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Abstract 

Sodalites of the general formula |Na8X2|[T
1T2O4]6 with X = Cl-, Br-, I- have been synthesized 

for Al-Si, Ga-Si, Al-Ge and Ga-Ge as T1-T2 frameworks and were examined by various 

methods to clarify the interactions of the atoms, especially of the Na+ and X- ions within the 

sodalite cages, and the relation of these interactions to the stability and thermal behavior of the 

compounds. The sodalites average structure between 18 K and its decomposition has been 

refined using temperature-dependent X-ray diffraction experiments. No other phase transitions 

besides the known 𝑃4̅3𝑛 ↔  𝑃𝑚3̅𝑛 transition of |Na8Br2|[AlSiO4]6 and |Na8I2|[AlSiO4]6 to the 

fully expanded framework structure were found. The phonon structure was approximated by 

modelling the volume thermal expansion with Debye and Einstein contributions to the internal 

energy. No direct relation between the respective Debye and Einstein temperatures, 

decomposition temperatures from thermal analyses and the phonon densities of states (PDOS) 

from force-field calculations was found. However, applying a modified form of the Lindemann 

criterion, the twelve compounds could be divided into three groups, indicating a different 

interplay between phonon systems and temperature-dependent average structures within these 

groups. 

Atomic pair distribution functions (PDF) derived from synchrotron total scattering experiments 

allowed the refinement of anisotropic displacement parameters (ADP) for the oxygen and 

sodium atoms where three distinct forms of the Na ADPs for different compounds became 

apparent. Ab-initio molecular dynamics calculations produced significantly smaller 

displacement factors, implying the influence of structural differences to the ADPs from PDF 

calculations. The PDFs of compounds with non-spherical ADPs for sodium could be modelled 

with structures containing one or two partly occupied Na positions, 24i and 8e, respectively, 

giving a total of three models for the local structure of the twelve sodalites. For the three 

gallogermanate compounds, which each belong to a different structural group at ambient 

temperature, the models could be refined between 100 K and 300 K using PDFs from 

temperature-dependent total scattering experiments. |Na8Br2|[GaGeO4]6 sodalite seems to make 

a transition to a different local Na position close to 300 K. A correlation between these local 

structures and the three-dimensional representation of the hypothetical bond valence sum 

(BVS) of sodium in the average structures at ambient temperature was found. The three groups 

of sodalites with a differently modelled local structure have an overlap with the ordering of the 

compounds into the three Lindemann groups, but they are not identical. A reason could be that 
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more halide sodalites undergo phase transitions between different local structures, which are 

not described yet. 

Zusammenfassung 

Sodalithe der Zusammensetzung |Na8X2|[T
1T2O4]6 mit X = Cl-, Br-, I- wurden für T1-T2 als Al-

Si, Ga-Si, Al-Ge und Ga-Ge Gerüste synthetisiert und mit verschiedenen Methoden untersucht. 

Das Ziel war, die Wechselwirkungen der Atome, insbesondere der Ionen Na+ und X- in den 

Sodalithkäfigen, sowie die Zusammenhänge zwischen diesen Wechselwirkungen, der Stabilität 

und dem thermischen Verhalten der Verbindungen aufzuklären. Die mittlere Struktur wurde 

durch Rietveld-Verfeinerungen gegen Daten aus Röntgenbeugungsexperimenten von 18 K bis 

zur Zersetzung bestimmt. Dabei wurden keine anderen als die bekannten 𝑃4̅3𝑛 ↔  𝑃𝑚3̅𝑛 

Phasenumwandlungen von |Na8Br2|[AlSiO4]6 and |Na8I2|[AlSiO4]6 zu ihrer voll expandierten 

Gerüststruktur beobachtet. Anhand der Modellierung der thermischen Expansion der mittleren 

Struktur der Proben konnten die phononischen Eigenschaften durch Debye und 

Einsteintemperaturen beschrieben werden. Zwischen diesen und der Phononenzustandsdichte 

aus Kraftfeld-Rechnungen sowie den Zersetzungstemperaturen aus thermogravimetrischen 

Analysen konnte kein direkter Zusammenhang gefunden werden. Durch Anwendung einer 

modifizierten Form des Lindemann-Kriteriums war es jedoch möglich, die zwölf Proben in drei 

Gruppen mit unterschiedlicher Wechselwirkung zwischen ihrem Phononensystem und der 

temperaturabhängigen mittleren Struktur einzuteilen, entgegen der Erwartung einer einzigen 

Gruppe für Verbindungen des gleichen Strukturtyps. 

