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MOTION AND STRUCTURE OF WATER ADSORBED IN TYPE A
’ ZEOLITES

F.R. TROUW, C. N. TAM
IPNS, Bldg. 360, Argonne National Laboratory, Argonne, IL 60439, USA

The motion of water adsorbed in Type-A zeolites has been measured using quasielastic and
inelastic neutron spectroscopy. Changes in the charge-compensating cation has a dramatic effect
on the low frequency vibrational spectrum, which has a well defined low frequency feature for
sodium and lithium, but no such peak is present for the case of potassium and calcium. At 297K
the low frequency feature is still visible, while there is also quasielastic broadening of the elastic
line due to diffusion of the water protons. These measurements are interpreted in the light of the -
results from computer simulations of these materials.

1 Introductiom - -

From the point of view of neutron spectroscopy, the presence of hydrogen atoms in
a material is definitely an advantage. The thermal neutron scattering cross-section
of hydrogen is approximately 16x greater than most other elements. Furthermore,
the scattering is incoherent, which implies that it is characteristic only of the
motion of a single atom (i.e. no correlation with neighboring atoms), which
represents a significant simplification of the neutron scattering law. These two well
known advantages permit the measurement of the inelastic scattering froim
adsorbates such as water located in aluminosilicate materials such as zeolites.
Previous work on water in zeolites has focused mainly on the differences
between different hydrated zeolites', the effect of partial hydration on harmatome?,
and the rotational dynamics of water in small cage silicates such as analcime®. At
higher loading, the spectra of the hydrated zeolites become relatively featureless,
with broad bands representing the scattering from water in a variety of
environments. The work on harmatome follows the scattering from water at a

variety of coverages, and the results demonstrate that sharper ‘features become"

obscured at higher loading. The analysis of the harmatome vibrational spectra
relies on the detailed knowledge of the mean square displacements originating
from a neutron diffraction study. The quasielastic scattering from the water at
higher temperatures is analyzed in terms of a translational jump diffusion model.
Rotational quasielastic scattering is the focus of the analcime study, as the water
cannot easily undergo translational diffusion.

The present work focuses on the effect on the adsorbed water dynamics of
changing the charge-compensating cation, while maintaining the same framework
structure. Furthermore, detailed computer simulation studies are used to help in the
assignment of the vibrational features. A preliminary interpretation is presented of
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the motion of the water molecule at higher temperatures where quasielastic
scattering is observed.

The Type-A zeolite used for this study is typically cubic, with a lattice
parameter of approximately 24.6 A. The ratio of silicon to aluminum for the
samples used in this study was 1:1, which implies alternation of these atoms in the
structure. The unit cell consists of eight large cages, called the o-cages, with
smaller B-cages at the junction of the larger cages. Access to the B-cages is
restricted by a 6-ring aperture, while the o-cages can be reached via 8-ring
apertures. For the conditions used in this experiment, it is expected that the
adsorbed water molecules can only access the o-cages. The charge compensating
cations are, for the most part, located in the a-cages. For sodium® and potassium®,
the cations are distributed amongst all three types of ring structure in the cage,
with a preference for 8- and 6-ring sites, followed by the 4-ring sites. The case of
calcium’ is somewhat different, as all of the calcium ions are located on the 6-ring
sites. The neutron diffraction data for the Li-A samples used in this study is
currently being refined.

2  Experimental

All of the Type-A zeolites were dehydrated to a vacuum of 10 torr at a
temperature of 675K, and transferred to an aluminum sample cell (0.6 cm diameter
x 10 cm tall for the diffusion measurements and a 1.25 cm x 10 c¢m container for
the vibrational spectroscopy) under a helium atmosphere, which remained in the
can during the experiment. Attempts to hydrate the sample in situ were not
successful. Dosing with water was carried out using a calibrated gas handling
system with the sample in a glass tube, the helium having been removed by
pumping before the dosing. Equilibration of the sample was ensured by
subsequently warming it to about 325K in the sealed glass dosing volume. The
dose of water was equivalent to an average occupancy of 3 water molecules/a-cage.

Neutron scattering measurements were carried out on the QENS spectrometer*
at the Intense Pulsed Neutron Source, located at Argonne National Laboratory.
QENS is an inverse geometry time-of-flight instrument with an elastic resolution
of approximately 1 cm™ and an inelastic scattering resolution of approximately 3%
of the energy transfer. This spectrometer operates mainly in neutron energy loss,
which is well suited for the determination of the vibrational density of states at low

temperatures.

3 Results

The vibrational density of states for 3 molecules of H,O/supercage in a variety of
Type-A zeolites are shown in Fig. 1. The spectra for Na-A and Li-A are quite
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Figure 1: Vibrational spectrum at 15K for (a) Na-A, (b) I&A. (c) Li-A and (d) Ca-A with 3 H,O/ o-cage

different from those for K-A and Ca-A, as the former have distinct low frequency
peaks, while the latter have no such feature.

