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Abstract The high-pressure elastic behaviour of a syn-
thetic zeolite mordenite, Na6Al6.02Si42.02O96Æ19H2O
[a=18.131(2), b=20.507(2), c=7.5221(5) Å, space
group Cmc21], has been investigated by means of in situ
synchrotron X-ray powder diffraction up to 5.68 GPa.
No phase transition has been observed within the pres-
sure range investigated. Axial and volume bulk moduli
have been calculated using a truncated second-order
Birch–Murnaghan equation-of-state (II-BM-EoS). The
refined elastic parameters are: V0=2801(11) Å3, KT0=
41(2) GPa for the unit-cell volume; a0=18.138(32) Å,
KT0(a)=70(8) GPa for the a-axis; b0=20.517(35) Å,
KT0(b)=29(2) GPa for the b-axis and c0=7.531(5)
Å, KT0(c)=38(1) GPa for the c-axis [KT0(a): KT0(b):
KT0(c)=2.41:1.00:1.31]. Axial and volume Eulerian
finite strain versus ‘‘normalized stress’’ plots (fe–Fe plot)
show an almost linear trend and the weighted linear
regression through the data points yields the following
intercept values: Fe(0)=39(4) GPa for V; Fea(0)=65(18)
GPa for a; Feb(0)=28(3) GPa for b; Fec(0)=38(2) GPa
for c. The magnitudes of the principal Lagrangian
unit-strain coefficients, between 0.47 GPa (the lowest
HP-data point) and each measured P>0.47 GPa, were
calculated. The unit-strain ellipsoid is oriented with e1 ||
b, e2 || c, e3 || a and |e1|> |e2|> |e3|. Between 0.47 and
5.68 GPa the relationship between the unit-strain coef-
ficient is e1: e2: e3=2.16:1.81:1.00. The reasons of the
elastic anisotropy are discussed.
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Introduction

Mordenite is a natural zeolite found in vugs of volcanic
and intrusive igneous rocks or as a diagenetic product of
volcanic tuff, with ideal composition: (Na2,K2,-
Ca)4[Al8Si40O96]Æ28H2O (Gottardi and Galli 1985;
Armbruster and Gunter 2001; Passaglia and Sheppard
2001). The crystal structure was first described in the
space group Cmcm (Meier 1961). Further investigations
showed that, even though the topological symmetry is
Cmcm, the general symmetry of mordenite is Cmc21
(Alberti et al. 1986; Simoncic and Armbruster 2004).
The lowering of symmetry to the acentric group (from
Cmcm to Cmc21) appears necessary to avoid an ener-
getically unfavourable T-O-T angle of 180� in Cmcm. In
addition, Alberti et al. (1986) showed that also the
topological configuration of the extra-framework con-
tent conforms to Cmc21. The crystal structure of
mordenite is built by layers formed of six-membered
rings parallel to (100) (Fig. 1a) which are connected by
four-membered ring to form a 3D-framework. One
secondary building unit (SBU) can be found: the 5-1
SBU (Baerlocher et al. 2001). The tetrahedral frame-
work of mordenite shows three different systems of
channels. Two systems parallel to [001]: a 12-membered
ring channel (12mR[001], with ‘‘free diameters’’
6.5·7.0 Å, Baerlocher et al. 2001) and a strongly elliptic
(‘‘compressed’’) eight-membered ring channel
(8mR[001], ‘‘free diameters’’ 2.6·5.7 Å) (Fig. 1b). The
12mR[001] and 8mR[001] channels are connected by
eight-membered double rings parallel to [010], which
form the third channels system (8mR[010], ‘‘free diam-
eters’’ 3.4·4.8 Å)(Fig. 1b). The ‘‘framework density’’
of mordenite (defined as the number of tetrahedrally
co-ordinated atoms, T-atoms, per 1,000 Å3) is: 17.2
T/1,000 Å3 (Baerlocher et al. 2001).

