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Hatiyne: phase transition and high-temperature structures
obtained from synchrotron radiation and Rietveld refinements
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ABSTRACT

The structural behaviour of a haiiyne with a chemical composition of Nay35Cas25K¢ 05[AlgSigO24]-
(SO4)2.03, at room pressure and from 33 to 1035°C on heating, was determined by using in situ
synchrotron X-ray powder diffraction data (A = 0.92249(5) A). The satellite reflections in haiiyne are
lost at ~400°C and a true substructure results because of this phase transition. There is a discontinuity
in the a unit-cell parameter at ~585°C. The a parameter increases rapidly and non-linearly to 585°C,
but above 585°C, the expansion rate decreases. The percent volume change between 33 and 576°C is
2.0(3)%, and 0.6(3)% between 593 and 1035°C. Between 33 and 1035°C, the Al-O, Si—O and S—O
distances are constant. Between 33 and 576°C, the angle of rotation of the AlO, tetrahedron, @a),
changes from 11.5 to 5.8° while the angle of rotation of the SiO, tetrahedron, @g;, changes from 12.4
to 6.3° The Al—O-—Si bridging angle changes from 150.05(2) to 153.08(1)° from 33 to 576°C. Beyond
585°C, @a; and @g; angles remain nearly constant even though the maximum rotation of the tetrahedra
is not achieved. Moreover, the AI-O—Si angle continues to increase at a slower rate from 585 to
1035°C by 1.05(2)°. From 33 to ~585°C, the K atom position migrates at a slower rate than the Na and
Ca atoms, and the structure expands at a high rate. Beyond 585°C, all the atomic positions of the
interstitial cations (Na', K", Ca®") remain nearly constant and the expansion of the structure is retarded.

Keyworbs: haiiyne, phase transition, high-temperature structures, synchrotron radiation, Rietveld refinement.

Introduction weakly developed satellite reflections (Hassan and

Grundy, 1991; Hassan and Buseck, 19895).

HAUYNE, 1deally NaGCaz[A165i6024](SO4)2, is a
sulphatic sodalite-group mineral, as are nosean
and lazurite. These minerals contain SO3~ as the
dominant interstitial anion, and they generally
show complex satellite reflections (e.g. Saalfeld,
1961; Taylor, 1968; Schulz, 1970; Hassan et al.,
1985). The satellite reflections indicate that the
structures of sulphatic sodalites are modulated
incommensurately, so these minerals were studied
by transmission electron microscopy (TEM), (e.g.
Morimoto, 1978; Tsuchiya and Takeuchi, 1985;
Hassan and Buseck, 1989a,b; Hassan, 2000). The
haiiyne specimen used in this study contains

The room-temperature structure of haiiyne
(space group P43n) was refined by Hassan and
Grundy (1991). The framework structure of
haiiyne is characterized by four-membered rings
in the faces of the unit cell, and these rings are
linked to form six-membered rings about the
corners of the unit cell (Fig. 1). These rings have
an ordered distribution of Al and Si atoms. The
cages in hailiyne can accommodate a variety of
interstitial cations and anions by cooperative
rotation of the AlO, and SiO, tetrahedra by
angles @, and og;, respectively, from their
positions in a fully expanded state where @, is
zero (Fig. 1). In haiiyne, the SO3~ group occurs as
the dominant interstitial anion and the interstitial
cations are Na®, Ca®>" and K'. These cations
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FiG. 1. Projection of the structure of haiiyne down [010]
showing the lower half of the unit cell. The 7O,
tetrahedra are ordered and the angles of rotation of these
tetrahedra are indicated by ¢4, and @g;, with respect to
the cell edges. (a) structure at 33°C and (b) expanded
structure at 1035°C showing the changes in the @4; and
(s; rotational angles. ¢ is the angle between the cell
edge and the projection of the tetrahedral edge on (001).

