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Abstract

The aluminosilicate iodide sodalite |Nagl,|[AISiO4]¢ was examined by temperature-dependent
neutron time-of-flight powder diffraction from 5 K to 290 K and X-ray diffraction from 298 K
to 1200 K. The temperature-dependent properties of the mean structure in space group P43n
were obtained by Rietveld analysis. A negative slope for the thermal expansion coefficient
below 50 K could be observed, and the displacement parameters of the iodide ions indicate
anharmonic effects. Local structure models (8 x 8 x 8 super cells) were refined against pair-
distribution functions calculated from total scattering data collected at 5 K, 165 K and 240 K.
The results indicate isotropic displacements for all atoms except for I-atoms, showing the

effects of an anharmonic potential around this anion at very low temperatures.
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Introduction

Anharmonicity in materials is one of the frontier topics in materials research [1]. It is the
cause of thermal expansion [2] and thus its technical importance, e.g. for thermal-energy
conversion, is obvious. In thermal-energy conversion, where parasitic heat conduction by
phonons in solid-state compounds is the physical basis for Peltier and similar effects [1],
anharmonicity gives rise to the thermoelectric effect [3], which is nowadays even more
relevant in the light of the global energy and climate change challenges [4,5]. Anharmonicity
at elevated temperatures (i.e. well above 300 K and near to a material’s melting point) is a
general phenomenon often considered in calculations by using Buckingham or similar
potential functions. However, at low temperatures potential functions are in most cases
assumed to be harmonic. Recently, low-temperature anharmonicity in CsCl was observed by
Sist and co-workers [6]: This well-known compound shows anharmonicity in the Cs atoms
displacement parameters at 20 K.

Sodalites are the simplest zeolites and are built up of a 3-dimensional network of corner-
sharing MOy tetrahedra (where M could be eg. Al3+, Ga3+, Si4+, Ge4+, see [7]), forming the
so-called sod-cages, containing extra-framework cations and templating ions. Sodalites show
great variability in their composition; a comprehensive overview is given by Fischer and Baur
[7,8]. The highest possible symmetry for sodalites is space group Im3m (aristotype),
observed in pure silica sodalites [9,10]. Nevertheless, more than half of all known sodalites
crystallize in space-group P43n. In this space-group the highest possible symmetry is reduced
due to alternating occupation of the framework cations by pairs of atoms (like Al-Si, Ga-Ge,
Al-Ge, Ga-Si, Zn-P). The high flexibility of the sodalite framework due to the tilt-mechanism
[11], allows also the encapsulation of various templating ions. The combination of framework
composition and template ion determines the sodalite’s room temperature unit cell size, thus
systematic variation of either the framework atoms or the template ions could give insight in

the nature of the template-framework interactions. Research considering the thermal
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expansion of sodalites started with the work of Taylor [12], examining the thermal expansion
of sodalites, noseans and haiiynes from 298 K to 1193 K. This work was continued for a range
of synthetic sodalites in which sodium was exchanged by lithium and potassium [13] or the
halide anion was varied [14]. In all these studies, the description of the thermal expansion was
carried out in a phenomenological way with polynomial functions. Hassan et al. [15]
presented temperature-dependent synchrotron X-ray measurements on the aluminosilicate
chloride sodalite, [NagCl,|[AlSiO4]6, from 301 K to 1255 K and concluded that the driving
force for the thermal expansion and the structural behaviour is the expansion of the Na-Cl
bond length in the sodalite cage forcing the framework to expand. The tilting of the
framework is the structural response of the framework to increased temperature and the
degree of tilting is essentially correlated with the room-temperature unit cell size [16].

Low-temperature (i.e. below 300 K) studies of sodalites are rare [17] and mostly concentrate
on the silica sodalite with its pure SiO, framework and organic molecules inside the cage
(e.g.[18]). These compounds show indications of phase transitions in this temperature range,
but the full elucidation of the structural changes remains an unsolved problem [10].
Kashiwagi et al. [19] examined the antiferromagnetic resonance in | Na+I6Na02 | [AISiO4]¢ by
electron spin resonance (ESR) and observed a small anisotropy field of 2¢10” T, as well as a
distinct change in the shape of the ESR signal below 40 K. The authors concluded that this
may be caused by small deviations from the cubic structure at very low temperatures.

