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Abstract: The analcime-like feldspathoids are a group of microporous minerals with the ANA framework topology. Analcime proper
has predominantly Na as its channel cation content, while leucite contains predominantly K and wairakite contains Ca. Under
compression, all three minerals display structural phase transitions to lower-symmetry forms. In cubic analcime the phase transition
occurs at a relatively low pressure (~1 GPa). Our recent theoretical study using geometric simulation indicates that this phase
transition is controlled by the flexibility window of the ANA framework. The flexibility window is defined as the range of
“framework densities’” over which the tetrahedral units of the framework can in principle be made geometrically ideal. In leucite
and wairakite the ambient-pressure structure is more distorted than in analcime, due to the different cation content, and their
subsequent phase transitions occur at higher pressures (~2-3 GPa). We discuss the experimental data for these minerals and its
relationship to the theoretical flexibility of the ANA framework and to the influence of cation content.
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1. Introduction

Analcime (or analcite, ideal chemical formula: Na;cAl;¢
Si32096'16H20), leucite (K16A116Si32096) and wairakite
(CagAl;6Si3;096° 16H,0) are commonly defined as feld-
spathoids, although the Commission of the International
Mineralogical Association included those into the zeolites
group (Coombs et al., 1997). In nature, analcime occurs in
a wide variety of geological environments, as a primary
and secondary mineral (Roux & Hamilton, 1976; Woolley
& Symes, 1976; Wilkinson, 1977; Luhr & Kyser, 1989;
Gianpaolo et al., 1997; Redkin & Hemley, 2000; Prelevic¢
et al., 2004). Primary analcime has rarely been found (in
rocks like blairmorites or minettes, Wolley & Symes,
1976; Wilkinson, 1977; Luhr & Kyser, 1989), in contrast
a wide number of secondary analcimes has been found as
product of alteration of primary magmatic minerals (e.g.,
nepheline and leucite, Gianpaolo et al., 1997; Redkin &
Hemley, 2000; Prelevié et al., 2004 and references therein).
Leucites occur as primary minerals in volcanic rocks, in
particular potassium-rich mafic and ultramafic rocks
(e.g., leucite-basanites, leucite-tephrites, leucite-phonolites,
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leucite-melilite  basalts, ugandites and Kkatungites,
Peccerillo, 1998, 2003, 2005; Deer et al., 2004). Wairakite
is a rare mineral, and occurs in low-grade metamorphic
environments or in areas with hydrothermal activities
(Gottardi & Galli, 1985; Tschernich, 1992; Armbruster &
Gunter, 2001; Passaglia & Sheppard, 2001).

Analcime, leucite and wairakite are isotypic (or homeo-
typic) minerals and with pollucite (Cs;,NayAlj6Sisn
096'12H20) and hsianghualite (Li16C324B624Si24096F16)
belong to the so called ‘“‘analcime group” (Gottardi &
Galli, 1985; Armbruster & Gunter, 2001; Baerlocher
et al., 2001). The crystal structure of this group of isotypic
open-framework silicates results from the combination of
two ‘“‘secondary building units’”” (SBU), constituted by 4
and 6-membered rings of tetrahedra (Baerlocher er al.,
2001) (Fig. 1). The framework topology (i.e., ANA topol-
ogy, Baerlocher et al., 2001) shows the maximum symme-
try (la3d). Two different systems of channel can be
observed in such a framework type: irregular channels
formed by highly distorted 8-membered rings (8§ mR) and
regular channels formed by 6-membered rings (6 mR)
along the [111] direction of the cubic lattice. The general
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Fig. 1. (Above) Crystal structure of cubic analcime viewed down
[111] and (below) configuration of the 6-membered rings in analcime,
leucite and wairakite at room conditions.

symmetry of the minerals belonging to the analcime-group
is usually lower than the framework symmetry, due to the
Si/Al-ordering of the tetrahedral framework and to the
extra-framework content. In analcime, the extra-framework
population is represented by sz and H,O molecules. In
cubic analcime (space group: /a3d), there is a statistical Si/
Al-distribution in the tetrahedral framework and the Na
sites are statistically 2/3 occupied (for charge balance).
The Na sites are 6-coordinated (with four oxygens belong-
ing to the tetrahedral framework and two to the water
molecules) and lie in the framework voids (Ferraris et al.,
1972; Gatta et al., 2006). Evidence of non-cubic analcime
was reported in the literature (Gatta et al., 2006 and refer-
ences therein). The reason for the different symmetries is
still unclear; however, different degrees of ordering in the
Si/Al distribution might be one of the explanations. (Mazzi
& Galli, 1978; Hazen & Finger, 1979; Gatta et al., 2006). In
leucite, a disordered Si/Al-distribution at room condition is
observed (Mazzi et al., 1976; Gatta et al., 2008 and refer-
ences therein). The extra-framework content is represented
only by K, which is located at the same site occupied by
H,O0 in the analcime structure, forming a distorted polyhe-
dron with six K—O bond-distances between 2.96 and 3.14
A and six distances between 3.50 and 3.76 A (Mazzi et al.,

1976; Gatta et al., 2007, 2008). The general symmetry of
leucite is tetragonal (space group: 4,/a). In wairakite, there
is an almost ordered Si/Al-distribution in the tetrahedral
sites and at least six extra-framework sites occur: two are
fully occupied by water molecules and four by cations
(Ca + Na) (Takeuchi et al., 1979; Ori et al., 2008).
Wairakite and analcime are two hydrous members of the
analcime-group and show a similar arrangement of the

extra-framework population, with regular (Ca, Na)-octahe-
dra formed by two water molecules at the apices and four
framework oxygens. The general symmetry of wairakite is
monoclinic (space group: I 2/a).

