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Pressure and temperature are basic thermodynamic variables
transforming matter from one state to another. Our knowledge
of pressure-induced phase transformations of zeolites, however,
is very limited compared to the vast number of temperature-
dependent studies performed over the past several decades.1-3

This is partly due to the required experimental complexities as
well as the analytical ambiguities arising from the porous nature
of the materials, which can lead to compositional changes upon
interaction with various pressure-transmitting media.4-6

The large variety of zeolite structures is due to the numerous
possible linkages of (Al,SiO4)-tetrahedra that bound nanopores
of various sizes. The built-in flexibility allows these structures
to contract and expand in response to external changes and alters
the chemistry occurring in the nanopores. Unusual effects such
as negative thermal expansion and cation relocations in zeolite
rho have recently been recognized to be driven by temperature-
induced chemical changes.7 Therefore, applying external hydro-
static pressure was also anticipated to alter the chemical envi-
ronment within the pores. We have reported different phase
transitions depending on the type of cations residing inside the
pores in zeolite rho.8 Various interaction schemes between cation
and pressure-transmitting media have been proposed to drive the
observed phase transitions in rho and other zeolites,8-10 but no
structural evidence for these pressure-induced chemical changes
has been reported to date.

We have measured powder diffraction data of natrolite11 as a
function of pressure up to 5.0 GPa using a diamond-anvil cell
(DAC) and a 200µm-focused monochromatic synchrotron X-ray
beam.12 Upon pressure increase, there is an abrupt volume expan-
sion (ca. 2.5%) between 0.8 and 1.5 GPa. Rietveld refinements
using these data showed that this anomalous swelling is due to

the selective sorption of water from the alcohol-based pressure-
transmitting media into the expanded channels, which gives rise
to a “super-hydrated” phase of natrolite, Na16Al16Si24O80‚32H2O,
distinct from the normal natrolite, Na16Al16Si24O80‚16H2O, at
ambient conditions.

The evolution of the unit cell parameters of natrolite is shown
as a function of pressure in Figure 1. Between 0.8 and 1.5 GPa,
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Figure 1. Changes in the unit cell edge lengths (Å) of natrolite as a
function of pressure. Esd’s are multiplied by three at each point. The
structure model at ambient pressure is from the work of Baur et al.15
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the pressure-induced swelling is caused by the expansion of the
unit cell along thea- andb-axes, whereas thec-axis shows the
expected contraction behavior throughout the volume expansion
period. This anisotropic swelling suggests that the rotation of the
chains along thec-axis and subsequent expansion of the channels
in the (001) plane is responsible for the observed volume increase.
The calculated bulk modulus of the large-volume natrolite (B0 )
49(1) GPa) is slightly smaller than that of the normal natrolite
(B0 ) 53(1) GPa), illustrating increased compressibility for this
high-water-content phase.

The changes in the crystal structure accompanying the pressure-
induced swelling were investigated by performing Rietveld
refinements22 using the framework geometrical constraints and
the diffraction data collected in the pressure range examined. The
two structural models for the phases before and after the volume
expansion are shown in Figure 2. As the pressure increases up to
0.8 GPa, the water molecules shift away from the center of the
T10O20 window, close to one of the bridging O(2) oxygens,
resulting in an increase of the coordination number for the OW1
water from four (2 Na+ 2 O) at 0.4 GPa to five (2 Na+ 3 O)
at 0.8 GPa. Considering only the extraframework species, the
water molecules and the sodium cations bond to form an infinite
chain along thec-axis (Figure 2, left). After the volume expansion
at 1.5 GPa, an additional fully occupied water site (OW2) appears
along the channel, leading to 32 H2O per unit cell. This new site
has been proposed to be half-filled with water molecules in
paranatrolite (24 H2O per unit cell),25,26 which gave rise to an
anomalous increase in water mobility in NMR and other
spectroscopic measurements.19,27In fact, we have observed a peak
splitting in the powder diffraction pattern at 1.25 GPa. We suspect

that at this pressure a pseudo-orthorhombic paranatrolite (with
disordered water sublattice) or its mixture with the super-hydrated
orthorhombic natrolite is present. Future work is in progress to
clarify this. The water molecule at the OW2 site is coordinated
by one sodium cation and six framework oxygens, forming a
distorted capped trigonal prism, whereas the OW1 water moves
back to the center of the T10O20 window in a distorted tetrahedral
environment. In addition, unlike the chain of sodium and water
in the low-pressure phase below 0.8 GPa, the superhydration at
the OW2 site generates an infinite chain of hydrogen-bonded
waters along thec-axis with O-O distances between 2.80(4) and
3.09(4) Å (Figure 2, right). The position of the sodium cation
does not show any appreciable changes throughout the superhy-
dration region.

The changes in the framework geometry during the volume
expansion and the superhydration processes can be monitored
using the T-O-T bond angles within and between the chains.
The T-O-T angles within the chain do not follow any systematic
changes, whereas the bridging T-O2-T angle between the chains
shows small changes before, and a continuous contraction after
the superhydration, respectively. Coupled with this, the overall
chain rotation angle,ψ, increases initially up to 25.7° at 0.8 GPa,
drops to 23.7° during superhydration, and increases back up at
5.0 GPa (Figure 3). This indicates that superhydration is coupled
to the relaxation of the overall distortion of the framework by
expanding the pore space perpendicular to the channel.

More detailed structural changes of super-hydrated natrolite
upon pressure release are unclear, as are those that occur during
the volume expansion. Diffraction data on the recovered sample,
however, suggest the reversibility of the system. We intend to
clarify these issues in a follow-up study. Pressure-induced
hydration (or other chemical changes) in other members of fibrous
zeolites will also be monitored using synchrotron X-ray high-
pressure diffraction.
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Figure 2. Polyhedral representations of natrolite at 0.40 GPa (left) and
at 1.51 GPa (right) viewed along [001], the chain/channel axis. Large-
light circles represent water molecules; small-dark ones, sodium cations.
Chains of water and sodium are viewed along [110] below each model.
Dark (light) tetrahedra illustrate an ordered distribution of Si (Al) atoms
in the framework. Straight lines define the unit cell.

Figure 3. Changes in T-O2-T bond angle and overall chain rotation
angle of natrolite as a function of pressure.
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