In this study, we present a detailed examination of the thermal behaviour of aluminosilicate
iodide sodalite by neutron and X-ray scattering methods from 5 K to 1200 K. The calculated
temperature-dependent thermal expansion (TEC) coefficients indicate an anomalous thermal
expansion below 50 K. The obtained displacement parameters were modelled numerically and
anharmonic effects in the displacement parameters of the iodine atoms are evident.
Refinements of structure models against pair distribution functions obtained from total

scattering data give insight into the local structural order in this system.
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Experimental Details

The aluminosilicate iodide sodalite [Naglh|[AlSiO4]¢ (Na-I-SOD) was synthesised
hydrothermally under autogeneous pressure in a 50 ml Teflon-lined steel autoclave. The
autoclave was filled with a gel prepared from 5 g sodium iodide, 1.2 g Na,SiO3, 0.8 g NaAlO,
and 20 ml 8 M NaOH and heated for 48 h at 473 K. After cooling to ambient temperature, the
product was filtered, washed several times with distilled water and dried at 353 K.

Neutron powder diffraction (ND) data were obtained on the Polaris diffractometer at the ISIS
Facility, Rutherford Appleton Laboratory, United Kingdom. Data were collected on
backscattering (average angle 146.72°), 90° (average angle 92.59°), intermediate angle
(average angle 52.21°), low angle (average angle 25.99°) and very low angle (average angle
10.40°) detectors, corresponding to the approximate d-spacing ranges 4-260 pm, 5-410 pm,
7.3-700 pm, and 13-1380 pm and 30-4800 pm, respectively. Measurements were carried out
with the sample contained in a cylindrical 11 mm diameter vanadium can, placed in a He-
cryostat located in front of the backscattering detectors. Data were collected at selected
temperatures from 5.1(1) K to 290 K. At 5.4(1) K19 measurements of total proton beam
current of 10 pnAh were obtained and subsequently summed. Total proton beam current of
30 nAh data sets were collected at higher temperatures. Data for an empty vanadium can (ca.
600 nAh) collected under identical conditions to the sample were used for data correction.
The temperature-Odependent X-ray powder diffraction (TD-XRD) data were collected on a
PANAlytical X’Pert PW3373 diffractometer equipped with an Anton Paar HTK1200N
temperature chamber, using Cu-K, radiation (Agy = 154.05929(5) pm, Akex = 154.4414(2)
pm), a secondary Ni-filter and an X’Celerator multi-strip detector. All measurements were
carried out in the 26 range from 10° to 130°, with a step width of 0.0167° and a total
measuring time of 76 s per step. Diffraction patterns were recorded in 25 K steps over the

temperature range from 298 K to 1273 K.
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All scattering data were modelled in batch mode using the Rietveld method (TOPAS V4.2,
Bruker AXS, Karlsruhe, Germany), taking the results of a refinement as starting values for the
next higher temperature step. For the TOF data profile parameters were fitted to a Si standard
sample for all detector banks and fixed in the sample refinements. The starting model was
taken from Nielsen et al. [20]. The fundamental parameters were fitted against a LaBg
standard material. During the refinements, the average crystal size (Ly,(IB)) and the
contribution of the micro-strain (gy) to the reflections were refined as well as lattice, isotropic
displacement and the variable atomic position parameters. The Si-O distances were
constrained to 164 pm.

Total scattering analysis of ND measurements at 5 K, 165 K and 240 K were carried out by
calculation of the pair distribution function (PDF) using the software Gudrun [21]. This
software was used for data merging, correction of the scattering contributions of the sample
environment as well as for the data normalization. A triclinic 8 x 8 x 8 sodalite supercell
based on the respective average structure refinement was the starting model for the PDF
fitting with RMCprofile [22]. Fitting was carried out against the total normalized scattering
S(0Q) and the total pair correlation function D(7), as well as the Bragg profile data to provide a
constraint for the long-range crystallinity. S(Q) data were broadened by convolution with a
box function to reflect the finite size of the simulation box.