diagonals of the cubic cell. The SO3~ groups may
occupy two independent positions at the centre of
the cell; one SO3~ group is rotated 90° with
respect to the other. However, the interstitial
cations force the S atom off the 2(a) position at
the centre of the cell to an §(e) position (see
Hassan and Grundy, 1991).
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Although the thermal expansion of sodalite and
structurally related materials was studied by high-
temperature powder X-ray diffraction (XRD) (e.g.
Taylor, 1968; Henderson and Taylor, 1978), no
previous high-temperature structural work was
done on haiiyne. The present study was carried
out to determine the structural behaviour of
haiiyne to 1035°C wusing in situ synchrotron
X-ray powder-diffraction data and Rietveld
structure refinements. The satellite reflections in
hatiyne should be destroyed with increasing
temperature where a phase transition should
occur and result in a true substructure. The
thermal expansion of haliyne is discussed in
terms of the observed structural changes and the
geometric model of Hassan and Grundy (1984).
This study provides further insights into the
structural behaviour of sodalite-group minerals,
several of which were recently determined
(Hassan et al., 2004; Antao et al., 2003, 2004).

Experimental methods

The haiiyne sample used in this study is from Valle
Biachella, Sacrofano, Italy, and has a composition
of Nay35Ca;28K0.95[Al6Sic024] (SO4)2.03 (see
Hassan and Grundy, 1991). The crystals of
haiiyne were hand-picked and crushed to a
powder using an agate mortar and pestle. High-
temperature synchrotron X-ray powder-diffraction
experiments were performed at beam-line X7B of
the National Synchrotron Light Source at
Brookhaven National Laboratory. The sample
was loaded in a quartz capillary (diameter =
0.5 mm, open to air at one end) and was oscillated
during the experiment over a 0 range of 15°. The
high-temperature XRD data were collected using
in situ synchrotron radiation (A = 0.92249(5) A) at
room pressure and temperature from 33 to 1035°C.
The sample was heated at a rate of ~9.5°C/min
using a horseshoe-shaped heater and controlled
using a thermocouple element near the capillary.
The diffraction data were collected in regular
intervals of ~17°C. The data were collected to a
maximum 20 of ~50° [(sin/A) < 0.46 A~']. An
imaging plate (IP) detector (Mar345, 2300 x 2300
pixels) mounted perpendicular to the beam path
was used to collect full-circle Debye-Scherrer rings
with an exposure time of 15s. In a separate
experiment, an external LaBg standard was used to
determine the sample-to-detector distance, wave-
length, and tilt angle of the IP. The diffraction
patterns recorded by the IP were integrated using
the Fit2d program (Hammersley, 1996).
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Rietveld structure refinements

Of the numerous XRD traces collected, 26 were
selected at regular temperature intervals for
treatment with the Rietveld method, using the
GSAS and EXPGUI programs (Larson and Von
Dreele 2000; Toby, 2001). All the strong
reflections can be indexed on the basis of space
group P43n, which is a pseudo space group for
haiiyne as it contains weak satellite reflections,
<1.5% of the strongest 211 reflection. Because of
their low intensity, they were ignored in the
subsequent structure refinements. For the room-
temperature structure, the starting atomic coordi-
nates, cell parameters, isotropic displacement
parameters, and space group, P43n, were those
of Hassan and Grundy (1991). The refined atomic
coordinates were then used as input for the next
higher-temperature structure. Initially, the site
occupancy factors (sofs) in the structural model
were set to the nominal chemical composition of
Na4_35Ca2_2gK0_95[A15$i5024](SO4)2. Refinement
of the sofs for the interstitial cations (Na, Ca
and K) and S atom indicate this formula to be
appropriate. The sofs obtained for these atoms are
similar to those obtained by Hassan and Grundy
(1991), and although they were held constant at
the different temperatures, they were refined at
several temperatures to check for any significant
deviations from that at room temperature.
Initially, the background was modelled using a
24-coefficient Chebyschev polynomial function
of the first kind, and the reflection profiles were
fitted using the Gaussian function corrected for
asymmetry (asym term, GW and GV). The zero
shift was set to zero at all temperatures, as the
instrument was calibrated with a LaB¢ standard.
The 24-coefficient Chebyschev polynomial
modelled the background “hump” of the quartz
capillary quite well. However, above 350°C, the
beam intensity dropped by ~3 as judged from the
counts for the strongest 211 reflection at 14.2°20.
Then it was necessary to model the background
with 36 coefficients instead of 24. Subsequently,
all the refinements were re-done using 36
coefficients. Because of the change in intensity,
the peak to background ratio is quite poor for the
211 reflection because it is located on the
background ‘hump’ of the quartz capillary.
However, as the background was fitted quite
well, the data are still quite good, but the low x>
at high temperatures is a result of the low peak-
to-background ratio, and the structural results are
comparable at all temperatures. A full-matrix
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least-squares refinement varying a scale factor, a
cell parameter, atomic coordinates, and isotropic
displacement parameters converged rapidly.
Similar atoms were constrained to have equal
isotropic displacement parameters, namely Uyp, =
USi; UNa = UK = UCa; and U()]‘ = U02§ for the
SO3~ group. Soft constraints were used for 7—O
(T = Al, Si) and S—O distances and the statistical
weights were decreased during the refinements.
Because of these constraints, their contribution
to y® was ~0.005 (i.e. 0.5%) at different
temperatures. Finally, the background (36
terms), profile parameters (3 terms), a scale
factor, a cell parameter, and structural para-
meters (12 variables) were allowed to vary, and
the refinement proceeded to convergence. The
structures refined well at all temperatures. The
number of variables was 53 at the end of the
refinement, and the number of observed reflec-
tions was from 65 to 69. The number of
observations (data points) over the 20 range
was ~1990. Synchrotron powder XRD traces are
shown in Fig. 2, as examples. The cell para-
meters and the Rietveld structure refinement
statistics at various temperatures are listed in
Table 1. The atomic coordinates and isotropic
displacement parameters are given in Table 2,
and selected bond distances and angles are listed
in Table 3.

