Strong negative thermal expansion in siliceous faujasite
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Strong isotropic negative thermal expansion (¢ = —4.2 X
10—¢ K—1) found for siliceous faujasite over a temperature
range of 25 to 573 K is attributed to transverse vibrations of
the bridging oxygen atoms, a model supported by structural
refinements of X-ray diffraction data as a function of
temperature.

Negative therma expansion is not a common phenomenon in
solid materials. When it does arise, it is usualy of small
magnitude and displayed over a limited temperature range.
Such thermal expansion is most usually found in anisotropic
materials, for example, LiAISIO41 NbZrP3O.21  and
Sc,W304,,2 where the intrinsic linear thermal expansion is not
more negative than —2.2 x 10-6 K—1, Ceramic bodies made
from such materials can show greater negative thermal
expansion owing to microcracking effects which tend to
become larger at lower temperatures. For instance a ceramic
body of Sc,W30;,, depending on how it is processed, can give
athermal expansion of upto —11 x 106 K—1, Problems with
microcracking in such ceramic bodies can be avoided if the
material shows isotropic negative thermal expansion as is the
case for the cubic material ZrW,Og which exhibits strong
isotropic negative thermal expansion (—8.7 X 10—6 K—1) over
a broad temperature range.34

An apparent requirement for an oxide material to have strong
intrinsic negative thermal expansion is that it has an open
framework structure with two-coordinate oxygen atoms. Sev-
eral classes of such framework structures exist, including those
of the family of SiO, structures and their derivatives. Various
forms of the more condensed polymorphs of SiO, are known to
exhibit negative thermal expansion over limited temperature
ranges which do not include room temperature. Amorphous
SiO, shows this behaviour below room temperature, and certain
crystalline forms (quartz, cristobalite and tridymite) show weak
negative thermal expansion above 1000 °C.5 Zeolites are a
group of open framework structures that derive from the SiO,
family of structures in which some aluminium replaces the
silicon atoms in the framework structure. The presence of
aluminium atoms in the framework causes complications when
considering thermal expansion properties. The charge of the
aluminium in the framework is balanced by extraframework
cations which influence the thermal expansion in severa ways.
In particular, bonds between framework oxygen atoms and
alkali or akaline earth cations exhibit large positive thermal
expansion so these cations will provide a positive contribution
to the expansion of the zeolite as the temperature increases. The
position of the extraframework cations is also known to vary
with temperature, as has been shown for Ca-mordenite,® again
affecting the thermal expansion properties of the zeolite. The
presence of the extraframework cations also increases the
amount of water taken up by the zeolite. This water is often
difficult to fully remove and can influence the thermal
expansion properties of the system. These difficulties appear to
play a large factor in the experimental data for the thermal
expansion of Nazeolite X, (the only data reported for the
faujasite family that the authors are aware of) which has a net
negative thermal expansion between 25 and 200 K and appears
to expand above 200 K .89

In this work, we chose to study the thermal expansion of a
purely siliceous zeolite, thus avoiding the complications
associated with the extraframework cations and greatly reduc-
ing the water content of the zeolite. Here, we report the thermal
expansion properties of siliceous faujasite from 25 to 573 K, it
being strongly negative (—4.2 x 10-6 K—1) over the entire
range.

The sample of dealuminated Y (DAY was kindly supplied
by Amoco Chemical Company and was prepared as described
previously.®10 The Al content was 120 ppm by ICP analysis.
DAY was heated to 550° for 8 hin air to produce what has been
referred to910 as‘zero defect’ DAY or ZDDAY . Thistreatment
removes the defects caused by dealumination as determined by
295) MAS NMR; only one type of 295 is observed in ZDDAY .
The sample was dehydrated for 12 h at 330 °C under a vacuum
of ca. 10-5 Torr and transferred to an argon-filled glovebox
where it was loaded, and seded, into 0.5 mm and 0.3 mm
diameter Lindemann glass capillary tubes. Before dehydration,
the water content can be indicated as SiO,-xH>O with x = 0.08.
After dehydration, water was undetected indicating that x was
<0.005. Synchrotron X-ray powder diffraction data were
collected on the sample at beamline X7A, National Synchrotron
Light Source, Brookhaven National Laboratory. The dif-
fractometer set up included the use of a Si(111) monochromator
and a krypton filled position sensitive detector (p.s.d.). All data
were collected at a wavelength of 1.09932(6) A. The tem-
perature of the sample for each data collection was controlled
using an Air Products Displex, and data were collected at seven
temperatures between 25.16 and 297.5 K, inclusive. X-Ray data
on the sample from 303 to 573 K were collected on an INEL
XRG 3000 diffractometer using Cu-Ko; radiation mono-
chromated by aGe(111) crystal and adjustablevertical dits. The
detector used was an INEL CPS 90 p.s.d. filled with an ethane—
argon mixture. The sample was held within a capillary furnace
fitted with resistive heating elements.