Several studied have been devoted to the behaviour of
analcime, leucite and wairakite under non-ambient condi-
tions, reported in Gatta er al. (2006), Gatta et al. (2008)
and Ori et al. (2008), respectively. In particular, the high-
pressure (HP) behaviour of analcime and leucite has been
recently investigated by in situ X-ray single-crystal dif-
fraction with a diamond anvil cell (DAC) up to ~7 GPa
(Gatta et al., 2006, 2008) and that of wairakite by in situ
synchrotron powder diffraction up to ~7.8 GPa with a
DAC (Ori et al., 2008) under hydrostatic regime. All the
three minerals experienced a phase-transition from high-
symmetry to low-symmetry polymorph at high-pressure: 1)
analcime, between 0.91(5)-1.08(5) GPa from la3d to P1
symmetry; 2) leucite, between 2.19(4)-2.77(1) GPa from
I4,/a to P1 symmetry; 3) wairakite, between 2.5(1)-3.2(1)
GPa from I2/a to P1 symmetry. For analcime and leucite,
the P-induced phase-transition is unambiguously a first-
order transition; in contrast, for wairakite the order of the
transition cannot be unambiguously defined, mainly
because of the quality of the powder data. Gatta et al.
(2006) provided the structure refinement of the low-P
and high-P polymorphs of analcime, showing the P-
induced phase-transition at ~1 GPa is displacive in char-
acter. For leucite and wairakite, the P-induced structural
evolution of the low-P polymorphs was described (Gatta
et al., 2008; Ori et al., 2008), whereas the crystal-struc-
ture and the structure-evolution of the high-P poly-
morphs are still unknown.

The aim of this study is to compare the elastic beha-
viour and the P-induced structural evolution of the afore-
mentioned isotypic minerals on the basis of the previous
experimental data and geometric simulation, in order to
define the role played by the framework (i.e., Si/Al-
ordering, distortion of the 6 mR at ambient conditions)
and extra-framework content (nature of the cations and
ionic valence, ionic radii, coordination number, presence
of water molecules). A recent theoretical study using
geometric simulation indicates that P-induced phase
transition is controlled by the ‘‘flexibility window”’
(described later in the paper) of the cubic ANA structure
(Sartbaeva et al., 2008). We discuss the experimental
data for these minerals and its relationship to the theore-
tical flexibility of the ANA framework and to the influ-
ence of cation content.

2. Experimental: comparative compressibility

In order to compare the elastic parameters of analcime,
leucite and wairakite, axial (‘‘linear’’) and volume com-
pressibility (as ‘‘linearised” and volume bulk moduli)
have been calculated using a Birch-Murnaghan Equation-
of-State (BM-EoS) (Birch, 1947; Angel, 2000). The
BM-EoS is based upon the assumption that the P-induced
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strain energy of a solid can be expressed as a Taylor series
in the Eulerian strain,

fo=[Vo/ V) —1])2

(Vy and V represent the cell volume, or molar volume,
under room and HP conditions respectively). Expansion
in the Eulerian strain polynomial has the following form:

P=3Kofi(1+2£)*{1 + 1.5(K' —4)f, + 1.5
X [KoK"+(K' — 4)(K' —3) +35/9f,} + ...,

where K, represent the bulk modulus (K, = —Vy(9P/
OV)po = 1/B; B is the volume compressibility coefficient,
K' = (0Ky/OP) and K" = (0*°Ky/OP?). The same EoS, as
that used to fit the P-V data, can be used to describe the
axial compressibilities by substituting the cube of lattice
parameter for the volume (‘‘linearised EoS’’, Angel,
2000). The “‘linear-K,”’ obtained in this way is related to
the axial compressibility (f3;) by:

B = —1/(3Ky) = 1/14(0l;/OP),

where ly; (j = a, b, c) is the length of the unit-cell axis
under room conditions.

Volume and axial compressibility of analcime, leucite
and wairakite were calculated with the EOS-FITS.2
computer program (Angel, 2001), with data weighted by
the uncertainties in P (4+0.05 GPa for single-crystal and
£0.10 GPa for powder experiments) and V (or a, b, ¢). The
unit-cell parameters of the three feldspathoids at different
pressures are reported in Gatta et al. (2006, 2008) and Ori
et al. (2008). For the low-P polymorphs, the best EoS-fit
was achieved adopting a truncated second-order BM-EoS
(i.e., with K’ fixed to four). For the high-P polymorphs,

a second-order BM-EoS was used to describe the com-
pressional behaviour of leucite and wairakite, whereas a
third-order BM-EoS was adopted for analcime (i.e., with
K' # 4). The refined elastic parameters by EoS-fit are
reported in Table 1. The volume BM-EoS fit are shown in
Fig. 2. The elastic anisotropy is reported as a ratio
between the axial bulk moduli (Table 1).