Results and discussion

Satellite reflections in haiiyne

Satellite reflections that occur in the haiiyne
sample used in this study are easily observed in
selected-area electron diffraction (SAED)
patterns (see Fig. 2 of Hassan and Buseck,
1992). In the synchrotron powder XRD traces,
while several very weak satellite reflections are
observed; a weak satellite reflection occurring
at ~7°20 is easily seen (arrow; Fig. 2a). The
satellite reflections were not excluded in the
structure refinement because they are weak.
The satellite reflections were observed from 33
to 390°C, but not in the trace at 407°C and
higher temperatures (see Fig. 2b,c), so the
ordering that gives rise to the satellite
reflections in haiiyne is destroyed at ~400°C
(between 390 and 407°C traces). The disap-
pearance of the satellite reflections indicates a
change in space group, which is now truly
P43n, and gives rise to a structural phase
transition, which was not otherwise detected in
the structural parameters.
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F1G. 2. Synchrotron powder XRD traces for haiiyne: (@) at 33°C, (b) at 407°C, and (c) at 1035°C together with the
calculated and difference plots from Rietveld refinements. A strong satellite reflection is indicated by an arrow in (a).
The intensity of the satellite reflections decreases with temperature and they disappear at and above 407°C.

Cell parameters . . —
p there is a discontinuity at 585°C (temperature

The a cell parameter for haiiyne increases
smoothly and non-linearly with temperature, but
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chosen midway between 576 and 593°C; Fig. 3).
Beyond 585°C, the rate of expansion is retarded.
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TaBLE 1. Hailyne: Rietveld refinement* and unit-cell parameters at various temperatures (°C).