The high-temperature (HT) behaviour of mineral and
synthetic mordenites have been investigated by several
authors by means of thermogravimetric analysis, in situ
and ex situHT-single crystal X-ray diffraction and in situ
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time resolved HT-synchrotron X-ray powder diffraction
(Mortier et al. 1975, 1976; Schlenker et al. 1978a, b, c,
1979; Gottardi and Galli 1985; Elsen et al. 1987; Bish and
Carey 2001; Martucci et al. 2003). Martucci et al. (2003),
on the basis of HT-synchrotron X-ray powder diffraction
data between 23 and 830�C, showed the main deforma-
tion mechanisms and the continuous structural trans-
formation of a natural mordenite upon complete
dehydration, which occur at about 800�C. A slight

reduction of the cell-volume within the T-range investi-
gated was observed (-1.9%). The structural refinements
showed that during dehydration the extra-framework
content migrates to new sites, in order to achieve a new
configuration being energetically favourable. In addi-
tion, the main deformation mechanism, which acts on the
Si/Al-framework is the change in ellipticity of the
8mR[010] as a result of dehydration and cation migration
toward the channel walls.

Fig. 1 Skeletal representation of
the mordenite framework: a six-
membered ring parallel to (100),
b clinographic view showing the
three channel systems
(12mR[001], 8mR[001] and
8mR[010]) and the orientation of
the unit-strain ellipsoid
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Whereas a large number of studies have been devoted
to the HT-behaviour of natural or cation-exchanged
mordenites, no elastic data are available. The aim of this
study is to investigate the high-pressure behaviour (HP)
of mordenite under hydrostatic conditions by means of
in situ synchrotron X-ray powder diffraction. The small
dimensions and the quality of natural or synthetic
crystals hinder any HP single-crystal diffraction study.

Experimental methods

A synthethic sample of mordenite with composition
Na6Al6.02Si42.02O96Æ19H2O (a=18.131(2), b=20.507(2),
c=7.5221(5) Å, space group Cmc21) for the HP-exper-
iments was kindly provided by Petra Simoncic. The
structural refinement of this synthetic mordenite was
performed on the basis of synchrotron X-ray single-
crystal diffraction data. Further details are in Simoncic
and Armbruster (2004).

In situ HP synchrotron X-ray powder diffraction
experiments were performed at the X7A beamline at the
national synchrotron light source (NSLS) at brookhaven
national laboratory (BNL). The primary white beam
from the bending magnet was focused in the horizontal
plane by a triangular Si (111) monochromator bent to a
cylindrical curvature by applying a load to the crystal
tip, creating �200 lm focused monochromatic radiation
of �0.7 Å (Lemonnier et al. 1978). A tungsten wire
crosshair was positioned at the centre of the goniometer
circle and subsequently the position of the incident beam
was adjusted to the crosshair. A gas-proportional posi-
tion-sensitive detector (Smith 1991) covering 4� in 2h
was stepped in 0.25� intervals over the angular range of
3–20� with counting times of 90–150 s per step. The
wavelength of the incident beam was 0.6232(1) Å as
determined from a CeO2 standard (SRM 674).

A modified Merrill–Bassett diamond anvil cell (DAC)
was used for the HP-experiments, equipped with two
type-I diamonds anvils (Miletich et al. 2000) (culet face
diameter: 500 lm) and tungsten-carbide supports.
Stainless-steel foil, 250 lm thick, pre-indented to a
thickness of about 100 lm, with a 200 lm hole obtained
by electro-spark erosion, was used as a gasket. A pow-
dered sample of mordenite was placed in the gasket hole
together with some ruby chips for the pressure mea-
surements. The pressure at the sample was measured by
detecting the shift in the R1 emission line of the included
ruby chips according to the Forman et al. (1972) and
Mao et al. (1986) (precision:±0.1 GPa). A metha-
nol:ethanol:water (16:3:1) mixture was used as hydro-
static pressure-transmitting medium (Hazen and Finger
1982; Miletich et al. 2000). The sample was equilibrated
for about 60 min at each measured pressure and after
the diffraction data measurement the pressure was raised
by �0.5 GPa increments. However, the measured dif-
fraction data suffered from sample texture effects and
showed some broadening of the peaks at P>3–4 GPa.
Unit cell constants were determined by LeBail whole

pattern fitting using the GSAS package (LeBail et al.
1988; Larson and Von Dreele 2004) up to 5.68 GPa
(Table 1). The background curve was fitted with a
Chebyshev polynomial with six coefficients. The pseudo-
Voigt profile function proposed by Thomson et al.
(1987) was used to fit the experimental pattern. The
diffraction peaks were modelled by varying only the
half-width parameter in the pseudo-Voigt profile func-
tion. Due to the quality of the HP-diffraction patterns
and to the large number of the independent parameters
of the crystal structure of mordenite, any attempt of
structural refinement by Rietveld method (Rietveld
1969) was unsuccessful.