Eulerian strain vs. ‘“‘normalised pressures’’ plots (fe-Fe
plot, Angel, 2000) for analcime, leucite and wairakite are
reported in Fig. 3 and the weighted linear regressions
through the data-points, for the low-P and high-P poly-
morphs, are shown. The almost horizontal weighted linear
regression support the second-order BM-EoS used for low-
P and high-P polymorphs of leucite and wairakite (Angel,
2000). The calculated Fe(0) values agree with the K
values obtained by the EoS-fit (Table 1).

3. Experimental: P-induced structural
evolution

The HP-crystal structure evolution of analcime, leucite and
wairakite was studied on the basis of several structural
refinements at different pressures. For analcime, Gatta
et al. (2006) were able to solve the crystal structure of the
high-P polymorph and to describe the structural evolution
of the triclinic polymorph, whereas for leucite and wair-
akite only the P-induced structure evolution of the low-P
polymorphs (i.e., tetragonal and monoclinic, respectively)
were described.

The main deformation mechanisms with P observed for
the low-P polymorphs of the three isotypic feldspathoids
consist of polyhedral tilting. The tetrahedra behaved as
rigid building block units, as shown by the evolution of
the bond-distances and angles (Gatta et al., 2006, 2008; Ori

Table 1. Elastic parameters based on the axial and volume BM-EoS fit for the low- and high-P polymorphs of analcime, leucite and wairakite.

Analcime Analcime Leucite Leucite Wairakite Wairakite
(low-P) (high-P) (low-P) (high-P) (low-P) (high-P)
Space group Ia3d P1 I4,/a P1 Rla P1
K, (GPa) 29(2) 34.5(5) 35.9(5) 36(1) 50(6)-76(7)"
K./ 4.9(6) 4 4 4 4
B, (GPa™") 0.0059(3) 0.0115(8) 0.0097(2) 0.0093(2) 0.0093(3) 0.0067(8)-0.0044(4)*
K, (GPa) 20(1) — 34.9(7) 70(5) 112(19)-159(20)*
K 5.2(5) — 4 4 4
By (GPa™ ") 0.0167(8) — 0.0096(3) 0.0048(5) 0.0030(5)-0.0021(3)*
K. (GPa) 11(1) 78(1) 35.5(7) 26(1) 7(1)-26(1)*
K/ 12.6(6) 4 4 4 4
B. (GPa™") 0.030(3) 0.0043(1) 0.0094(2) 0.0128(5) 0.048(6)-0.0129(3)*
K KK, 2.64:1.82:1 1:1:2.26 1.03:1:1.02 1.38:2.69:1 2.92:6.11:1*
Vo (A% 2571.2(4) 2607(9) 2351.1(1) 2317(3) 2536(4) 2632(38)
Ky (GPa) 56(3) 19(2) 41.9(6) 33.2(5) 39(3) 24(3)
K 4 6.8(7) 4 4 4 4
By (GPa™") 0.018(1) 0.053(6) 0.0239(4) 0.0301(5) 0.026(2) 0.042(5)
Fe(0) (GPa) - 19.2(2) 42(1) 33.2(4) 33(7) 23(1)

“Elastic parameters calculated adopting a weighted linear regression through the data points.

significantly poor.

For triclinic wairakite, the axial EoS-fits are
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Fig. 2. Variation as a function of P of the unit-cell volume of
analcime, leucite and wairakite, and EoS-fits for low-P (solid
lines) and high-P polymorphs (dotted lines). The e.s.ds values are
slightly smaller than the size of the symbols. The arrows indicate the
transition pressure from the high-to-low symmetry form of the three
feldspathoids.
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Fig. 3. Plot of the Eulerian finite strain (f, = [(Vo/V)*? — 11/2) vs.
the normalised stress (F, = P/[3f(1 + 2f)5/2]) for the high-P poly-
morphs of analcime and low- and high-P polymorphs of leucite and
wairakite. For the HP-polymorphs, the strain values were calculated
using the V|, value obtained from the BM-EoS fit. The e.s.ds were
calculated according to Heinz & Jeanloz (1984). The weighted
linear regressions through the data points are shown (solid lines
for the low-P polymorphs, dotted lines for the high-P polymorphs).