T (°C) a(A) R, Ry,  Exp.R,, R x> Nobs
33 9.1236(1)  0.0124  0.0173  0.0252  0.0350  0.4812 65
101 9.1318(1)  0.0139  0.0209  0.0253  0.0359  0.6978 67
152 9.1375(1)  0.0139  0.0211 0.0253  0.0372  0.7078 67
203 9.1424(1)  0.0127 00183  0.0255  0.0297  0.5266 65
254 9.1455(1)  0.0121 0.0171 0.0254  0.0406  0.4609 67
305 9.1528(1)  0.0120  0.0169  0.0255  0.0328  0.4500 65
356 9.1583(1)  0.0043  0.0061 0.0271 0.0393  0.0505 67
373 9.1589(1)  0.0042  0.0061 0.0272  0.0347  0.0501 67
390 9.1642(1)  0.0039  0.0056  0.0273  0.0361 0.0426 67
407 9.1637(1)  0.0038  0.0055  0.0275  0.0401 0.0410 67
441 9.1694(1)  0.0036  0.0053  0.0276  0.0397  0.0372 67
492 9.1737(1)  0.0035  0.0055  0.0277  0.0347  0.0402 67
542 9.1798(1)  0.0036  0.0054  0.0280  0.0454  0.0380 67
576 9.1852(1)  0.0035  0.0049  0.0280  0.0353  0.0311 69
593 9.1907(1)  0.0031 0.0045  0.0281 0.0405  0.0262 69
644 9.1947(1)  0.0036  0.0049  0.0284  0.0372  0.0310 69
695 9.1968(1)  0.0033  0.0047  0.0284  0.0411 0.0276 69
712 9.1990(1)  0.0036  0.0053  0.0284  0.0415  0.0354 69
729 9.1993(1)  0.0032  0.0048  0.0285  0.0419  0.0287 69
746 9.2010(1)  0.0033  0.0049  0.0285  0.0485  0.0304 69
797 9.2025(1)  0.0034  0.0050  0.0286  0.0416  0.0317 67
848 9.20502)  0.0031 0.0044  0.0288  0.0554  0.0235 69
899 9.2076(2)  0.0032  0.0044  0.0289  0.0540  0.0232 67
950 9.2091(2)  0.0034  0.0048  0.0291 0.0617  0.0273 69
1001 9.2093(1)  0.0041 0.0055  0.0289  0.0479  0.0375 69
1035 9.2103(1)  0.0046  0.0064  0.0288  0.0561 0.0506 67

*R, = pattern R factor = {Z|(/, — I)II/Z],

R, = weighted pattern R factor = {Z[w(/, — I’VE[wI} ", where I, = observed intensity, I, =

calculated intensity, and w = 1/,

R, and Ry, are the fitted values obtained without background subtraction. Exp R, = expected value

of Ryp = R,

R = R structure factor based on observed and calculated structure amplitudes =

{El(Fol/z _ Fcl/z)‘]/ZFol/z

xz = [Ry/R.]; where R, = [(N — P)/(Zw[oz)]”z, where N is the number of observations (data points

Qo

The unit-cell parameter for haiiyne at 33°C
obtained in this study (Table 1; a =
9.1236(1) z&) is slightly different from that
obtained by Hassan and Grundy (1991; a =
9.120(6) A), but they are within experimental
error. The a parameter expansion between 33 and
576°C is given by the least-squares fit (all 7' in
°C): a = 9.1213 + 9.5586x107°T +
2.4947 x 10787 (Fig. 3). The coefficient of
linear thermal expansion, o, = (da/dT)(1/a),
calculated from the above equation, varies
between 1.066x107°°C™" at 33°C and
1.354 x 1075°C ™! at 576°C. The o, between 593
and 1035°C calculated from: a = 9.1229 +
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1992) and P is the number of variables (including structural, background and profile terms
53); Nops = number of observed reflections ~ 67.

1.5450 x 107%T — 6.7698 x 107872, varies
between 8.075x 107°°C~" at 593°C and
1.560 x 107%°C~" at 1035°C (Fig. 3). The
volume expansion between 33 and 576°C is
given by the least-squares fit: V' = 758.8724 +
2.3822x 10727 + 6.6119 x 107°7°. The coeffi-
cient of volume thermal expansion, oy, varies
between 3.194x107°°C~' at 33°C and
4057 x 107>°C™" at 576°C. The o between 593
and 1035°C calculated from: V = 759.1402 +
3.9157x 10727 — 1.7141 x 10772, varies
between 2.425x107°°C~' at 593°C and
4.702x107%°C~" at 1035°C. The percent
volume change between 33 and 576°C is
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FiG. 3. The thermal-expansion curve for haiiyne contains a discontinuity at 585°C. Equations for the least-squares fit

to the data are given as inserts. Error bars are smaller than the symbols.

2.0(3)%, and 0.6(3)% between 593 and 1035°C,
for a total volume change of 2.9(3)%.

The percent volume change in sodalite between
28 and 982°C is 4.8(2)% (Hassan et al., 2004),
and is greater than that in haiiyne. Following
mineral formation, haiiyne contains larger-size
cage clusters, e.g. [Na;CaSO4*" compared to
[Na4C1]3+ clusters in sodalite. Consequently,
hatiyne starts off with a larger unit cell at room
temperature, 9.1236(1) A compared with
8.8870(1) A for sodalite. In addition, at room
temperature, haiiyne (@g; = 12.4°) is in a less
collapsed state than that in sodalite (¢@g; = 23.6°),
as can be judged from the tetrahedral rotational
angles. This suggests that the larger clusters in
haliyne resist contraction following mineral
formation.