Results: elastic parameters of mordenite

The unit-cell parameters of mordenite measured at dif-
ferent pressures are reported in Table 1 and their HP-
evolution is shown in Fig. 2. Unit-cell volume data were
fitted with a truncated II-BM-EoS (Birch 1947; Angel
2000) using the EOS-FIT5.2 program (Angel 2001). The
BM-EoS parameters, simultaneously refined using the
data weighted by the uncertainties in P and V, are:
V0=2801(11) Å3, KT0=41(2) GPa and K’=4.0 (fixed).

The ‘‘axial bulk moduli’’ were calculated with a
‘‘linearized’’ II-BM-EoS (Angel 2000), substituting the
cube of the individual lattice parameter (a3, b3 and c3)
for the volume. The axial-EoS parameters, refined using
the data weighted by the uncertainties in P and a3, b3, c3,
are: a0=18.138(32) Å, KT0(a)=70(8) GPa [ba=0.014(2)
GPa-1] for the a-axis; b0=20.517(35) Å, KT0(b)=29(2)
GPa [bb=0.034(3) GPa-1] for the b-axis and c0=7.531(5)
Å, KT0(c)=38(1) GPa [bc=0.026(1) GPa-1] for the
c-axis. The high e.s.d. of the a0, b0 and V0 value is due to
the absences of the experimental data in DAC under
room conditions. The linearized bulk moduli show a
strong anisotropic elastic behaviour of this zeolite along
the three mutually perpendiculars directions parallel to
[100], [010] and [001], being KT0(a): KT0(b):
KT0(c)=2.41:1.00:1.31.

Axial and volume Eulerian-finite strain (fe=
[(V0/V)

2/3–1]/2) vs. ‘‘normalized stress’’ (Fe=P/
[3fe(1+2fe)

5/2]) plots (fe–Fe plot; Angel 2000) are shown
in Fig. 3. The weighted linear regression through the
data points yields the following intercept values:
Fea(0)=65(18) GPa for the a-axis; Feb(0)=28(3) GPa
for the b-axis; Fec(0)=38(2) GPa for the c-axis;
FeV(0)=39(4) GPa for the unit-cell volume. The slope of
the regression lines is almost horizontal and justify the
use of the truncated II-BM-EoS for the axial and volume
bulk moduli calculation. In addition, the normalized
stress values obtained at fe=0 [i.e. Fea(0), Feb(0), Fec(0)
and FeV(0)], show a good agreement with the axial and
volume bulk moduli obtained by the EoS-fit [i.e. KT0,
KT0(a), KT0(b) and KT0(c)].

The magnitudes of the principal Lagrangian unit-
strain coefficients, between 0.47 GPa (the lowest
HP-data point) and each measured P>0.47 GPa, were
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calculated with the STRAIN software (Ohashi 1982)
(Table 2). The unit-strain ellipsoid is oriented with e1 || b,
e2 || c, e3 || a with |e1|> |e2|> |e3|, as shown in Fig. 1b.
The evolution of the unit-strain coefficients with pres-
sure is shown in Fig. 4. The magnitude of all three unit-
strain coefficients decreases slightly with P, following a
linear behaviour. Whereas the slopes of e3 and e2 ver-
sus P appear to be almost parallel, the slope of e1 is
slightly higher, implying a possible convergence to e2 at
P>6 GPa (Fig. 4). Between 0.47 and 5.68 GPa we have
e1: e2: e3=2.16:1.81:1.00.

On the basis of the fe–Fe plots and of the unit-strain
coefficients behaviour we can prudently infer that no
phase transition occurs within the P-range investigated.
However, the axial EoS-fit shows that at P>3 GPa the
a-values slightly misfit the theoretical EoS curve, but this
behaviour is not observed for the other unit-cell con-
stants. We cannot exclude, therefore, that there is a
slight change on the compressional behaviour at
P>3 GPa [with an increase in KT0(a)], as well as we
cannot exclude that the slight misfit for the a-EoS is due
to the low quality of the diffraction data at P>3 GPa,