etal.,2008). The 6 mR of tetrahedra (along the [111] of the
idealised cubic framework) cannot be deformed in cubic
analcime, because of the symmetry, but show significant
changes in leucite and wairakite. Upon increasing pres-
sure, the independent 6 mRs in leucite grow more elliptic,
as shown by the significant decrease of the ‘‘ellipticity
ratio”’ (i.e., shortest/longest diameters of the ring; the
higher the ellipticity ratio, the lower the ellipticity; for an
ideal and undistorted 6 mR, the ellipticity ratio is one)
(Gatta et al., 2006, 2008). As reported by Gatta et al.
(2008), the compression of the 6 mR seems to govern the
drastic elastic anisotropy of the tetragonal leucite
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structure, as shown by the different values of the axial
bulk moduli (K. = 78(1) and K, = 34.5(5) GPa, Table
1). In monoclinic wairakite, the two independent and
deformable 6 mRs show a conflicting behaviour with P,
as one shows a monotonic decrease of the ellipticity ratio
whereas the other shows an increase (Ori et al., 2008). The
4 mR of tetrahedra, a further secondary building unit of the
ANA-type framework (Baerlocher et al., 2001), behaves
as a rigid unit in cubic analcime, because of the symmetry.
In tetragonal leucite, there are three independent 4 mRs.
Two of them behave as rigid units at high-P because of the
symmetry, they cannot deform and their ellipticity ratio is
one at any given P. The third one, in contrast, is a deform-
able unit and its ellipticity ratio decreases monotonically
with P (Gatta et al., 2008). In monoclinic wairakite, four
independent 4 mRs behave as deformable units: two of
them show a monotonic increase of the ellipticity ratio and
the other two a non-monotonic trend with P (Ori et al.,
2008). The extra-framework content does not show any
relevant change within the stability field of the low-P
polymorphs, as shown by the atomic-position and bond-
distances (i.e., Na—O, Na—H,0, K—0O, Ca—0O, Ca—H,0,
Gatta et al., 2006, 2008; Ori et al., 2008). A homogeneous
compression without any relevant distortion of the
extra-framework polyhedra was observed for all the low-P
polymorphs.

We would emphasise that the symmetry restrictions on
the 6 mR and 4 mR units of analcime and leucite are
restrictions on the average atomic positions in the crystal.
It is typical of flexible framework structures for there to be
differences between the average high-symmetry structure
and the instantaneous local structure, a point which we
examine in more detail in the theoretical section.

The structure refinements at different pressure of the
high-pressure triclinic polymorph of analcime show that: 1)
a Si/Al-statistical distribution is maintained (as in cubic
analcime) up to the maximum pressure achieved, based on
the tetrahedral bond distances and angles, 2) the atomic
relaxation mainly occurs through a tetrahedral tilting and 3)
a strong deformation mechanism of the Na-polyhedra in
response to the applied pressure occurs. The first-order
cubic-to-triclinic phase-transition in analcime is displa-
cive in character, and completely reversible. The HP-
polymorph of analcime is crystalline at least up to 7
GPa. The P-induced phase-transition leads to a signifi-
cant distortion of the tetrahedral framework. In cubic
analcime, the 6 mR along [111] is an ideal hexagonal
ring with inter-tetrahedral T—-O—T angle of about 143.4°.
At P ~ 1.2 GPa, the triclinic structure shows strongly
deformed 6 mRs, with some T—O—T angle of about 128°
(Gatta et al., 2006). The ellipticity ratio of the 6 mRs
tends to decrease monotonically with P. At pressures
above the cubic-to-triclinic phase-transition, the config-
uration of the extra-framework content changes. In cubic
analcime, the coordination number (CN) of the Na site is
six (four oxygens belonging to the tetrahedral framework
and 2H,0). At P ~ 1.2 GPa, the structure refinement
shows that eight Na sites have a CN = 6 and four Na
sites have a CN = 7; at P ~ 5 GPa, four Na sites show
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CN = 6, seven Na sites CN = 7 and one Na site CN = 8
(Gatta et al., 2006). In other words, the compression of
the voids leads to an increase of the coordination number
of the Na sites.

4. Theoretical: geometric simulation
of frameworks

Geometric simulation is a simplified method for modelling
the behaviour of flexible framework structures such as
silicates and aluminosilicate zeolites. Most conventional
simulation methods represent atomic interactions using
two- and three-body interaction energy terms. In geometric
simulation the bonding constraints in a group of atoms (in
this case a tetrahedron) are represented using a template or
““ghost”’, which has the ideal geometric shape of the group
(T—O bond and O—T—O bond angles). During the simula-
tion the ghost moves and rotates to match the overall posi-
tion and orientation of the group, while each atom is joined
by a constraint to a single vertex of the ghost. Over multiple
iterations the positions of the ghost and of the atoms change
so as to match each other as close as possible. This form of
multi-body collective interaction is particularly suitable for
framework materials, where an important contribution to
the dynamics comes from collective quasi-rigid motion
of the tetrahedral units. Details of the method and its
applications to mineral and biological structures have
been given previously (Wells et al., 2002, 2004, 2005;
Sartbaeva et al., 2004, 2005, 2006). This simplified mod-
elling technique, which takes account of only short-range
bonding and contact forces is complementary to more
detailed simulation methods using interatomic potentials
or ab initio techniques.

