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a b s t r a c t

Compression behaviour of a potassium aluminogermanate with a gismondine framework topology

(K-AlGe-GIS) was studied using in-situ high-pressure synchrotron X-ray powder diffraction. In contrast

to the potassium gallosilicate analogue (K-GaSi-GIS), no elastic anomaly due to pressure-induced

hydration and/or cation relocation was observed in K-AlGe-GIS. The Birch–Murnaghan fit to the

pressure–volume data results in a bulk modulus of B0¼31(1) GPa. The derived linear-axial

compressibilities (i.e., ba¼0.0065(5) GPa�1, bb¼0.0196(4) GPa�1, bc¼0.0081(7) GPa�1) indicate that

the b-axis, normal to the 8-ring channels, is about three times more compressible than the a and c axes,

parallel to the elliptical 8-ring channels. As a consequence a gradual flattening of the so-called ‘double

crankshaft’ structural building units of the gismondine framework is observed. In K-AlGe-GIS, this

flattening occurs almost linear with pressure, whereas it is nonlinear in the GaSi-analogue due to

structural changes of the water–cation assembly under hydrostatic pressures.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Structural investigations of zeolites under hydrostatic pressure
have revealed unusual changes in the host–guest chemistry as
well as allowed a better understanding of their basic elastic
behaviour under pressure [1–7]. One of the distinctive features
that zeolites exhibit under hydrostatic pressure is the possibility
of insertion of molecules such as water or small gas molecules and
cations from the surrounding pressure-transmitting medium into
the zeolitic pores/channels. In such cases, the elastic behaviour
of zeolites deviates from depending in a linear fashion on pressure
and exhibits non-linearities and/or discontinuities of their
compressibilities [4,8]. Amongst other factors the flexibility of
the zeolitic framework along with the non-framework cation
and/or molecular assemblies within the pores and channels plays
an important role in the high pressure chemistry of zeolites. The
gismondine framework has been known to be one of the most
flexible among the 191 known topologies [9]. Recently we have
shown that the synthetic potassium gallosilicate with a gismon-
dine topology exhibits modulation discontinuity in its compres-
sibility due to pressure-induced hydration and a subsequent
ll rights reserved.
order–disorder-type rearrangement of the cation–water assembly
under pressure [10].

The framework of a GIS-type zeolite is composed of two
double ‘crankshaft’ chains of tetrahedrons that are connected
perpendicular to each other (Fig. 1) [11–13]. The resulting three-
dimensional framework possesses interconnected pores and
channels that are accessed through 8-ring openings. In the
mineral gismondine (ideally, Ca4Al8Si8O32 �16H2O) the silicon
and aluminium cations are in the centre of oxygen tetrahedrons
which are either ordered or disordered depending on the Si/Al
ratio: they are ordered when the ratio is close to unity [13,14] and
disordered when Si-rich [15,16]. Other members of this structural
family with GIS-type frameworks containing Be-, P-, Ga-, and
GeO4 tetrahedra have also been reported [17–20]. There are many
different exchangeable non-framework cations which control the
zeolitic water content and other physical properties [21,22].
The varied framework chemistry coupled with the easy ion-
exchange properties is a sign that the GIS-type framework is quite
adaptable. In fact, numerous structural studies on GIS-type
zeolites have been reported as a function of cation substitution
and temperature-induced dehydration. These studies reveal the
largest range of unit cell variations and symmetries thus far
encountered in a single framework-type zeolite [21,23,24].
Recently the structural effect of hydrostatic pressure on the
gismondine-type framework and its cation–water sublattice has
been reported for the mineral aluminosilicate gismondine [25]
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Fig. 1. A stick representation of the gismondine-type aluminogermanate frame-

work structure viewed perspective along the [010]. The cross-linking of the two

double crankshaft chain units is emphasized with dark grey. Vertices correspond

to T (Al and Ge in alternation) atoms. Framework oxygen atoms and extra

framework species are omitted for clarity. Dotted lines outline a unit cell.
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Fig. 2. Details of the changes in the synchrotron X-ray powder diffraction patterns

observed for K-AlGe-GIS as a function of hydrostatic pressure mediated by alcohol

and water mixture. Dotted lines are guides to the eyes to show anisotropic shifts in

Bragg peak positions. Asterisk marks indicate peaks from impurity.

Table 1
Changes in the unit cell lengths and volume of K-AlGe-GIS as a function of applied

hydrostatic pressure mediated by alcohol and water mixture at room temperature.