Die Strukturen wurden weiterhin durch Auswertung der atomaren Paarverteilungsfunktionen 

(PDF) aus „total scattering“-Experimenten untersucht, wobei Unterschiede in Gestalt von drei 

verschiedenen Formen des anisotropen Auslenkungsparameters (ADP) der Natriumatome 

auffielen. Wesentlich kleinere Auslenkungsparameter wurden über ab-initio 

Molekulardynamikrechnungen ermittelt, was auf einen Einfluss struktureller Abweichungen in 

den ADPs der PDF-Rechnungen hinweist. Für die zwei Gruppen nicht-sphärischer Na ADPs 

wurden Modelle mit ein oder zwei teilbesetzten Natriumlagen erstellt (24i bzw. 8e) und konnten 

stabil verfeinert werden. Über temperaturabhängige „total scattering“-Experimente der 

gallogermanatischen Sodalithe (welche bei Umgebungsbedingungen jeweils verschiedenen 

Gruppen angehören) konnten diese drei Modelle lokaler Abweichungen auch zwischen 100 K 

und 300 K verfeinert werden. Dabei scheint |Na8Br2|[GaGeO4]6 sehr nah an 300 K einen 

Phasenübergang zu einer anderen lokalen Na-Verteilung zu durchlaufen. Darstellungen der 

hypothetischen Bindungsvalenzsumme von Natrium auf einem dreidimensionalen Raster 
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innerhalb der Strukturen bei Umgebungsbedingungen korrelieren mit den lokalen 

Abweichungen. Trotz einiger Überschneidungen zwischen den Verbindungen der drei 

Lindemann-Gruppen und den lokalen Abweichungen des Natriumatoms stimmen diese nicht 

überein. Es wird vermutet, dass dies darin begründet ist, dass noch weitere Halogenid-Sodalithe 

derartige Phasenübergänge der lokalen Struktur zeigen, welche noch nicht beschrieben wurden.  
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1. Introduction 

1.1 Sodalites 

Sodalites are the simplest porous zeolitic framework materials [2, 3] regarding their topological 

information content and complexity. They are named after the mineral sodalite 

|Na8Cl2|[AlSiO4]6, which was first described in 1811 by Thomson [4]. The basic sodalite 

structure was solved by Jaeger [5] on ultramarines and confirmed for the chloride-sodalite 

mineral by Pauling [6]. The framework consists of alternating, corner sharing AlO4- and SiO4-

tetrahedra forming the so-called toc-cages, classically named as β-cages or sod-cages. These β-

cages are connected in the direction of the unit-cell axes by 4-ring windows and along the space 

diagonal by 6-ring windows. The net 6-fold negative framework-charge is compensated by six 

incorporated Na+ cations and two additional Na+ and Cl- ions each are as well located inside the 

two cages (Figure 2, a and b) per unit cell. The cage-centered chloride ion is coordinated by 

sodium cations in an ideal tetrahedron (Figure 1, a). The sodium cations are in front of the 6-

ring windows, where they are coordinated by three closer oxygen atoms (O1 in the following) 

and three more distant ones (O2 in the following) (Figure 1, b). A variety of sodalite compounds 

of different compositions is synthetically accessible [7-29]. Most of them crystallize in the 

space group 𝑃4̅3𝑛 (Nr. 218) [30, 31], as do all the sodalites which are examined here. 

 

Figure 1: (a) Tetrahedra (T) six-ring (TSR) of AlO4- (yellow) and SiO4-tetrahedra (cyan) and tetrahedral 

coordination of the chloride anion (green) to sodium cations (dark blue). (b) Coordination of the sodium 

atom to one chloride and three nearer oxygen (red) atoms (Na-O1) of the TSR. 
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Figure 2: (a) Unit cell of |Na8Cl2|[AlSiO4]6 and (b) a T-T atoms linked framework representation of a β-

cage. See Figure 1 for the explanation of the colors. 