Ab-initio MD calculations were performed using the CP2K code (version 2.4.0, installed on
Hochleistungsrechenzentrum Berlin), which permits MD calculations in the framework of
density-functional theory (DFT) using a mixed Gaussian and plane wave basis [23,24]. The
calculations employed the PBE functional, and used an energy cutoff of 400 Ry.[25]
Goedecker-Teter-Hutter pseudopotentials optimized for the PBE functional [26] were
combined with the DZVP-SR (double-zeta plus polarisation — short range) basis from the
series of molecularly optimized basis sets developed by Van de Vondele and Hutter [27]. The

ab-initio MD calculations were carried out for the following temperatures: 7 = 298 K, 598 K
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and 998 K. Prior to the calculations, the structure of Na-I-SOD was optimized using DFT,
fixing the lattice parameters to the experimental values for the respective temperatures.

Molecular Dynamics (MD) calculations using empirical force field parameters were carried
out using the GULP code (version 4.3) included in the DS Biovia Materials Studio software
[28]. The force field parameters for silicon, aluminium, oxygen, and sodium were taken from
the collection of shell-model potentials based around the oxygen-oxygen potential developed
by Catlow and co-workers (Si-O, O-O: [29], Al-O, Na-O: [30]). Parameters for the interaction
between 1odine atoms, and between iodine and sodium, were taken from the work of Catlow,
Diller, and Norgett [31]. To model all relevant interaction between different atom types, the
Buckingham potential parameters for the iodine-iodine interaction from that work were also
used for iodine-oxygen interactions. A 2 x 2 x 2 supercell of the sodalite unit cell was used
and the calculations were performed in the canonical ensemble, using the Nosé-Hoover
thermostat to control the temperature. Using a time-step of 0.5 fs, an equilibration stage of
1.5 ps was followed by a production stage of 3.5 ps. The obtained trajectories were used to
calculate the mean atomic positions and displacement parameters (Figure S6, Table S3), and
in the case of the force-field MD calculations, the average kinetic energy for each atom (Table

S3).
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Results

The average sodalite structure and its thermal behaviour

The structure at 5.4(1) K could be refined in space group P43n with a lattice parameter
a =899.651(3) pm using the structural parameters given by Nielsen [20] as starting values in
the refinement. The resulting R, = 1.56% indicates a very good fit (Figure 1) and the validity
of the average structure model (structure and refinement parameters and fitted diffraction
profiles are given as supplementary information S1). Analysis of the variable temperature data
revealed no unexpected behaviour (see supplement S2). The lattice expansion causes a
continuous reduction of the framework tilt angle and at 7¢=1023(2) K a tri-critical phase
transition from space-group P43n to the fully expanded state in space-group Pm3n occurs

(for details see supplement S2).

Thermal Expansion

The thermal expansion coefficients, @;,;(Tr) and aj,,,;(T), were calculated from James et

al. [32]:
al,vol(Tm) = Vlo . H; m = —Tn+12+T"
(1)
and
a}k,vol(Tn) = Vlo . %
(2)

where V) is here the cell volume at 5 K; 7,1, T, and V,4;, V; are the temperatures and cell
volumes of the data sets n+/ and n. The definition of the TEC used in Equation 2 is unusual,
but shows some interesting sample behaviour below 50 K, which could not be seen well in the
TEC calculated according to equation 1 (Figure 2 a), due to high scattering of the data points.

The TEC a;,,;(Ty) (Figure 2 b) shows distinct features between 200 K and 250 K and
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around 500 K and 1000 K. The change in the TEC around 1000 K is associated with the
P43n <> Pm3n phase transition at 1023(2) K. The feature around 500 K fits very well to the
temperature range in which Fechtelkord observed an increase in the Na mobility in this
compound [33] and may tentatively be attributed to such an effect. Another important
observation is that the general slopes of the TEC are distinctively different above and below
250 K. The TEC a;,,,,(T) (only data points below 300 K are shown in Figure 2 c) shows a
distinct feature around 250 K in the a;,,;(T)) as a linear offset. At 40 K, this TEC reaches
zero K™ and changes slope at lower temperatures. The lattice volume expansion and the TEC
a1 v01(Ty) were fitted by a Debye-model and aj,,; could be calculated from the model
volume (red line in Figure 2 ¢). The quasi-harmonic Debye model cannot explain the
observed features below 40 K and between 200 K and 250 K. A Debye temperature for the
data below 300 K of 509(10) K was obtained from this model (for details see supplement S-

3).