Table 1 Lattice parameters of
mordenite and full-profile fit
agreement parameters (Rp, v2)
at different pressures

ae.s.d.±0.1 GPa

P (GPa)a a (Å) b (Å) c (Å) V (Å3) Rp v2

0.47 18.106(3) 20.415(3) 7.5019(9) 2772.9(5) 0.1306 6.655
1.35 18.023(3) 20.227(2) 7.4479(6) 2715.2(4) 0.0880 7.565
2.71 17.927(3) 20.002(2) 7.3782(8) 2645.6(5) 0.1137 4.694
3.90 17.796(2) 19.752(2) 7.3126(7) 2570.3(4) 0.0702 4.469
4.48 17.786(3) 19.700(3) 7.2914(9) 2554.8(6) 0.0894 5.535
5.68 17.760(7) 19.573(4) 7.243(2) 2517.9(13) 0.0642 3.755

Fig. 2 Evolution of the unit-cell parameters of mordenite with pressure. The esds values are smaller than the size of the symbols. Solid
lines represent the axial and volume fit with a II-BM-EoS
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which hinders any accurate lattice parameters determi-
nation.

Discussion and conclusion

Mordenite is the first zeolite with MOR topology
(Baerlocher et al. 2001) investigated under P. Only
bikitaite, a lithium zeolite (BIK topology), which shows
some affinity with the MOR topology (Gottardi and
Galli 1985), was already investigated under P by means
of single-crystal diffraction (Comodi et al. 2003) and
synchrotron powder diffraction (Ferro et al. 2002). The
bulk modulus of mordenite obtained in this study
[KT0=41(2) GPa] is close to the bulk modulus of bikit-
aite [KT0(bikitaite)=44.2(4) GPa, Comodi et al. 2003;
KT0(bikitaite)=45(1) GPa, Ferro et al. 2002], slightly
lower then that of the ‘‘fibrous zeolites group’’ (average
bulk modulus KT0=50±10 GPa, Gatta 2005 and ref-
erences therein) and higher then zeolites with similar
large channel [KT0 (heulandite)=27.5(2) GPa, Comodi
et al. 2001). The axial bulk moduli show that under

pressure the crystal structure of mordenite responds with
a strong anisotropic elastic behaviour, being KT0(a)>
KT0(c)>KT0(b). This behaviour is confirmed by the
magnitude of unit-strain coefficients.

The reasons for the observed anisotropic compres-
sion can be intuitively assumed on the basis of the
crystal structure of mordenite and on the basis of the
HT-structural behaviour. The ellipticity of both
12mR[001] and 8mR[001] channels is given by the major
axis parallel to [100] (Fig. 1b). This implies that any
P-induced compression along [100] leads to a drastic
change in the configuration of the aforementioned
channels, which is energetically unfavourable. It is more
likely that under hydrostatic-P the structure reacts with
a strong shortening along [010] then along [100], main-
taining the original elliptical configuration of the
12mR[001] and 8mR[001]. Although, the crystal struc-
ture of mordenite appears to be more compact along
[001] than along [100] or [010], the HT-study demon-
strated that the framework is ‘‘flexible’’ along [001]. In
fact, Martucci et al. (2003) reported that the main
deformation mechanism of the tetrahedral framework at

Fig. 3 Axial and volume fe–Fe plots. The esds were calculated according to Heinz and Jeanloz (1984). The solid lines are the weighted
linear fit through the data
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HT is the enlargement of the 8mR[010], due to the
flattening of some T-O-T angles. This mechanism
implies changes on the configuration of the 8mR[010]
mainly along [100] and [001]. We can assume, therefore,
that under P-condition the 8mR[010] channels are
compressed more along [001] than along [100], in order
to maintain the original configuration (i.e. without any
‘‘inversion’’ in ellipticity, Fig. 1b). The aforementioned
mechanisms reasonably explain the reasons of the elastic
anisotropy of mordenite and appear to confirm a general
principle concerning the HP-behaviour of microporous
materials: the open framework structures tend to
accommodate the effect of pressure, by cooperative
rotation of the tetrahedra, usually increasing the ellip-
ticity of the channel systems and maintaining the origi-
nal elliptical configuration, without any ‘‘inversion’’ in
ellipticity (Ballone et al. 2002; Comodi et al. 2002; Gatta
and Wells 2004; Gatta et al. 2003, 2004a, b; Lee et al.
2002a, b, 2004). In this context, the anisotropic behav-
iour of mordenite, and of other open framework com-
pounds not investigated under pressure, can be
intuitively expected. In reality, however, the bonding
between the host zeolitic framework and the stuffed
guest species would also affect the overall compression
behaviour (Fois et al. 2005) and it would be interesting
to investigate such effects.
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