Structure of haiiyne

The general structural features of haiiyne have
been described and the structure obtained at 33°C
is shown (Fig. 1). This structure is similar to that
obtained by Hassan and Grundy (1991), except
that the SO2Z~ group is disordered, one Norm
group is rotated 90° with respect to the other, and
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the S atom was kept on the 2(a) site. The AlI-O
and Si—O distances are 1.7418(1) and
1.5971(2) A, respectively (Table 3), compared
to 1.742(5) and 1.597(4) A obtained by Hassan
and Grundy (1991). These results indicate that the
Al and Si atoms are fully ordered and this
ordering does not change with temperature.

The interstitial cations (Na*, K', Ca®>") occupy
three nearby 8(e) positions on the 3-fold axes and
are coordinated by three O atoms that have short
bonds and three O" atoms that are further away.
The O and O’ framework oxygen atoms are
equivalent atoms because they are related by
symmetry. The interstitial cation co-ordinations
are completed by bonds to Olg and O2g atoms of
the SO3~ groups (Table 3). As the SO3~ group is
disordered and the S atom was kept on the 2(a)
site, the displacement parameter for the S atom is
quite large. Moreover, the S—O1/2g bonds of the
disordered SO3~ group were constrained to be
equal. Therefore, the displacement parameters are
also quite large for the Olg and O2g atoms of the
SO3~ group because these O atoms must be
positionally disordered as the S atom is actually
located off the 2(a) site (see Hassan and Grundy,
1991).
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FiG. 4. (a) The Al-0O, Si—0O, and S—O01/2g distances are constant with temperature. (b, c¢) Variation of the
framework 70,4 bond angles with temperature. (d) Variation of the AlI—-O—Si bridging angle with temperature. The
dashed vertical lines are drawn at 585°C.

Framework 1035°C, this angle increases by 4.37(2)°. In

Each of the AlO,4 and SiO,4 tetrahedra contains
one independent T—O bond and these T—O bond
distances are constant with temperature
(Fig. 4a). In the framework tetrahedra, the
smaller O—T—O angles vary opposite to the
larger O'—=T—O’ angles (Fig. 4b,c). These
O—T—-0O angles reach a minimum/maximum
value at the discontinuity at 585°C. Moreover,
the AI-O—Si bridging angle shows a disconti-
nuity at 585°C (Fig. 4d). From 33 to 576°C, the
Al—0O-Si angle increases from 150.05(2) to
153.08(1)°, a difference of 3.03(2)°. Between
593°C and 1035°C, the bridging angle increases
at a reduced rate by 1.05(2)°. At 1035°C, the
Al—-O-Si angle is 154.41(2)°, so from 33 to
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sodalite, from 28 to 982°C, the Al-O—Si angle
increases by 5.06(2)° (Hassan et al., 2004).

Cage clusters

The cage contains interstitial cations (Na*, Ca®"
and K") that are on three nearby 8(e) positions
(see Tables 2, 3 and Fig. 5). The SO3~ group in a
cage occupies two positions that are rotated by
90° with respect to each other and the S atom
occupies the 2(a) site. This geometry leads to
regular tetrahedral groups with both S—Olg and
S—024 distances of 1.5398(3) A at 33°C, which is
reasonable for an S—O bond. The S—01/2g
distances were constrained to be equal and they
are constant with temperature (Fig. 4a). The
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FiG. 5. Variation of the interstitial atom distances with temperature. (a) K—O, (b) Ca—0, (¢) Na—O distances, and
(d) Ca—S and K-S distances. The short K—S distance indicates that the S atom must move from the 2(a) to an 8(e)
site. Error bars are not seen if smaller than the symbols. The dashed vertical lines are drawn at 585°C.

presence of K atoms in a cage and the resulting
short K—S distance (Table 3; Fig. 5d) indicates
that the S atom of the SO~ group must be moved
from the 2(a) to an 8(e) site, as was observed by
Hassan and Grundy (1991). However, this
displacement was not modelled in the present
study and as a result, the isotropic displacement
parameters for the atoms of the SOF~ group are
quite large (Fig. 6).