We have previously applied geometric simulation to
investigate the compression mechanisms of the zeolites
edingtonite and levyne (Gatta & Wells, 2004, 2006). The
method in these studies was to begin from the experimen-
tally determined structure at ambient conditions and simu-
late compression by altering the unit-cell parameters and
using geometric simulation to update atomic positions.
By simulating different hypothetical modes of compres-
sion for the structure, we were able to account for the
observed high-pressure behaviour. These two zeolites
have highly anisotropic structures with well-defined sec-
ondary building units and relatively low ‘‘framework
densities’ [i.e., the number of tetrahedrally coordinated
atoms (T-atoms) per 1000 A Baerlocher et al., 2001] of
the order of 15-16 T/1000 A*. The geometrlc s1mu1at10n
easily identified the principal compression modes in
terms of tetrahedral tilting (Gatta & Wells, 2004, 2006).

We have also applied geometric simulation to define the
“flexibility window’’ (Sartbaeva et al., 2006) as a property
of zeolite frameworks. The flexibility window is a range of
densities over which the corner-sharing TO,4 units making
up the zeolite framework can in principle be made per-
fectly tetrahedral. This window is limited at high density
by contacts between oxygen atoms on neighbouring
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tetrahedral units, and at low density by extension of the
T—O bonds (though not, in general, by linear T—O—T
angles). High-silica zeolites are found experimentally to
exist at the low-density end of the window, indicating that
zeolites are maximally extended structures. In a recent
study we demonstrated that the flexibility window of the
cubic ANA framework controls the pressure induced phase
transition in analcime (Sartbaeva et al., 2008).

We have now performed an extensive geometric model-
ling study of analcime, leucite and wairakite. We discuss
these results in terms of both the flexibility windows of
cubic and non-cubic ANA framework, and also the tetra-
hedral tilting compression mechanisms.

5. Theoretical: flexibility windows in the ANA
framework

Ina previous study we performed geometric simulations on
a series of zeolite frameworks using tetrahedral templates
appropriate to pure silica (Si—O bond length of 1.61 A)
(Sartbaeva et al., 2006). We simulated a range of densities
by controlling the unit-cell parameters in the simulations,
and used geometric relaxation to determine whether the
SiO, tetrahedra could be made geometrically perfect, or
whether distortions were intrinsic to the structure. From
theory it was unclear whether we should expect the poly-
hedra to be perfectible at any density. Indeed, we found
that several proposed hypothetical tetrahedral framework
structures were intrinsically strained and the tetrahedra
could not be made ideal at any density. Strikingly, how-
ever, all of the zeolite frameworks which we examined
(naturally occurring or synthetic) were perfectible, not only
at a single point but over a range of densities. Furthermore,
we were able to compare our simulations to experimental
data for zeolites which exist in high-silica forms, finding
that these structures are found experimentally to lie at the
low-density edge of the perfectible range. This result led us
to define the term ‘“‘flexibility window’’ to describe the
range of densities over which a framework is perfectible,
and to suggest that the possession of a flexibility window is a
defining characteristic of a zeolite framework.

During this study we simulated a cubic ANA framework
as pure silica. Curiously, cubic ANA had both the highest
framework density of the zeolites that we examined, and
also displayed the narrowest flexibility window; the frame-
work could be compressed by only 3 % in volume before
oxygen atoms came into contact. This led us to examine a
possible connection to the unusual high-pressure beha-
viour of cubic analcime.

We therefore performed further simulations as described in
Sartbaeva et al. (2006) using a tetrahedral geometry appro-
priate to the Si:Al ratio of natural cubic analcime — 2.3:1 in
this case. This corresponds to a T—O bond length of 1.65 A
We used this average bond length as there is no evidence of
Si/Al ordering in this structure. These simulations produced
data that we could compare directly to the observed cell
volumes during the compression of cubic analcime.
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We initially performed simulations of the framework
with the cubic unit-cell parameters observed during the
experiment and found that the structures are perfectible
over the whole observed range of cubic analcime, from
ambient conditions up to around 1 GPa. Interestingly, the
much lower-symmetry triclinic structure observed after
the phase transition is also perfectible; on further compres-
sion, however, the structure passes out of the window and
distortions of the framework are inevitable.

We obtained the theoretical limits of the flexibility
window in cubic analcime by simulations setting the
cubic cell parameter outside the range observed in the
experiment. As expected, we found that the low-density
edge of the window lies near the density observed for the
structure at ambient conditions, confirming that the ambi-
ent structure is close to maximal extension.