The atomic displacement parameters
The temperature dependency of the displacement parameter of a certain atom (u;¢,)*(T) can
be described by the general formula:

(Wiso)*(T) = cq + Da(T) + Ay (T)

(3)
where ¢, 1s a constant describing the contribution from zero-point-energies and atomic
disorder, D, (T) is a harmonic approximation of the displacement parameter and 4, (7) is a
function describing the high-temperature anharmonicity of the atom a. A temperature-
dependent harmonic approximation of the displacement parameter factor was given by
Guinier (see p. 191 in [34]):

eDa

424 T 10pg T ~—~=—ydy
D(T) = —%—=x|-=24— | T =
a(T) Mg 6pa 4T eDafo ey-1)
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4)
with 6p, denoting the specific Debye-temperature for the atom a with atomic mass M, and T
%a y gy

being the temperature. The Debye-function QL ) o Ty1 with its integration variable y, was
Da -

integrated numerically and its value determined by a polynomial approximation f (eTﬂ)

Equation 4 assumes independent atoms without any bonding interactions. However, as shown
below, this approximation can work well for atoms bonded with strong covalent
contributions, if an additional parameter, b, is included describing the individual bonding
contributions to give an effective atomic mass, Mflf ! (equation 5):
M7 =M, b

S))
Using this approach, movement restrictions of the atoms due to harmonic bonding potentials
are taken into account in b. High-temperature anharmonic effects are approximated by an

anharmonicity constant, ¢4, within 4, (T)[35]:

-4
9Da

Ao() = caa (22)

(6)
The overall trend in the displacement parameters is at first glance consistent with the
temperature increase using a fixed value of 1 for parameter b. Keeping this in mind, fitting of
the temperature dependency of the displacement parameters was carried out initially for the
low temperature TOF data to determine ¢, and D,(7). With fixed ¢, and Debye-temperature,
Opq, the anharmonicity term was refined against the full data, using at the same time an
additional linear offset factor to shift the values obtained by X-ray diffraction to those from
the neutron data. Due to the poor scattering contrast between Al and Si in the X-ray
measurements, the B-values of the two atoms were constrained together in an additional

refinement.
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Calculating the average Debye-temperature by a weighted mean of the individual atomic
values [36] leads to a value that is approximately 150 K larger than the one calculated from
the volume-expansion. Using equation 3, with a free atomic b parameter and setting ¢, = 0 for
Al, Si, O and Na leads to an excellent fit, with b greater than 1. However, using the same
approach for iodine yields a b value of less than 1, reflecting a much weaker interaction
between iodine and the other atoms in the system, thus b was fixed to 1 in this case. The
fitting results are shown in Figure 3, the parameter values are collected in Table 1.

The dynamic behaviour of the average structures was investigated using molecular dynamic
calculations, based on force-fields and density functional theory. The trajectories obtained by
those calculations were used to determine the temperature-dependent kinetic energies of the
different atoms. Details of these calculations and the results are given in the supporting
information (see SI-4). The determined kinetic energies of the iodine ions are used to assess
the Na-I interaction at very low temperatures (see section “discussion”).

The local structure at 5 K, 165 K and 240 K

At selected temperatures (5 K, 165 K and 240 K) TOF data were collected with an extended
measurement time to improve the signal-to-noise-ratio. The data were corrected, normalized
and in each case the D(r) function was calculated.

The average structure obtained from the Rietveld refinement at each respective temperature
was used to generate an 8 x 8 x 8 super cell with 23552 atoms in space group P1, which was
used as a starting model in fitting the D(r) function by varying the atomic positions, resulting
in excellent fits to the data (see Figure 4).

To evaluate the structural features of these models, the absolute difference vectors between

the atomic positions X in the starting model (denoted by index 0) and the end configuration

(denoted by index E) were calculated:

—

BN:X—>O_XE

(7)
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Sorting these values according to the respective atomic sites, the shift with respect to sites in
the average structure in space group P43n is obtained (see SI-5). The center of gravity for a

crystallographic site can be calculated by:

- 1 —
C S NZ DN
N
(8)

with N being the number of atoms of one crystallographic site. Assuming a Gaussian

distribution, the components u; of the anisotropic displacement tensor for each atom could be

calculated using the standard deviations o; of each coordinate i of l_jN and the covariance (cov)

by:

i =j:of
Ui =17 = - X:)0:0;
[ # J:cov(x;, Xj)0;0;

9)
The equivalent isotropic displacement parameter is calculated using the average of the main

axis components. The values of these parameters are collected in Table 2.