The synchrotron X-ray data sets were refined using the
Rietveld method.11 The refinement at each temperature was
performed using the same procedure. The first four peaks were
excluded from each refinement owing to their highly asym-
metric peak shape. All backgrounds were fitted by linear
interpolation using the same number of pointsin each case. The
starting model for the siliceous faujasite was taken from that
described by Hriljac et al.10 The last cycle of least-squares
refinement included the histogram scale factor, zero point,
lattice parameter, five peak shape parameters, and the coor-
dinates and isotropic temperature factors of each atom. The
X-ray data sets collected on the laboratory diffractometer were
fitted using the Le Bail method only.12 Again, the background
was fitted by linear interpolation and the last cycle of least-
squares refinement included the zero point, lattice parameter,
and five peak shape parameters. All refinements were carried
out using the GSAS suite of programs.13

The negative thermal expansion properties of siliceous
faujasite are shown in Fig. 1. An approximately linear decrease
in cell dimension is seen over the entire temperature range
25.16-572.0 K. The overall coefficient of thermal expansion
{defined as (I, — l+1)/[I11(T2 — T1)]} caculated for the whole
temperature range is —4.2 X 10-6 K—1, Thisvalueisin good
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Fig. 1 Cubic cell edge as a function of temperature for siliceous faujasite

agreement with that cal culated for siliceousfaujasite by Couves
et al. (—4.1 x 10-6 K-1), but is significantly more negative
than the values obtained from their computational and experi-
mental studies on Na-zeolite X (—3.0 X 10-6K-1and —0.7 X
10-6 K—1, respectively).”8

The results from the Rietveld refinements at the seven
temperatures between 25 and 298 K enable us to gain some
insight into the structural changes giving rise to the negative
thermal expansioin of siliceous faujasite. As in other negative
thermal expansion materials,24 the overal changes in bond
distances and angles are small relative to their es.d.s. A cell
dimension change of that observed between 25.16 and 297.5 K
(24.2782-24.2442 R), when placed on the same scale as a
typical Si—O bond represents a change of only 1.600-1.598 A,
vAvhere atypica Rietveld e.s.d. on a bond length is only 0.002

The observed O—Si—O and Si—-O-Si anglesvaried from 107 to
113° and 137 to 149°, respectively, with no detectable change
with temperature in either case. There was an apparent decrease
in the average Si—O bond distance of 1.614 to 1.610 A from 25
to 298 K. However, after correcting for the thermal motion of
oxygen,1# there was no detectable change in the S—O bond
length over thistemperature range. The fact that the bond angles
and corrected bond distances within the SiO, tetrahedraremain
essentially constant over the temperature range studied allows
the latter to be considered as rigid tetrahedra.

The results from the structure refinements lead us to believe
that the negative thermal expansion of this material isrelated to
the transverse vibrations to the two-coordinate bridging oxygen
atoms, a mode of lattice vibration that is of low enough energy
to bereadily excited at low temperatures. These vibrations lead
to coupled rotations of the essentialy rigid tetrahedra making
up the structure of the zeolite. The lack of any systematic
changes in atomic coordinates and bond angles over the
temperature range studied implies that the transverse vibrations
of the bridging oxygen atoms are essentially harmonic in nature
and the bending of the S—O-Si bonds is dynamic rather than
static in nature. As the temperature of the materia isincreased,
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the magnitude of the transverse vibrations of the bridging
oxygen atoms, as well as the resulting coupled rotations of the
tetrahedra, increases, which manifests itsalf in the structure
refinement results as a decrease in the average Si—O distance.
With the decrease in the Si—O bond length accompanying the
increase in temperature, a decrease in the average Si—Si non-
bonding distance occurs, resulting in the negative thermal
expansion observed. Again we emphasise that the apparent
reduction of the Si—O bond length results from the increased
thermal motion and not from actual changesin the magnitude of
the Si—O vector. The explanation of the mechanism of negative
thermal expansion for siliceous faujasite is the same as that
suggested for other materials such as ZrwW,0Og34 and the usua
forms of SiO,.15

The strong negative therma expansion found in siliceous
faujasite indicates that other zeolites and ALPOs might exhibit
similar behaviour, as has been suggested qualitatively by
computational methods.”-8 However, the latter also predictsthat
some such framework materials exhibit positive thermal
expansion. The reasons for the difference in behaviour for
similar materials remain unclear and merit further investiga-
tion.
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