Journal of Solid State Chemistry 187 (2012) 195-199

journal homepage: www.elsevier.com/locate/jssc

Contents lists available at SciVerse ScienceDirect

Journal of Solid State Chemistry

Jounseor
SOLID STATE
CHEMISTRY

In-situ non-ambient X-ray diffraction studies of indium tungstate

Tamam I. Baiz !, Christophe P. Heinrich 2, Nathan A. Banek 3, Boris L. Vivekens, Cora Lind *

Department of Chemistry, The University of Toledo, Toledo, OH 43606, USA

ARTICLE INFO ABSTRACT

Article history:

Received 6 October 2011
Received in revised form

2 January 2012

Accepted 9 January 2012
Available online 18 January 2012

Keywords:

Non-hydrolytic sol-gel process
Negative thermal expansion
Indium tungstate

X-ray diffraction

Variable temperature studies
High pressure studies

compounds.

In situ variable temperature and high pressure X-ray diffraction studies were carried out on indium
tungstate (In;Ws01;). This material displays positive volume expansion in both its low temperature
monoclinic and high temperature orthorhombic phases, with negative thermal expansion along the a
axis and positive thermal expansion along the b and c axes. Upon hydrostatic compression in a diamond
anvil cell, one crystalline to crystalline phase transition is observed in the range 1.9 to 2.7 GPa, and
progressive irreversible amorphization occurs at pressures above 4.3 GPa. The crystalline high pressure
phase appears to be isostructural to previously observed high pressure phases in other A;M30;

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, there has been an increased interest in
negative thermal expansion (NTE) materials, which contract upon
heating [1-17]. Materials exhibiting this property have the
potential for achieving better control of thermal expansion
through the synthesis of composite materials with tunable
expansion coefficients. A family of materials that has been known
to show NTE are A;M30;, compounds, where A can be a variety of
trivalent cations ranging in size from AI** to Gd®>*, and M can be
Mo or W [16,17]. These compounds adopt two closely related
crystal structures, a denser monoclinic phase in space group
P 2;/a, and an orthorhombic phase in space group Pnca [18].
Many compositions show a reversible phase transition from the
monoclinic structure at low temperatures to the orthorhombic
polymorph at high temperatures. The temperature of this
phase transition depends on the metals incorporated into the
structure [16,19-26]. NTE behavior is only observed in the
orthorhombic phase.

A common feature of NTE materials is that they possess a highly
flexible, corner-sharing polyhedral framework, which allows for
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the concerted tilting motions of the MO, polyhedra that cause the
observed expansion behavior [14,15,24]. The potential use of NTE
materials as fillers in controlled expansion composites therefore
necessitates investigation of their high pressure behavior, as the
open framework structures make these compounds prone to
pressure-induced phase transitions. Composite preparation often
requires hot or cold pressing, and localized microstrain on the filler
particles can result from expansion of the matrix. Pressure-induced
changes in the structure of the NTE filler are detrimental to the
performance of a composite [27-29], as the high pressure phases
are unlikely to exhibit NTE [30]. Irreversible phase transitions will
be problematic regardless of when they occur, while reversible
phase transitions during composite preparation may be tolerable if
the microstrain during thermal cycling does not reach the phase
transition pressure.

High pressure studies on a number of NTE materials have been
carried out by in situ diffraction experiments and Raman spectro-
scopy [30-35]. While Raman experiments give insights into phase
transition pressures and reversibility, diffraction experiments
give detailed structural information, and allow direct comparison
of high pressure patterns observed for different materials. Pres-
sure-induced phase transitions, as well as pressure-induced
amorphization, have been observed in a number of NTE materials,
including several A,Ms0,, compounds [21,34-37]. For several
orthorhombic materials, a transition to the denser monoclinic
phase adopted by many A,M30,, materials was observed at very
low pressures (Sc;Mos0q:  0.25 GPa, Sc;Ws30q2: 0.3 GPa,
AlL,W304;: 0.1 GPa) [34-37].

Indium tungstate has been previously synthesized, and its tem-
perature-dependent behavior has been studied using diffraction,
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differential scanning calorimetry, dilatometry and Raman spectro-
scopy [16,17,24,38]. A phase transition from the monoclinic P 2;/a to
the orthorhombic Pnca phase was observed at about 250 °C. Pre-
viously reported values for the linear expansion coefficient «; were
obtained by dilatometry, and range from —3.0x10"°K~! to
1.7 x 10~ % K~1[16,38]. No intrinsic expansion coefficients have been
published for In,W30+5, and no reports on the high pressure behavior
of this material exist to date. In this paper we present variable
temperature and high pressure X-ray diffraction studies on In,W3015,
which was prepared using a non-hydrolytic sol-gel method.