Discussion

Structural and dynamical aspects of the sodalite structure

The two different approaches, Rietveld refinement of the Bragg scattering and Reverse Monte
Carlo fitting of the total scattering data, generate the time- and space averaged structure and
the time-averaged local structure, respectively. They differ in the model size. In the first case,
the displacement parameters contain the dynamical aspects of the structure as well as
structural disorder. In the second case, the degree to which the structural disorder can be
elucidated depends on the data resolution and the computational power limiting the model
size, but the model gives a distribution of the possible average positions of the atoms. To get

comparable numbers from each model, the Gaussian distribution of the difference vectors has
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been calculated and can be compared with the displacement parameters from the Rietveld
refinements (Figure 5). This comparison shows that for sodium and oxygen the structural
disorder is always smaller than the dynamical disorder. For silicon, the structural disorder at
240 K lies on the displacement parameter fit and the dynamical disorder is lower than the
structural disorder for lower temperatures. In the case of aluminum, the structural disorder can
be estimated to become larger than the dynamical disorder between 160 K and 200 K, for
iodine the same effect is observed below 50 K. It is significant that the temperatures at which
the structural disorder of Al, Si and I become larger than the dynamical disorder correlate well
with the temperatures where anomalies are observed in the TEC.

Therefore, the offset in the volume TEC between 160 K and 240 K could be explained by the
following mechanism. When the structural disorder of the silicon atoms is larger than the
dynamical disorder (this could be described as a freezing process), the other atoms in the
framework move to their mean positions to maintain equilibrium bond distances. Because of
the dynamical nature of Al and O in this temperature range, the volume expands slightly.
Then the Al atoms also freeze, and they will do so at equilibrium bond distances determined
by the disordered silicon positions. The volume then relaxes to the expected value.

The local environment of iodine

The above calculation of the structural displacement parameters assumes a Gaussian
distribution of the difference vectors. Plotting these vectors around their crystallographic sites
gives spherical distributions (as expected for a Gaussian distribution) around the respective
crystallographic sites (see SI-5) for all atoms except iodine. Plotting the temperature-
dependent volume density of iodine atoms in 10 contour levels between one and the
maximum number of iodine atoms per volume element (Figure 6) shows distinct changes of
the distribution with temperature: The 240 K distribution shows a tetrahedral shape, with the
tips of the distribution pointing towards the 6-ring windows where no sodium atoms are

located; the distribution is deformed and contracts slightly with decreasing temperature. The
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inner part of this distribution (leaving out the 1 atom/voxel contour) shows a homogeneous
distribution for 165 K and 240 K, whereas the distribution at 5 K is strongly elongated along
the x-axis. A cubic distortion of this volume can be calculated by considering the deviations
of the observed edge lengths from the edge length of a cube of equivalent volume. The mean
values and the standard deviations of these deviations are shown in Figure 7. For 165 K and
240 K the cubic distortions are 0.09(4) and 0.08(4), respectively, at 5 K the distortion
increases by almost a factor of three to 0.25(19).

To obtain a possible explanation the local potential of the Na-I system can be analysed. In the
average crystal structure model in space group P43n iodine occupies the 2a position (0, 0, 0).
The next neighbour of iodine is sodium on the 8e position (x, x, x) which coordinates the
iodine tetrahedrally. The local potential U, at a point w within this tetrahedron can be

calculated using the superposition

4
Utotar(W) = Z Uiw
i=1

(10)
of single Buckingham potentials (with ; indicating the i Na atom):
Tiw o Cg
UiW =A-e P — 7"—6
l
(11)

The parameters 4, p and Cy are the same as those used in the FF-MD calculations; 7; is the
distance between point w and the i" Na atom. The calculation was carried out using the Na
positions obtained at 5 K; all other energy contributions are neglected in this approach. Figure
8 shows energy isosurfaces (isosurfaces around the minimum are blue and around the
maximum value are red) of Uy, within the Na-I coordination tetrahedron. The calculated
energy at the centre, the average crystallographic position of iodine, is 1.95(1) meV and the