Interestingly, we found that the high-density edge of the
window on compression lies near the last observed cubic
structure before the transition. Simulation of tetragonal
and orthorhombic distortions of the cubic cell near the
high-density edge of the window indicated that only very
small variations in density could be achieved before dis-
tortions of the polyhedra became inevitable. The sudden
transition from the highly symmetric cubic form to the
low-symmetry triclinic form may thus be explained; the
structure reduces its volume while remaining perfectible,
which cannot be achieved by transition to intermediate-
symmetry forms. These results for analcime are summarised
in Fig. 4.
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Fig. 4. Flexibility window for cubic/tetragonal analcime framework
depending on cell parameters. Metrically cubic structures lie along
the diagonal (thin dashed) line. Point ““A’’ shows the structure at
ambient conditions; “B’’ and “‘C”’ — high and low density edges of
the flexibility window for the cubic cell; ““D”’ — last experimental
point on compression of the cubic analcime. The thick dashed line
from B to C is the flexibility window of cubic analcime. “‘E’* and
“F”* points indicate high density edges of the flexibility window for
tetragonal distortions of analcime, where the a parameter only is
compressed, starting from the ambient and most-compressed cubic
points respectively.
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If we are correct about the significance of the flexibility
window for zeolite frameworks, we should expect that the
ANA framework will also be perfectible with the para-
meters of leucite and wairakite in their low-pressure
forms. We would also expect that the framework will
cease to be perfectible near the transition to the high-
pressure forms. We can test this prediction by geometric
simulations using the experimental data from Gatta et al.
(2008) for leucite and Ori et al. (2008) for wairakite. Both
of these structures displayed an Si:Al ratio close to 2:1 and
we therefore performed our geometric simulation with the
same 1.65 A T—O bond length as for analcime.

The leucite framework was observed experimentally to
be tetragonal (/4,/a) from ambient pressure up to 2.4 GPa,
where a first-order displacive phase transition occurred to
alow-symmetry triclinic (P1) form. This behaviour is very
similar to that observed for the cubic analcime. Our geo-
metric simulations found that the tetragonal framework
was perfectible at all of the cell volumes observed in the
low-pressure form; it is thus clear that all these points
lie within a flexibility window for the tetragonal ANA
framework. The framework is not perfectible in the high-
pressure form, although the intrinsic distortion at the first
high-pressure data point is very small. It thus appears that
the phase transition in leucite has the same character as
that in analcime, with the structure remaining in the tetra-
gonal form until it is no longer perfectible and then making
the transition to a low-symmetry form.

Wairakite was observed to transform from a monoclinic
(I2/a) to a lower-symmetry form (P1) between 2.5 and 3.2
GPa (Ori et al., 2008). This study was performed using
powder X-ray diffraction rather than single-crystal as for
the leucite and analcime data, and the order of the transi-
tion is not clear. We again performed geometric simula-
tions using the cell parameters for each data point, finding
that the monoclinic framework is perfectible up to 0.9
GPa, after which distortions become inevitable. We note
that, unlike leucite and analcime, wairakite displays a
degree of Si/Al ordering in the framework, which may
account for the discrepancy between the onset of distortion
in our simulations and the position of the observed transi-
tion. We are currently pursuing a more detailed simulation
study of ordered wairakite.

Our findings for the perfectibility of the ANA frame-
work in each of these different crystal structures are sum-
marised in Fig. 5. This figure shows the same P-V data as
in Fig. 2, with the data points labelled according to
whether the structure is perfectible or not.

The pattern for analcime and leucite is clear; for the
low-pressure structures the framework is perfectible, and
the transition to the high-pressure, low-symmetry form is
associated with the onset of inevitable distortions in the
framework. In wairakite the association with the phase
transition is less clear, but we still find that the framework
at ambient conditions is perfectible.

We emphasise that when we describe the structure as
“‘perfectible’” we are describing a geometric property, i.e.
that the framework atoms can in principle be arranged into
a network of exactly corner-sharing regular tetrahedra



HP behaviour of analcime-like feldspathoids

2600 ]
2500 U~ _ _
A
Samas |
2400 A -
& A I |
T me_ ",
> 2300 ~o— _ _
o _ |
2200 i
® o
2100
0 0.5 1 15 2 25 3 3.5
P (GPa)

Fig. 5. P-V data for analcime (triangles), wairakite (squares) and
leucite (circles), as for Fig. 2. Symbols are open where the frame-
work is perfectible and closed where the framework is intrinsically
distorted. For analcime the cubic form is perfectible as are the first
two points for the triclinic structure. Leucite is perfectible in the
tetragonal form and not in the triclinic form. Wairakite is perfectible
at low pressures and then becomes intrinsically distorted at very
similar P and V values to cubic analcime.

with the given T—O bond length. This is not a claim that the
actual atomic positions display this perfect geometry,
either instantaneously or on average. What, then, is the
physical significance of this property? Consider a division
of the atomic interactions in the zeolite into most-local
(bonding and steric contact) terms U, which favour ideal
tetrahedral geometry for TO,4 units, and longer-range terms
(for example dispersion and electrostatic interactions) U,.
Distortions of the TO, units arise from a trade-off between
U, and U, terms. Geometric simulation is equivalent to the
introduction of only the U, terms. If the structure lies
within the flexibility window, it can reach the global mini-
mum for the energy of the U, terms. The energy cost for
small distortions of the TO, units, when we introduce the
U, terms, is then minimal and second-order. If, on the other
hand, the structure is outside the flexibility window, it
cannot reach the global minimum for the U, terms, as the
TO, units are intrinsically strained. Therefore, the energy
cost for further distortions of the TO, units, when we
introduce the U, terms, is obviously higher and first-order.