2. Materials and methods
2.1. Sample preparation

Reactions were set up using standard Schlenk and glovebox
techniques. All glassware was dried overnight. Starting materials
were purchased from Strem Chemicals (WClg, 99.9%) Alfa Aesar
(InCls, 99.9%), Fisher Scientific (CH3CN), and Aldrich (iPr,0, 99%).
CH3CN was distilled from CaH,, all other materials were used as
purchased. InCl; (2 mmol) and WClg (3 mmol) were placed in a
glass ampoule in the glovebox. CH3CN (8 mL) was added to the
same ampoule. The ampoule was capped with a septum, and
transferred to a Schlenk line outside the glovebox. While the
ampoule contents were stirring, iPr,O (12 mmol) was added.
The mixture was left to stir at room temperature for 30 min.
The ampoule was then cooled in liquid N,, and sealed under
vacuum. The sealed ampoule was heated at 130 °C over a period
of 7 day. It was opened in air, and the sample was recovered by
evaporation. The resulting tar was heat treated to 400 °C for 3 h to
convert the sample to a black powder, and then to 600 to 700 °C
for 3 h to obtain crystalline material.

2.2. Characterization methods

Room temperature powder X-ray diffraction data were col-
lected on a PANalytical X'Pert Pro diffractometer, using Cu-K,
radiation and an X'Celerator detector in Bragg Brentano geometry.
Variable temperature X-ray diffraction data were acquired on a
Scintag XDS-2000 equipped with a Moxtek detector and an Anton
Parr high temperature stage with a platinum heater strip. Samples
were mixed with silicon as an internal standard to correct for
sample height offsets as a function of temperature. Data were
collected over the temperature range 30 to 600 °C, with the first
scan at 30 °C, and then in 50 °C increments from 50 to 600 °C.
Heating rates were set at 10 °C min~ ', and a 5 min hold time was
programmed to allow for equilibration of sample temperature.
Sample composition was analyzed by energy dispersive X-ray
spectroscopy on a Hitachi S-4800 scanning electron microscope
using an Oxford Instruments EDS detector.

High pressure in-situ X-ray diffraction experiments were car-
ried out at the Cornell High Energy Synchrotron Source (CHESS) at
beam line B2 using a four post diamond anvil cell with 2.1 mm
thick diamonds and 500 pm cullet faces. Samples were suspended
in a 4:1 absolute methanol:ethanol mixture, which was used as
the pressure-transmitting fluid. This medium remains hydrostatic
up to 10.4 GPa [39]. The sample mixture was then packed inside a
stainless steel gasket with a thickness and hole diameter of
100 pm and 250 pm, respectively. Ruby chips were added to allow
for pressure calibration using the ruby fluorescence technique
[40,41]. The wavelength used for data collection was 0.48595 A,
and the exposure time was 900 s. Data were collected on a Mar345
detector as 2D powder patterns. The sample was compressed
to 7.15GPa in ~0.3 to 0.5 GPa increments, and then decom-
pressed to 0.49 GPa in slightly larger steps.

X-ray data were analyzed by Le Bail refinements using the
FullProf software suite [42,43]. Le Bail mode was chosen to avoid
discrepancies in peak intensities due to the small sample sizes used
for non-ambient experiments, which often result in non-random
intensities. High pressure data were integrated using Fit2D before
refinement [44]. Very strong spots from large crystallites were
masked before integration. For patterns corresponding to new high
pressure phases, peak positions were extracted in JADE [45], and
used in the indexing programs DICVOL [46], TREOR [47], and ITO
[48]. A Birch-Murnaghan equation of state (EOS)[49] was fitted to
the calculated unit cell volumes using the EOS-FIT program
(v5.2)[50]. A third-order Birch-Murnaghan EOS was used.

3. Results and discussion

Samples of In,W30,, were recovered as dark tars after non-
hydrolytic sol-gel synthesis. Crystallization was observed
between 600 and 700 °C. EDS analysis gave a 2:3 ratio of In:W
in all particles. Powder X-ray diffraction data collected at room
temperature could be fitted with the monoclinic P 2;/a structure
previously reported for In,W504,. Variable temperature diffrac-
tion studies revealed a phase transition to the orthorhombic Pnca
polymorph between 200 and 250 °C, which is in agreement with
previous literature reports [24,38]. Lattice constants as a function
of temperature were extracted in FullProf, and showed that both
phases exhibit positive volume thermal expansion (Fig. 1). The
orthorhombic phase displays anisotropic expansion, with values
of 0tg=—31x10"%K™ !, 0,=11x 107K~ !, 0,=1.6 x 1076 K1,
resulting in an average linear expansion coefficient o, of
3.1x10"%K~!. This value is higher than those previously
reported from dilatometer measurements [16,38]. However, dila-
tometry cannot distinguish intrinsic and extrinsic contributions
to expansion, and it is unknown whether the measured speci-
mens contained randomly oriented particles.