minimum potential energy in the cage is 2.53(3) meV approximately 300 pm away from the
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centre in the directions of the main axes. The difference between these two points is about 0.6
meV. Using the approach that the energy of an atom is the sum of the kinetic and potential
energies Ujogine = Urotar + Ukin 1t 1s clear that the distinct shape of U, comes into effect as
soon as the kinetic energy of the iodine is lower than the energy difference of 0.6 meV.
Taking the kinetic energies estimated from FF-MD calculations (see SI-4 Table S3) and their
temperature linearity, it can be calculated that below =20 K, Ej;, becomes smaller than
0.6 meV and thus the potential low-energy shape comes into effect. As a direct consequence,
the anharmonic potential surface at low energies is responsible for a local symmetry breaking
of the average sodalite structure. The observed shape of the iodine distribution is elongated in
one direction and from the presented calculation one could assume a distribution of the iodine
atoms on two main minima in each main axial direction. This discrepancy could be explained
by the highly idealized character of the potential calculation; the sodium positions are fixed
and there are no contributions from the framework. In nature, it is easily conceivable that one
minimum is preferred by distortions of the central potential due to small movements of the

framework and thus of the sodium atoms to minimize their energy.

Summary and conclusions

A detailed study of the temperature-dependent behaviour of [Nagl,|[AlSiO4]¢ through
examination of the time and space averaged crystallographic structure and the time average
local structure has enabled a separation of structural and dynamical effects.

The distribution of iodine atoms in the real structure follows the potential surfaces of the
Buckingham potential between sodium and iodine. An important feature of this potential is
the difference between the local maximum at the average crystallographic position of the
iodine and the cage’s local minimum. The reduction of the kinetic energy due to cooling
forces iodine atoms to the minimum potential; away from the centre of the ideal 2a site. This

effect is not very pronounced, with the potential minimum lying within the ionic radius of
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iodine (127 pm) around the (0,0,0) position. Nonetheless, this effect locally breaks the space
group symmetry. lodine can move on the minimum surface and experimentally this is
reflected in the distribution of iodine atoms obtained from the RMC fitting of the PDF data.
The effects of the reduced atomic kinetic energy are clearly visible in the presented anomalies
in the TECs, which in future could be used for a quick check on such specific effects before
investing time and effort into total scattering data collection and analysis.

Within this work we have elucidated the structural causes for the anomalies observed in the
TEC and have shown that below 50 K anharmonic effects of the central cage potential have to
be taken into account and a local symmetry breaking of the iodine takes place. Such effects
may also explain the observation of an anisotropy field in | Na}*'Na) | [AlSiO4]6, a very

closely related compound, below 20 K by Kashiwagi e.a. [19].
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Figure 1: Average structure of | Nagl, | [AISiO4]¢ at 5 K
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Figure 2: a: Thermal volume expansion ; b: TEC a;,.; c: a*Lvol (only low temperature data)

with the calculated values from the Debye fit (red line).
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The red line is a quadratic polynomial as a guide for the eye.
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Table 1: Debye temperatures and fitting parameters for the DEA low-temperature volume and

the DWF fit
Data Parameter Al Si Framework [6) Na 1 Total
Volume fit,
only TOF Op /K 509(10)
kp /1077 14.4(25)
Opa 534(6) 817(5) 618(3) 513(3) 458(4) 161(3) 512(5)
DWE Ca 0 0 0 754)10° | 22.1793))10° | 5.1(4)) 10°
atomic mass /u 26.982 28.085 27.5335 15.999 22.99 126.904
b 1.653(7) | 2.724(2) 2.237(2) 2.338(2) 1.183(6) 1
zero-point disorder - - - - - 0.00080(1)
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Table 2: The components of the anisotropic displacement tensors and its isotropic equivalent