From 33 to 585°C, the K—O and K-Olg
distances increase smoothly while the K—O’
distance decreases smoothly, but the average
<K—-0O/O"> distance is nearly constant (Fig. 5a).
At 542°C, the K—O and K—O’ distances are
nearly equal, and beyond 585°C, the K—-O’
distance decreases further and then levels off
while the K—O distance is nearly constant. The
expansion of the K—Olg bond could cause the
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framework tetrahedra to rotate, but beyond 585°C,
the K—Olg distance continues to increase and
then levels off where there is no further rotation of
the tetrahedra (Fig. 5a).

The Ca atom has a similar coordination to the K
atom, so the Ca—O distances show similar trends
to the K atom (Fig. 5b). The Ca—Olg distance
increases smoothly, shows a slight break at 585°C,
then increases a little further and levels off at high
temperatures. From 33 to 585°C, the Ca—O bond
increases smoothly while the Ca—Q’ distance
decreases smoothly, but the average <Ca—0/O">
distance is nearly constant throughout (Fig. 5b).
The expansion of the Ca—Olg bond could cause
the framework tetrahedra to rotate, but beyond
585°C, the Ca—O and Ca—Q’ distances are nearly
constant, and no rotation of the tetrahedra occurs
(Fig. 5b).
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The Na atom has a different coordination to the
K and Ca atoms, but the Na—O distances show
similar trends (Fig. 5¢). From 33 to 585°C, the
Na—O bond increases rapidly but smoothly while
the Na—O’ bond decreases rapidly, whereas the
average <Na—QO/O"> distance is nearly constant
(Fig. 5¢). Beyond 585°C, the Na—O and Na—O'
distances are changing at a considerably reduced
rate to the maximum temperature (Fig. 5c¢).
However, the Na atom is also bonded to both
Ols and 02g atoms of the SO3~ group and the
Na—O1/2g distances decrease or increase
smoothly throughout the temperature range. At
~542°C, Na—O1/2g distances are nearly identical,
and at 585°C, there is a sharp and significant break
in these distances. The variation of the Na—O1/2g
distances could cause the framework tetrahedra to
rotate. The short K—S distance (Fig. 5d) indicates
that the S atom of the SOF~ group must be moved
from the 2(a) to an 8(e) site, as was observed by
Hassan and Grundy (1991).

Isotropic displacement parameters

The variation of the isotropic displacement
parameters, U, for the atoms in haiiyne is shown
(Fig. 6). The framework atoms and the interstitial
cations (Na*, Ca®" and K") have normal U
parameters and they increase slightly with temp-
erature. The U parameters for the atoms of the

SO3~ group (S, Olg = 02g) are unusually high
because of disorder and they increase with
temperature.

The thermal-expansion mechanism for haiiyne

The geometrical model for the thermal expansion
of sodalite (Hassan and Grundy, 1984) is
combined with the present results to describe the
thermal behaviour of haiiyne. In the thermal
expansion of hatiyne, the cage clusters may
expand and force the interstitial cations towards
the plane of the six-membered ring, which causes
the framework tetrahedra to rotate. The Al1O, and
Si0y, tetrahedra are rotated by angles @, and @s;,
respectively (see Fig. 1) and are calculated at
different temperatures using equation 8 of Hassan
and Grundy (1984), and their variation with
temperature is shown (Fig. 7). Between 33 and
585°C, @4 changes from 11.5 to 5.8°, a difference
of 5.7°, while the @g; changes from 12.4 to 6.3°, a
difference of 6.1°. These changes are comparable
to changes in the Al—O—Si angle from 150.05(2)
to 153.08(1)°, a difference of 3.03(2)° from 33 to
585°C. Beyond 585°C, @) and @g; angles remain
nearly constant even though the maximum
rotation of the tetrahedra is not achieved, which
occurs when @, is zero. However, beyond 585°C,
the angles in the framework 70, tetrahedra
change with temperature (Fig. 4b,c). During the
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FiG. 6. Variation of the isotropic displacement parameters, U ( x 100 10\2), with temperature. The atoms of the
framework have normal values, while those for the SO3~ group have large values because of positional disorder.
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F1G. 7. (a) Variation of the angles of rotation, ¢ ; and @g;, of the AlO4 and SiO, tetrahedron with temperature (see
Fig. 1). Beyond 585°C, these angles are nearly constant. The dashed vertical lines are drawn at 585°C. (b) Variation
of the atomic coordinate of the interstitial cation, x, with the a cell parameter, and (c) with temperature.
(d) Comparison of the 7O, rotational angles for sodalite and hatiyne. Error bars are not seen if smaller than the
symbols.