Assignment of those features to a particular vibrational mode requires detailed
knowledge of the structure of this partially hydrated compound. Unfortunately, the
location of the water molecules is not yet established. Previous work on harmatome
relied on a structural study to-assign the peaks found in the vibrational spectrumn of
that zeolite. The lowest frequency peak at about 88 cm™ was interpreted as the
motion of the Ba®* jon or the Ba?*(H20), complex. Sharp features at these low
frequencies occurs at 29 cm™ for the case of sodium and 63 cm™ for lithium. If the
force constant coupling the hydrated ion to the framework is similar for these two
cases, then the ratio of the peak frequencies should be \/(41/25) = 1.28 for Li:Na,
assuming a single water molecule coordinated with each cation. On this basis, the
peak in the lithium compound is expected at 29 x 1.28 = 37 cm™ which is much
too low. Another factor which should be taken into account is the smaller radius of
the lithium compared to sodium. The measured Na-O distance® is in the range
2.32-2.67 in the 6- and 8-ring sites. The ionic radii for sodium, lithium, and
oxygen are 0.95, 0.60, and 1.40 respectively, implying Na-O and Li-O distances of




2.35 and 2.0 A. For the electrostatic part of the interaction only, this would imply a
force constant ratio of 2:2.35 for Na:Li. This further correction brings the expected
frequency for the hydrated lithium to 40 cm™ which is still much too low. If the
frequency shift scaled with the mass of the dehydrated ions, the expected lithium
frequency would be 53 cm™, and the force constant correction would bring this to
57 cm’, which is comparable to the measured value of 63 cm™. On this basis, the
peak in the vibrational density of states arises from the characteristic motion of the
cation, which is consistent with the assignment of the low frequency peak in
harmatome which was based on the vibrational amplitude of the barium cation.

As part of a concerted effort to come to a fundamental understanding of the -

water-cation interaction in these compounds, these materials were modeled using
the molecular dynamics technique. For sodium-A, the water molecules were found

to hydrate the sodium ions in the 8-ring sites. There is enough space left in the 8- )

ring to allow the water molecule oxygen to “attach” to the sodium cation, while
maintaining two hydrogen bonds to the ring oxygens. This is illustrated in Fig. 2,
which shows a snapshot from the simulation of a water molecule sharing an 8-ring
with a sodium cation. - X

Figure 2: Location of water in 8-ring of Na-A as predicted by molecular dynamics simulation




This provided the insight necessary to explain the lack of a low frequency peak
for hydrated Ca- and K-A zeolite, as the former does not have any 8-rings
containing calcium ions while the latter is probably too big to allow the water to
share the ring with the cation. The water molecules still coordinate to the cations,
but they are disordered about the cation as there are too many options for hydrogen
bonding to the framework oxygens.

The other remarkable feature of the sharp peak observed for Na- and Li-A is
the persistence of this peak at elevated temperatures. It is still visible, although
weaker and broader, at a temperature of 350K, with a sloping background
underneath the feature arising from quasielastic scattering. Again, this can be -
understood by examination of the simulation model. Although the expected
rotation on the basis of the co-location of the water and the cation in the 8-ring is a
motion about the C, axis of the molecule, the water molecules do not move in this
way in the calculation. The molecules essentially remain in the plane of the 8-ring,
while shifting the water-hydrogen to framework-oxygen bonding to adjacent ring
oxygens. This is shown in Fig. 3. Although the water molecule is rotating about an

“axis perpendicular to the plane of the 8-ring, the molecule. is still located in the
ring, and therefore sensitive to the cation motion, resulting in -the residual low
frequency peaks.

Figure 3: Motion of water in 8-ring of Na-A as predicted by molecular dynamics simulation. The molecule
rotates about an axis perpendicular to the plane of the 8-ring.

4 Conclusion

A combination of neutron spectroscopy and molecular dynamics simulation has
provided details of the water-zeolite interaction in a variety of type-A zeolites.
Changes in the charge-compensating cation, while maintaining the same
framework structure, highlights the significance of cation location and size. The



assignment of the low frequency peak to the cation motion, as proposed in the
study of harmotome?, is confirmed. Molecular dynamics simulations predict a
location for the adsorbed water molecule which is consistent with the observed
trend with cation location and size. Quasielastic scattering is observed at 297K,
while a remnant of the low frequency peak is still present. The origin of the
quasielastic scattering is rotational motion about an axis perpendicular to the plane
of the 8-ring, resulting from changes in the hydrogen bonding between the water
and the 8-ring oxygen atoms.
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