calculated from PDF data

atom T/K | Uppr/10°pn? | UBRe /10°pm® | U3p /10°pm? | UpBe/10*pm® | Upde /10°pn? | UZ3r /10%pm? Uey /10" pm?
5 0.006798 0.006402 0.006509 -0.000072 -0.000126 -0.000006 0.0066
Al 165 0.008091 0.008061 0.008298 0.00017 0.000027 -0.000051 0.0082
240 0.00745 0.007696 0.00751 0.000172 0.000167 0.000201 0.0076
5 0.006292 0.005924 0.005085 0.000071 -0.000276 -0.000153 0.0058
S 165 0.007576 0.007571 0.007518 -0.000259 0.000012 0.00016 0.0076
240 0.002687 0.002619 0.002869 0.000088 0.000016 0.000073 0.0027
5 0.004976 0.004228 0.003876 -0.000059 -0.000174 -0.000004 0.0044
0 165 0.004759 0.004936 0.004908 0.000001 0.000074 0.000093 0.0049
240 0.004645 0.004562 0.004634 -0.000031 -0.000057 0.000166 0.0046
5 0.006292 0.005924 0.005085 0.000071 -0.000276 -0.000153 0.0058
Na 165 0.007576 0.007571 0.007518 -0.000259 0.000012 0.00016 0.0076
240 0.00694 0.007125 0.007121 -0.000175 0.000001 -0.000051 0.0071
5 0.010497 0.009384 0.008207 -0.000793 -0.000333 0.000018 0.0094
I 165 0.011092 0.011473 0.011262 -0.000952 -0.000204 -0.001355 0.0113
240 0.010602 0.011058 0.010975 -0.000315 0.000044 0.00066 0.0109
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1. Rietveld Refinement of the average structure at 5 K

The following tables provide the details of the structure refinement (table S1), atomic

parameters (table S2). Rietveld plots are given in Figure S1 to S3 for detector banks 2, 3 and

5.

Table S1: Details of TOF neutron data collection and refinement of |Nagl,|[AISiO4]s

Powder White
Radiation TOF Neutron
TOF iy 2000 ps
TOF 45 20000 ps
TOF stepwidth 1.1 pus
space group P43n
a/pm 899.65(0)
Volume /10° pm? 7.2815(1)
T/K 5(1)
Rexp 0.79
pr 1.56
Ry 1.21
Table S2: Atomic parameters of |Nagl,|[AISiO,]s
Atom Site X y z occupancy | Bis,/10"pm?
Na 8e 0.19784(6) X X 1 0.68(1)
Al 6¢ Vi A 0 1 0.35(2)
Si 6d Y 0 A 1 0.15(1)
(0] 24i 0.14182(5) 0.15106(5) 0.44794(3) 1 0.444(5)
I 2a 0 0 0 1 0.50(1)
1\JE /71110

Figure S1: Results of the Rietveld refinement of |Nagl:|[AlSiO4]s with observed (black
upper curve), calculated (red), difference curve (black lower curve) (detector Bank 2,

Polaris@ISIS).
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Figure S3: Results of the Rietveld refinement of |Nagl:|[AlSiO4]s with observed (black
upper curve), calculated (red), difference curve (black lower curve) (detector Bank 5,
Polaris@ISIS).
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2. TD X-ray powder diffraction and selected structural parameters from the

temperature-dependent scattering
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Figure S4: Exemplary refinement of data collected at 298 K

Table S3: Details of X-ray data collection and refinement of |Nagl,|[Al1SiO,]s at 298 K

Powder White
Radiation Cu (kal, ka?2)
20,1in 10°
200x 130°
20 stepwidth 0.02°
space group P43n
a/pm 902.24(2)
Volume /10° pm? 7.344(1)
T/K 298(1)
Rexp 0.65
Ryp 0.75
Rprage 1.26

Table S4: Atomic parameters of |Nagl,|[AlSiO,]s

Atom Site X y z occupancy | Bis,/10°pm?
Na 8e 0.1990(3) X X 1 1.1(2)
Al 6c Vi A 0 1 0.0(7)*
Si 6d Ya 0 Vs 1 0.0(7)*
01 24i 0.144(2) 0.148(2) 0.4520(4) 1 0.3(1)
I 2a 0 0 0 1 2.56(7)
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Sodalite framework tilt angle and selected mean bond distances obtained from the

temperature-dependent Rietveld refinements are given in figure S4.
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Figure S6: Mean tilt angle (with fitting of Landau type behaviour) and selected atomic
distances from 5 K to 1200 K