High pressure data for In;Ws0;, were collected at room
temperature up to 7.1 GPa. One phase transition was observed
before irreversible amorphization occurred (Fig. 2). Le Bail refine-
ment of the initial X-ray pattern in space group P 2;/a gave an
excellent fit (Fig. 3). The extracted lattice constants, a=16.403 A,
b=9.630A, c=19.020A and f=125.53°, are similar to those
obtained under ambient conditions. This monoclinic cell could
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Fig. 1. Volume expansion of In;W30;, from variable temperature powder
diffraction study.
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Fig. 2. Variable pressure XRD patterns for In,W301,. The insert shows that a phase
transition occurs between 2.2 and 2.7 GPa.
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Fig. 3. Le Bail fit for the ambient pressure data set of In,W50;,. The red dots represent
data points, the solid line corresponds to the calculated pattern, and tick marks
indicate peak positions of In;W50;,. A difference plot is shown below the pattern.

account for all data below 2.2 GPa (Table 1), while a deterioration
in fit quality was observed at 2.2 GPa, suggesting a possible phase
transition. Close inspection of the data (Fig. 2 inset) revealed the
onset of this phase transition already in the 1.9 GPa dataset, and
coexistence of the two phases is clearly observed at 1.9 and
2.2 GPa. This is most obvious from inspection of the region
between 6 and 6.5° 20. The peaks at 6° and 6.5° belong to the
low and high pressure phases, respectively. Both peaks are
observed in the 1.9 and 2.2 GPa data, while only one is present
at lower or higher pressures. The phase transition was further
verified by the less than satisfactory fit of the 2.7 GPa data using
the monoclinic P 2;/a cell (Fig. 4(a)). This new phase was present

Table 1
In,W30;, lattice constants and unit-cell volume as a function of pressure
determined by Le Bail fits.

P(GPa)  Chi* Ry a(A) b(A) c(A) BC) Volume (A®)
Ambient 022 0.05 16.403 9.630 19.020 125.53 2445.1
0.6 0.19 0.04 16.249 9517 18.740 125.62 2355.7
0.8 0.24 0.03 16.227 9509 18.721 125.62 2348.6
1.1 0.18 0.02 16.145 9458 18.631 125.68 2310.9
14 0.21 0.03 16.056 9433 18.507 125.72 22759
1.9 033 0.10 15952 9491 18309 12596 2243.7
2.2 023 0.14 15951 9522 18.181 126.01 2233.7
2.7 042 015 19.679 4491 17.341 99.21 1512.7
3.0 033 031 19509 4473 17.259 99.04 14875
3.4 047 0.61 19.407 4446 17.156 99.08 1461.8
3.6 0.38 034 19380 4430 17.065 98.99 14469
3.8 033 036 19310 4419 17.017 98.99 14342

until about 4.3 GPa, at which pressure the onset of partial
amorphization was observed.

Indexing attempts using peak positions extracted for the
2.7 GPa dataset did not give any reasonable cells. One possible
explanation for this is that the two phases could still coexist at
this pressure, or that peak overlap results in inaccurate peak
position extraction. Datasets collected at higher pressures did not
allow extraction of enough high quality peak positions for reliable
indexing. Comparison of the patterns to other high pressure
diffraction patterns reported in the literature revealed similarities
to published patterns for Sc;Ws04,, Al;W30:5, and Sc;Mo304,
[34,35,37,51]. These orthorhombic compounds were found to
transform to the monoclinic P 2;/a polymorph at very low
pressures (0.1 to 0.6 GPa), and underwent a second crystalline-
to-crystalline phase transition at pressures between 3.2 and
3.5 GPa to a phase that gave similar powder patterns to In,W5015
at 2.7 GPa. This high pressure phase was also observed for
Ga;Mo30,;, at pressures above 2.4 GPa [21]. Phase coexistence
of the higher pressure phase and the monoclinic P 2;/a polymorph
were reported for Sc,W30,, between 1.6 and 3.0 GPa, similar to
what was observed in this study [51]. No indexing results are
available for Sc;Mo30:,, but lattice constants for AlL,W30q,,
Sc,W304,, and GasMos0,, have been reported. These lattice
constants were used as starting points for Le Bail refinements in
space group P 2 for In,Ws30;,. While the published lattice
constants did not give excellent fits, the fit quality was convincing
enough to suggest that AlbW3013, ScoW3012, Ga;Mos0q2 and
In,W501, adopt the same high pressure structure. Initial indexing
on GaMo3012, which was previously carried out in our group,
yielded several reasonable cells with comparable statistics. Based
on minor differences in fit quality, the cell reported in the
literature was chosen. However, the Ga,Mo030;, sample investi-
gated contained a MoOs impurity phase, which could have
affected the cell choice. All reasonable cells previously obtained
for Ga;Mo30,, were used for Le Bail refinements. While none of
the cells could account for all of the peaks, a cell with lattice
constants of a=19.675 A, b=4.491 A, c=17.341 A and $=99.21°
gave the best fit (Fig. 4(b)). The discrepancies observed could be a
result of small amounts of impurity phases, including residual
P 2;/a polymorph. Le Bail fits using the alternative high pressure
phase cell were significantly better than fits using the lower
pressure P 2;/a cell. This smaller monoclinic cell could account for
the data up to 4.3 GPa, at which pressure partial amorphization
occurred. This is very similar to the pressure at which the onset
of amorphization was observed in Sc;W30q, (4.2 GPa). The
amorphous phase was retained during decompression.