The channel contents of zeolites are of unquestioned
importance in determining the minerals’ physico-chemical
properties. However, it should now be clear that the nature
of the interactions between the framework and the channel
contents depends on whether the structure lies within its
flexibility window or not. The examination of this isotypic
series of zeolites allows us to identify common patterns of
behaviour, which we attribute to the properties of the
common ANA framework. The differences between the
three structures must then be attributable to the different
channel contents.

A noteworthy feature of our results is that the capacity
for tetragonal distortions away from the perfectible cubic
framework in analcime is very limited (as seen in Fig. 4).
Leucite, however, displays a tetragonal framework at a
markedly lower cell volume than analcime, which we
find to be perfectible. This demonstrates that the flexibility
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window for the tetragonal framework as in leucite is not
simply connected to the flexibility window for the cubic
framework. As we reported in Sartbaeva et al. (2008), the
connection between the perfectible cubic and triclinic
frameworks in analcime is also not simple; linear interpo-
lation between the cell parameters of the cubic and triclinic
forms on either side of the phase transition does not yield
perfectible structures.

The full flexibility window of a framework is a volume
in the six-dimensional phase space defined by six indepen-
dent cell parameters. The results we have obtained on the
ANA framework strongly suggest that this volume may be
neither simply connected nor highly symmetric, which has
important implications regarding the difficulty of deter-
mining its extent. It has previously been observed in the
modelling of rigid-unit modes in reciprocal space (for
example, Pryde et. al., 1996) that the loci of wave vectors
where rigid-unit modes exist can form exotic curved
surfaces without obvious connections to the symmetry of
the structure.

6 Theoretical: folding mechanisms in the ANA
framework

The simulations of the cubic ANA framework under
varying degrees of compression, which we performed to
investigate the flexibility window, also provide informa-
tion on the structural response of the framework to compres-
sion in terms of polyhedral tilting and collective motion. In
our previous studies on zeolites (Gatta & Wells, 2004, 2006)
we observed relatively simple compression behaviour based
on the rotation of SBUs about the unique axis. The beha-
viour of the cubic ANA framework, by contrast, is more
similar to that of dense high-symmetry silicates such as
beta-quartz (Tucker et al., 2001; Sartbaeva et al, 2004). In
this case the framework has a very large number of collec-
tive polyhedral tilting modes and as a result the instanta-
neous local structure can differ markedly from the average
long-range structure seen in the crystal-structure refinement.
We note that the geometric simulations are performed with-
out symmetry restrictions on the atomic positions within the
unit cell, and as a result we are able to observe these local
variations.

The character of our results is illustrated in Fig. 6. Here
we show three 6 mRs taken from a single unit cell of the
cubic ANA framework under a slight degree of compres-
sion (cell parameter @ = 13.6 A). Recall, by comparison to
Fig. 1, that in the average structure all such rings are
symmetry constrained to be regular hexagonal rings. In
the simulation we can see that each of the rings is a
different and irregular shape reminiscent of the distorted
rings seen in the leucite and wairakite structures.

In beta-quartz, it has been shown (Tucker et al., 2001)
that the high-symmetry hexagonal average crystal struc-
ture is in fact a dynamic average. The instantaneous local
structure contains significant deviations from hexagonal
symmetry achieved by cooperative polyhedral tilting
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Fig. 6. Examples of 6-membered rings (6 mRs) from the ANA framework simulated with cubic cell parameters with P1 symmetry under a
small degree of compression. The crystallographic symmetry of cubic analcime would require the 6 mRs to be regular as in Fig. 1,
““analcime’’. However, here we see a large variation in the shapes of 6 mR units due to framework flexibility.

modes (Wells et al., 2002) such that the local structure is
more similar to low-symmetry alpha-quartz. Our simula-
tion results strongly suggest that cubic analcime displays
the same behaviour, and we therefore propose that the
highly-symmetric cubic crystal structure with its symmetric
regular 6 mRs is in fact a dynamic average over less sym-
metric local structures.

The very different asymmetric distortions of the 6 mRs
in Fig. 6 arise from the fact that at the start of the geometric
simulation we introduce a small random perturbation of all
the atomic positions. In simulations beginning with differ-
ent random seeds each 6 mR folds differently and no single
uniform folding mechanism can be identified. It thus
appears that the cubic analcime structure has a very large
number of competing folding modes, while the displacive
transition to the triclinic analcime structure under pressure
corresponds to the selection of a single folding mode
across the whole structure. On this basis we can account
for the dramatic three-fold reduction in bulk modulus at
the cubic to triclinic transition. In the cubic phase multiple
incompatible local modes are in competition with each
other, in the triclinic phase the entire structure follows one
polyhedral tilting mode. This model, in which the higher-
symmetry structures have competing folding modes,
thus accounts for the softening of all three structures in
their high-pressure phases with the effect being particularly
dramatic for cubic analcime.

