single-crystal elastic properties
of natrolite (NAT) and analcime (ANA) zeolites. The com-
plete set of Cj; elastic moduli was accurately determined
from the acoustic velocities measured in different crystalline
orientations by Brillouin scattering spectroscopy at ambient
conditions. The aggregate elastic properties of these materi-
als were evaluated using Voigt-Reuss-Hill (VRH) averaging.
This study shows that NAT and ANA framework structures
are generally characterized by relatively low bulk K, and
shear G moduli, reflecting that they more easily undergo
volumetric and shear deformations than many other alumi-
nosilicates.

An evaluation of the directional Young’s modulus shows
that the compressibility of NAT is nearly uniform along
[100] and [010] axes, while [001] is stiffer, in agreement
with previous compressive studies. Contrary to recent theo-
retical calculations, no experimental evidence was found for
the predicted auxetic behavior of NAT zeolites. The disagree-
ment, between experiment and theory, can be explained by
the fact that efforts to model the zeolite framework did not
include cations within the framework structures. The data set
of elastic constants for zeolites reported in this study might
allow further fine-tuning of the force fields used for molecu-
lar mechanics simulations of zeolite structures.
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