The mean values of the distances <Na-I>, <Na-O> and <I-O> show an increasing
enlargement up to approximately 1000 K followed by a linear increase at higher temperatures.
This indicates the phase transition from space group P43n to Pm3n, the fully expanded state
of the sodalite. This phase transition could be described within the scope of the Landau-theory
using the tilt angle ¢ as the order parameter. The temperature of the phase-transition 7, can be
determined by a least squares refinement of
@(T)=A40 (1 —(T/T,)" (Equation S1)
where A is the correlation factor between the tilt-angle and the Landau order parameter and »

the Landau exponent, resulting in 7¢ = 1023(2) K, 49 =20(1)° and n = 0.248(2) (see figure
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S4, upper left panel). An exponential parameter of n = 0.25 is correlated with a tri-critical

phase-transition behaviour (2-6 potential).
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3. DEA Fitting of the volume thermal expansion and its coefficient a; ,5;(Ty)
The temperature-dependent cell volume obtained by the Rietveld refinements up to 300 K
was fitted using a Debye-Einstein-Anharmonicity (DEA) model (Figure 5) according to

the formula:

a e a
M(T) = Mo+ ) kpUpi(T) + Y kgiUgi(T) + ) kaiUai(T)
i=0 =0 =0 Equation 12

(M: metric parameter of interest (here: cell volume V), M, = zero pressure metric
parameter at 0 K, U(T): internal energies due to thermal lattice vibrations including the
respective Debye (6p) and Einstein (0g) temperatures and fitting parameters representing
the thermoelastic constant of the compound (kp, kg, k). Further details are given in [1]
[2]. Here only a Debye quasi-harmonic (Up;) term for the internal energy contributions is
considered, means d = I, e in Equation (1) are equal to 0 and with a = 0 no (high-
temperature) anharmonic contribution was considered. 7, was obtained during the
respective fits as extrapolation towards 0 K. The fitting of eq. 1 against V(T) and TEC(T)
(Figure S5 and upper inset of Figure S5) gave these values: ¥, = 0.72818(1) nm’, kp =

14.4(25) 107> GPa™, 6, = 509(10) K.
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4. MD Calculations

Molecular dynamics calculations: Dynamical aspects of the average structure

The average displacement parameters obtained from force-field MD calculations
(iso.Frvp, Table S3) show strict linear relations with temperature and are in good agreement
with the measured values. At higher temperatures the calculated values are smaller than the
measured ones, because the calculations do not consider high temperature anharmonic effects.
The DFT-MD calculations are based on a quasi-harmonic approximation, not considering
high-temperature anharmonicity, thus the displacements temperature dependencies show a
quadratic relationship. Using the displacement between calculation steps and the time
resolution, the average kinetic energy (Ey;,) of the single atoms was calculated from the FF-

MD calculations.
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Figure §8: Mean atomic displacements u;s, from DFT and FF MD calculations. The lines
show the results of the least-squares fitting with linear (red, FF-MD) and quadratic (green,
DFT-MD) polynomials. Upper row framework atoms, lower row cage filling atoms.
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Table S5: Average displacement parameters (uiso,rrup) and kinetic energies (Ejiy,) from FF-

MD calculations
FF-MD Al si | o0 | na 1
T /K Uiso,rrrp / 107" m
5 0.00014(2) 0.00013(2) | 0.00031(5) | 0.0007(2) 0.0023(9)
165 0.0040(4) 0.0042(4) 0.0094(8) 0.021(5) 0.06(2)
240 0.0053(5) 0.0055(5) 0.013(1) 0.027(5) 0.06(1)
298 0.0069(6) 0.0065(6) 0.016(1) 0.036(6) 0.09(1)
598 0.0131(8) 0.0122(8) 0.032(2) 0.065(8) 0.12(2)
998 0.022(1) 0.021(1) 0.054(3) 0.16(4) 0.25(4)
Ey, eV
5 0.00003(1) 0.00003(1) | 0.00006(1) | 0.00013(1) | 0.0005(3)
165 0.0012(1) 0.0012(2) 0.0019(3) 0.0040(5) 0.009(2)
240 0.0016(2) 0.0017(2) 0.0028(5) 0.0061(7) 0.010(3)
298 0.0020(2) 0.0019(2) 0.0033(6) 0.0074(9) 0.013(4)
598 0.0040(4) 0.0041(5) 0.007(1) 0.015(2) 0.019(8)
998 0.0066(6) 0.0068(8) 0.012(3) 0.024(3) 0.03(1)
Slope 6.62 10 6.80 10°° 11.6 10 24.510° 30.210°°
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5. Collected atom distributions from PDF refinements

The distributions are shown in projections on the ab, ac and bc planes (from left to right). The
temperatures are 5 K for the top, 165 K for the middle and 240 K for the lowest row.
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5.2.Silicon
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