stage where rotations of the tetrahedra occur, a
high rate of expansion is achieved and when the
rotations are stopped, the expansion rate decreases
considerably (Figs 3 and 7). In sodalite, between
28 and 982°C, @4 changes from 22.1 to 16.9° a
difference of 5.2°, while the @s; changes from
23.6 to 18.0°, a difference of 5.6°, and the
Al—O-Si angle increases by 5.06(2)°. At room
temperature, the structure of haiiyne is in a less
collapsed state compared to sodalite, but with
increasing temperature, the change in rotation of
the tetrahedra in haiiyne and sodalite are similar,
~5.5°. However, the tetrahedra in hailiyne are
rotated by @g; = 5.6° at 593°C, while about the
same magnitude of rotation (@g; = 5.6°) occurs in
sodalite at 982°C (Fig. 7d).

Sl

As the structure expands, the interstitial cations
move along <111> towards the plane of the six-
membered rings. The change of the interstitial
cation coordinate, x, with the a cell parameter and
temperature are given (Fig. 7b,c). From 33 to
585°C, the x value for Na and Ca atoms changes at
a higher rate than the x value for the K atom,
which is nearly constant, and the structure
expands at a high rate (Fig. 7¢). Beyond 585°C,
all the interstitial cations have x values that
remain nearly constant, and the expansion of the
structure is retarded. Therefore, the movement of
the Na and Ca atoms along <111> allows the
tetrahedra to rotate in hatiyne. If the interstitial
cations reach (%, %, '), which is midway
between the centre and a corner of the cell and
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Fic. 8. Comparison of the coordination of the interstitial cations in haiiyne at (a) 33°C and (b) at 1035°C. The

displacement parameters are shown to scale at the 20% probability level. A six-membered ring is shown. The O’

atoms do not form typical cation—O bonds as they are too long. The long cation—O’ distance decreases with

temperature as the interstitial cations moves towards the plane of the six-membered ring. The Na atom is nearly in

the plane of the three O atoms when x = 0.25, the x values for Na, K and Ca atoms change until 585°C. Thereafter, all
the interstitial cation positional parameters have x values that are nearly constant above 585°C.

approximately in the plane of the six-membered (Y4, Y4, ¥4) in haiiyne at and beyond 542°C, and as
rings, the expansion rate is expected to decrease. the x value for the Na atom beyond 542°C is
However, only the Na interstitial cations are near nearly constant at 0.25, further rotation of the
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tetrahedra is considerably reduced (Fig. 7). In
particular, at 542°C the Na interstitial cation has
an x value that is nearly 0.25, the Na—O1/2g
distances, especially, are nearly equal, and the Na
and three O atoms are approximately in the same
plane (Table 3, Fig. S5c¢). Thereafter, differences
in Na—O1/2g distances are considerable, particu-
larly at 593°C, and discontinuities in most of the
structural parameters occur at 585°C. Therefore, if
a single event is responsible for the discontinuity
in the thermal-expansion curve for hailiyne at
585°C, it has to be the location of the Na cation at
x =0.25, when the Na—01/2g distances are nearly
equal at 542°C. A comparison of the coordination
of the interstitial cations and their locations with
respect to a six-membered ring is shown in Fig. 8
for the structures at 33 and 1035°C.

In hatiyne, thermal expansion occurs mainly by
expansion of the cage clusters, which causes the
interstitial Na and Ca atoms to move along <111>
and allows the framework tetrahedra to rotate.
The change in these rotational angles, @4; and
(@si, 1S comparable to the increase in the
Al-O-Si bridging angle. As these rotations
occur smoothly with temperature up to 585°C,
so does the cell parameter. At 542°C, the Na
cation has an x value that is nearly equal to 0.25,
and the Na—O1/2g distances are nearly equal.
Beyond 585°C, the thermal expansion is consider-
ably reduced, and further rotation of the
tetrahedra ceases.
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