7. Discussion and conclusion

The experimental data collected at HP-conditions show
that analcime, leucite and wairakite maintain their crystal-
linity at least up to 7-8 GPa, and any P-induced structural
evolution is completely reversible within the P-range
investigated. All the three isotypic feldspathoids undergo
a P-induced phase-transition from high-to-low symmetry

form: analcime at ~1 GPa (from a3d to P1 symmetry);
leucite between 2.2-2.8 GPa (from /4,/a to P1 symmetry),
and wairakite between 2.5-3.2 GPa (from I2/a to P1 sym-
metry). No further phase-transition was observed within
the P-range investigated. For analcime and leucite, the P-
induced transition is clearly a first-order transition,
whereas for wairakite the order of the transition cannot
be unambiguously defined because of the low quality of
the powder data. On the basis of the structure refinements
of the low-P and high-P polymorphs of analcime (Gatta
et al., 2006), and of the structural homologies of these
feldspathoids, we suggest that P-induced phase-transitions
in all the three isotypic minerals are displacive in char-
acter. The phase-transitions lead to a drastic increase in
density in analcime and leucite (Gatta et al., 2006,
2008). The extra-framework population seems to control
the transition pressure. However, there is not a simple
relationship between transition pressure and any para-
meter aimed to represent the extra-framework popula-
tion (e.g., ionic radius of the extra-framework cation or
its polyhedral volume), likely because the configuration of
the extra-framework content among these isotypic
minerals is significantly different (i.e., NaO4(H,0),
octahedron in cubic analcime; KOg in tetragonal leucite,
with the K-sites located at the same positions of the
H,O-molecules oxygens in analcime; CaO4(H,0), octa-
hedron in monoclinic wairakite, with a configuration
similar to that of analcime).

Analysis of the framework properties in terms of the
“flexibility window’’ provides an explanatory framework
for the nature of these phase transitions. For cubic ana-
Icime we were able to show that the observed range of
densities is bracketed by the theoretical extent of the flex-
ibility window for the cubic ANA structure, indicating that
the transition to the low-symmetry form is induced by the
structure approaching the high-density limit of its flexibil-
ity window. Leucite displays a similar behaviour, with the
framework being perfectible in the tetragonal form at
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all observed densities and then becoming intrinsically dis-
torted after the transition to the low-symmetry form. The
behaviour of wairakite is less clear, but we again find that
the structure at ambient conditions and low pressures has a
perfectible framework.

The elastic analysis shows that the HP-polymorphs of all
the three feldspathoids are systematically more compres-
sible than the low-P ones. In analcime, for example, the
HP-triclinic polymorph is three times more compressible
than the low-P cubic structure (Table 1). Less drastic are
the differences in compressibility observed for low- and
high-P polymorphs of leucite and wairakite (Table 1). An
increase in compressibility of the HP polymorph with
respect to the low-P one is ‘‘anomalous’’ but not unique,
as it was already observed in other classes of natural
materials (e.g., sheet silicates, Welch et al., 2004, and
carbonates, Merrill & Bassett, 1972, 1975; Singh &
Kennedy, 1974; Martinez et al., 1996; Smyth & Ahrens,
1997; Redfern, 2000; Holl et al., 2000). For analcime, the
compression behaviour of the HP-polymorph is better
described with a third-order BM-EoS. The value of
the bulk modulus pressure-derivative [i.e., K' = 6.8(7),
Fig. 2 and 3, Table 1] shows that a significant change in
compressibility with pressure occurs. In contrast, for
leucite and wairakite a second-order BM-EoS is sufficient
to describe the compression regime for the low- and high-P
polymorphs, with the K fixed to four (Fig. 2 and 3,
Table 1). A further point concerns the elastic anisotropy
among the three feldspathoids. For triclinic analcime, the
elastic anisotropy is significant, being K,:K,:K. = 2.64:
1.82:1. On the basis of the structural refinements of the
HP-triclinic polymorph of analcime at different pressures,
Gatta et al. (2006) were able to explain the reason of the
elastic anisotropy, mainly driven by the rearrangement of
the SBU (4 mR and 6 mR). In leucite, it is interesting to
point out that the low-P tetragonal polymorph is elastically
more anisotropic than the high-P triclinic one, being
Ka:Kb:Kc(tetragonal) = 1:1:2.26 and Ka:Kb:Kc(triclinic) =
1.03:1:1.02. It appears, therefore, that the atomic relaxa-
tion at pressure above the phase-transition leads to a struc-
ture more stable as a function of pressure than the low-P
one. In wairakite, the low-P monoclinic polymorph is
significantly anisotropic, but the high-P triclinic form is
drastically more anisotropic, being K,:Kp:K (monoclinicy =
1.38:2.69:1 and K,:Kp: K (trictinicy = 2.92:6.11:1.

The geometric simulations capturing the nature of the
flexibility of the ANA framework suggest an explana-
tion for the anomalous elastic behaviour. We suggest
that the symmetry-restricted atomic positions found for
cubic analcime are in fact dynamic averages over lower-
symmetry instantaneous structures. This behaviour is
not unusual for high-symmetry framework silicates, as
for example in the case of beta-quartz. The high-sym-
metry cubic framework is rich in flexible modes and
can ‘‘fold” in many competing and incompatible ways.
The transition from the cubic to the triclinic form
corresponds to the selection of a single dominant fold-
ing mode which breaks the average symmetry of the
framework.
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