K-AlGe-GISa

(GPa)
a (Å) b (Å) c (Å) b (deg.) V (Å3)

Ambient 10.3206(3) 9.7533(2) 10.2376(3) 90.107(2) 1030.51(7)

0.26 10.3035(2) 9.6989(2) 10.2176(2) 90.100(1) 1021.07(4)

0.83 10.2744(2) 9.5983(2) 10.1920(2) 90.034(1) 1005.10(5)

1.45 10.2441(2) 9.4942(2) 10.1711(2) 90.101(2) 989.23(5)

1.97 10.2303(2) 9.4191(2) 10.1642(2) 89.821(1) 979.42(6)
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and a synthetic gallosilicate analogue [10]. In order to under-
stand the influence of different framework compositions on the
high pressure chemistry we have investigated a synthetic
aluminogermanate gismondine and report here on the
comparative elastic behaviour of the gismondine framework
under pressure based on in-situ high-pressure synchrotron
X-ray powder diffraction data.
2.60 10.2127(3) 9.3265(2) 10.1525(3) 90.208(2) 967.00(6)

3.22 10.1888(3) 9.2313(2) 10.1341(3) 90.227(1) 953.16(7)

a Space group I2/a was used throughout.

2. Experimental methods

The synthesis of K-AlGe-GIS was described in detail by Tripathi
et al. [19]. Initial characterization and screening to find suitable
experimental conditions were performed using a symmetric
diamond-anvil cell and an imaging plate detector at 5A-HFMS
beamline at Pohang Accelerator Laboratory (PAL). In situ high-
pressure synchrotron X-ray powder diffraction experiments were
performed at the X14A beamline at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory (BNL). The
primary white beam from the bending magnet was monochro-
matized using a Si (111) crystal, and sets of parallel slits were
used to create a �400 mm beam of monochromatic X-rays
with a wavelength of 0.6474 Å. A Si-strip detector prototype
consisting of a monolithic array of 640 silicon diodes coupled to a
set of BNL’s HERMES application-specific integrated circuits
(D.P. Siddons, Private communications) was used to collect
powder diffraction data (Dd/d�10�3). The Si-strip detector
covered 3.21 in 2y and was stepped in 21 intervals over the
angular range 3.5–35.51 with counting times of 30 s per step.
The wavelength of the incident beam was determined using a
LaB6 standard (SRM 660).

A modified Merrill–Bassett diamond anvil cell (DAC) was used
for the high-pressure experiments, equipped with two type-I
diamond anvils (culet diameter of 800 mm) and tungsten-carbide
supports [26]. A stainless-steel foil of 250 mm thickness was pre-
indented to a thickness of about 100 mm, and a 500 mm hole was
obtained by electro-spark erosion. The powdered sample of
K-AlGe-GIS was placed in the gasket hole together with some
ruby chips for in-situ pressure measurements. Ambient pressure
data were collected on the dry powder sample inside the DAC.
Subsequently, a methanol:ethanol:water (16:3:1 by volume)
mixture was added to the sample chamber as a hydrostatic
pressure-transmitting medium, and then the DAC was sealed to
the first pressure point. The pressure the sample was exposed
to in the DAC was measured by detecting the shift in the R1
emission line of included ruby chips (precision: 70.05 GPa) [27].
The sample was typically equilibrated for about 10 min in the DAC
at each measured pressure. After each powder diffraction pattern
was collected, the pressure was increased in increments of
�0.5 GPa. A selected region of the synchrotron X-ray powder
diffraction pattern at each measured pressure is shown in Fig. 2.

The whole profile fitting was performed using the GSAS
suite of programs [28]. The background was fitted by a linear
interpolation between selected positions in 2y, and the pseudo-
Voigt profile function proposed by Thompson et al. was used to
model the observed Bragg peaks [29]. Attempts to perform full-
matrix Rietveld analysis were not successful due to the insuffi-
cient powder averaging effects. The final refined unit cell
parameters from the ambient to 3.22 GPa data are listed in
Table 1.
3. Results and discussion

An anisotropic compression behaviour can be deduced by
inspecting the powder diffraction pattern (Fig. 2), which reveals
that the shifts of the peaks in 2y with increasing pressure are
not monotonic and dependent on the Miller indices (hkl). For
example, (020) peak shifts farther to higher 2y on pressure
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increase than (200) and (002) peaks do. The evolution of the
monoclinic unit cell lengths of K-AlGe-GIS, derived from a series
of full profile fitting procedure as described above, clearly
indicates anisotropic contraction behaviour (Fig. 3a), resulting in
a gradual and continuous unit cell volume contraction (Fig. 3b).
This contrasts the changes observed in K-GaSi-GIS, which showed
two distinct regions of volume contraction separated by an initial
pressure-induced hydration and subsequent order–disorder
transition at higher pressures [10]. Therefore, we suspect that
the observed changes in the elastic parameters of K-AlGe-GIS
would reflect isochemical and isostructural compression. The
volume compressibility of K-AlGe-GIS was determined using the
Birch–Murnaghan Equation of State (BM-EoS), which is based
upon the assumption that the high-pressure strain of a solid can
be expressed as a Taylor series of the Eulerian strain [30]

f ¼ ½ðV0=VÞ2=3
�1�=2

(V0 and V represent the unit-cell volume, under ambient and high-
pressure conditions, respectively). Expansion in the Eulerian
strain yields the following isothermal Equation-of-State:

Pðf Þ ¼ 3K0f ð1þ2f Þ5=2
f1þ3=2ðK 0-4Þf

þ3=2½K0K 00 þðK u�4ÞðK u�3Þþ35=9�f 2þ � � �g

where K0 represents the bulk modulus, defined as K0¼�V0

(qP/qV)P¼0¼1/b; where b is the volume compressibility
coefficient, and K0 and K00 represent the first and second
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Fig. 3. Changes in (a) the unit cell edge lengths and (b) volume of K-AlGe-GIS as a

function of the applied hydrostatic pressures. Data from K-GaSi-GIS are shown as

open symbols for comparison.
derivatives of the bulk modulus with respect to pressure
(K0 ¼qK0/qP; K00 ¼q2K0/qP2). The derived bulk modulus of K-AlGe-
GIS is 31(1) GPa with K0 of 8(1). This value constitutes one of the
smallest intrinsic bulk moduli in zeolites measured thus far [31].
Furthermore, in comparison to K-GaSi-GIS, this value is by ca. 55%
smaller than the one observed in the low pressure phase I
(K0¼69(1) GPa) and by 24% smaller than the one measured in the
high pressure phase II (K0¼41(2) GPa). This is again indicative of
the absence of any major chemical or structural changes in K-
AlGe-GIS under pressure.

The anisotropic elastic behaviour of the unit cell axes lengths
can be described quantitatively with a ‘‘linearized’’ BM-EoS,
substituting the cube of lattice parameter with the volume [30].
The ‘‘linear-K0’’, or ‘‘axial-K0’’, obtained is related to the linear–
axial compressibility coefficient (bj) by

bj ¼�1=ð3K0jÞ ¼ ð1=l0jÞð@lj=@PÞ

where l0j (j¼a, b, c) is the length of the unit cell axis length under
room conditions. The derived linear-axial compressibilities are
ba¼0.0065(5) GPa�1, bb¼0.0196(4) GPa�1, bc¼0.0081(7) GPa�1.
The elastic anisotropy of K-AlGe-GIS is thus pronounced along the
b-axis, being ba:bb:bc¼1.0:3.0:1.2. This anisotropy might be
explained by the framework topology. Being close to tetragonal
symmetry [9], the monoclinic unit cell of K-AlGe-GIS is a result of
the cross linking of the dense double ‘crankshaft’ chains along the
a- and c-axes. Compression along these two axes would induce
further buckling of the double ‘crankshaft’ chains and thus results
in an energetically less favourable structure toward framework
collapse. On the other hand, the b-axis is normal to the cross-
linked double ‘crankshaft’ chains, and compression along this axis
would lead to a compaction of the elliptical 8-ring channels by
flattening the double ‘crankshaft’ chains. This can be rationalized
as the pressure-induced evolution of the planarity (or linearity)
of the double ‘crankshaft’ chains (Fig. 4). The planarity of the
double ‘crankshaft’ chains can be defined by one full unit length of
the chain, i.e., the a- or c-axis length, divided by its height, i.e., half
of the b-axis length (Fig. 1). In K-AlGe-GIS, both chains show
a linear monotonic increase of the planarity under pressure. In
K-GaSi-GIS, on the other hand, the pressure-induced evolution of
the planarity of the chain is non-linear and exhibits different
regions of increase due to chemical and structural changes
occurring under pressure (Fig. 4).
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The absence of pressure-induced structural changes in the
channels of K-AlGe-GIS, compared to K-GaSi-GIS, cannot be
assessed without detailed atomistic models from Rietveld
analysis. In terms of the packing in the channels at ambient
conditions, both compounds show similar cation–water contents
based on their unit cell formulae, i.e., ca. 4K+–4H2O per channel in
K-AlGe-GIS and ca. 2.9K+–5H2O per channel in K-GaSi-GIS
[19,20]. The flexibility of the AlGe- and GaSi-frameworks also
appears not to be drastically different based on changes in the
elastic parameters under pressure. The differences in the degree
of ordering and binding energy of the non-framework cations and
water molecules might be important to induce further hydration
under pressure and subsequent rearrangement of the non-
framework species within the compressed channels. Efforts
to increase both the accuracy and precision in the high pressure
experiment will clarify the different host–guest chemistry of the
gismondine zeolites under pressure.
4. Conclusion

We have investigated the high pressure elastic behaviour of a
synthetic potassium aluminogermanate with a gismondine
framework structure and observed the oriented unit cell contrac-
tion due to the flattening of the double ‘‘crankshaft’’ chain units.
Compared to the previously investigated pressure-induced
hydration and order–disorder transition observed in a gallosili-
cate analogue, hydrostatic pressure mediated by alcohol and
water mixture does not seem to cause any apparent structural
changes of the framework or chemical exchange within the
channels of K-AlGe-GIS. The derived bulk modulus of K-AlGe-GIS
represents the inherent compressibility of the AlGe-gismondine
framework and qualifies K-AlGe-GIS as one of the softest zeolites
reported thus far. We thus demonstrated the similarities and
differences of the high-pressure chemistry between different
chemical analogues with the gismondine structure. Pressure-
induced insertion of other smaller atoms or molecules into
the non-penetrating K-AlGe-GIS channel might be envisaged for
future high pressure applications.
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