The extracted unit cell volumes as a function of pressure show
an abrupt volume change of ~32% at the transition pressure. This
suggests that the high pressure phase used to fit the data must
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Fig. 4. Le Bail fit of the 2.7 GPa data for In;W501, (a) using the P 2;/a monoclinic
cell observed for lower pressures, and (b) a smaller monoclinic cell with
a=19.675 A, b=4.491 A, c=17.341 A and f=99.21°.

contain a smaller number of formula units (Z). The volume per
formula unit at 2.2 GPa (Z=8) is ~280 A3. An identical volume
per formula unit at 2.7 GPa would correspond to 5.4 formula
units, suggesting that the high pressure phase may contain six
formula units per cell, with a volume of ~250 A® each. This would
correspond to a decrease in unit cell volume per formula unit of
~10% at the phase transition (Fig. 5), which is comparable to
commonly observed volume decreases at pressure induced phase
transitions [37,52,53]. While a Z of six is possible in a monoclinic
cell, it is also possible that the cell used for refinements is a sub-
or supercell of the true unit cell.

The compressibility of the two In,W30,> phases was calcu-
lated from the extracted lattice constants. The volume compres-
sibility, f3,, of the initial monoclinic phase of In,W30;>, was
—43x1072GPa~!. The linear compressibilities for a, b and ¢
were —1.5x1072GPa~', —8.3x107>GPa~', and —1.8 x 1072
GPa~!, respectively. The compressibilities of the a and c axes are
similar, but the b axis shows a smaller value. This is in agreement
with previous literature reports stating that A,M30;, compounds
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Fig. 5. Change in unit cell volume per formula unit as a function of pressure for
In,W301,. V/Z for the high pressure phase was calculated assuming Z=6.

show anisotropic compressibility, with the b axis being stiffer [35].
The high pressure phase gave volume and linear compressibilities
of —48x1072GPa~!, —1.6x1072GPa~!, —1.5x10"2GPa"!
and —1.8 x1072GPa~!, respectively. In contrast to the initial
monoclinic phase, the compressibilities of all three axes are very
similar. It is interesting to note that the high pressure phase is
slightly more compressible than the ambient pressure monoclinic
phase. Similar behavior has been observed for the orthorhombic
Pnca and monoclinic P 2;/a polymorphs in several materials
[35,36].

A third order Birch-Murnaghan EOS fit to the extracted unit
cell volumes for the low pressure monoclinic phase gave a bulk
modulus Ko of 13(2) GPa, and a zero pressure volume of 305.6 A3
pre formula unit. These values are comparable to those reported
for SC2M03012 and SC2W3012 [34,35]

The reversibility of the crystalline to crystalline phase transition
was not addressed, as the sample was further compressed, and
started to amorphize above 4 GPa. No changes were detected during
decompression, indicating that the amorphization was irreversible.

4. Conclusions

In situ high temperature and pressure diffraction studies on
In,W50,, have shown that this compound is not the best
candidate for controlled thermal expansion composites, as it
only exhibits uniaxial negative thermal expansion, and overall
positive volume expansion. In addition, the occurrence of a
pressure induced phase transition between 1.9 and 2.7 GPa could
be problematic during composite processing. The phase transition
is accompanied by a compressibility collapse, resulting in higher
compressibility of the denser high pressure polymorph. This is
similar to observations in other compounds in the Sc,; W30,
family. The origin of this intriguing behavior is unclear, and
warrants further experimental and theoretical work.
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