The sodalite cage adapts to the size of different cage-fillings by a cooperative tilting mechanism 

of the rigid TO4-tetrahedra, each rotating about a direction parallel to the cell edge [25]. Upon 

heating, the sodalite expands through this tilting mechanism, and contracts through it upon 

cooling. The behavior of sodalites above ambient temperature has been investigated since 1968 

[32] and was examined for multiple chemical compositions [9, 12, 13, 16, 21, 33, 34]. Taylor 

compared the expansion behavior of the sodalite mineral to different nosean and haüyn phases, 

which possess the same alumosilicate framework [32] and discussed it later with respect to 

other framework silicates [35]. He found a fast and increasing expansion rate for all of them 

due to the tilting of the partially collapsed framework [32]. In contrast to the sodalite, the 

examined nosean and haüyn samples reach a point above 700 K where the expansion becomes 

linear, with the exact temperature depending on the ratio of potassium to sodium of the 

incorporated cations. In a later study of synthetic alumosilicate sodalites, among them many 

phases containing different mixed cations, Henderson and Taylor [33] reported on such a 

discontinuity for iodide sodalite only. However, Hassan and Grundy [36] suggested a 

discontinuity also for bromide sodalite. Henderson and Taylor [34] compared the thermal 

behavior of the sodalites cell-edges by mean-expansion coefficients and polynomial fits and 

noted, that the quadratic fits did not completely describe the true shape of the expansion curves 

and that structure determinations at high temperatures are necessary. Based on structural 

evaluations using the Distance Least Squares (DLS) computer model [37], Dempsey and Taylor 

[38] concluded that the driving force of the untilting of the sodalite structure upon heating lies 

in the framework, while bonds between the cage anions and cations would restrain it, as they 

are subjected to exceptionally high expansion. They also estimated the Na-I force constant in 
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|Na8I2|[AlSiO4]6 (AlSiI) sodalite to be one third of that of the Na–O bond. Experimental 

structural information became more available with technical advances. McMullan et al. [39] 

examined natural sodalite |Na8Cl2|[AlSiO4]6 using neutron single-crystal diffraction at high 

temperatures and found significant contributions of anharmonicity to the displacement 

parameters of Na+ and Cl- already at ambient temperatures, which increase with rising 

temperatures. Compared to a harmonic Gaussian distribution, the probability density of the 

chloride is elevated in the directions of the four 6-ring windows (along [111]) which are not 

blocked by Na+ in the same cage. The probability density of sodium is also elevated by a 

tetrahedral shape in direction of the nearest 6-ring window and approximately along three 

vectors [110], [101] and [011]. This was interpreted as indicating diffusion paths which enable 

jumping of both ions to vacant sites in neighboring cages and the rotational reorienting of the 

Na+ ions from (𝑥𝑥𝑥) to the enantiomorphic configuration occupying the formerly vacant (�̅��̅��̅�) 

site. Anharmonic parameters for oxygen only became significant at 900 K and above. 

McMullan et al. concluded from the obtained displacement parameters, that the increasing 

amplitudes of coupled translational motion of the sodium ions and librational motion of the 

framework tetrahedra are the cause of thermal expansion. Hassan and Grundy [36] constructed 

a computer program in 1984 for the calculation and prediction of sodalite structures of different 

compositions on the assumption, that the Na atom reaches the center of the 6-ring at the 

expansion discontinuities and the Na–O bond length does not significantly change from 

ambient conditions to the temperature at which the Na coordinate is ¼ (approximately 1000 K). 

They concluded that the expansion is driven by the expansion of the weak Na-X bond, which 

forces the framework to follow. Hassan et al. [40] obtained high-temperature structures of 

sodalite refined from synchrotron data, where an increase of the Na–O bond by 9.3(2) pm from 

235.7(1) pm at 301 K to 1255 K was observed. Sodalite compounds with framework atoms 

different than aluminum and silicon were also studied by X-ray diffraction and subsequent 

Rietveld-refinements. Gesing [16] compared the thermal expansion of three gallosilicate halide 

sodalites (X = Cl, Br, I) and observed two temperature ranges of approximately linear volume 

increase with an unclear behavior in between (770 K to 870 K). This was found to be caused 

by the disordering of tetrahedral distortion, which relaxed upon heating. A bend in the 

expansion curve of the |Na8Cl2|[GaSiO4]6 (GaSiCl) sodalite at 500 K was explained as the 

mobilization-onset of the sodium atoms passing the 6-ring windows at higher temperatures.  

Multiple low-temperature investigations of sodalites have been conducted for silica sodalites 

with different organic cage fillings as well as aluminate sodalites containing tetragonal 

molecules. Phase transitions to space groups of lower symmetry (e.g., 𝑅3̅, 𝑃21/𝑚 and not 
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clarified tetragonal and monoclinic space groups) were found below and above ambient 

temperature [26, 27, 41-45]. For sodalites with frameworks built from two tetragonally 

coordinated atoms, low-temperature studies have been mostly focussed on different hydro and 

hydroxy sodalites, where the orientation and dynamic motion of the molecules in the cages was 

of special interest [12, 46-52]. For |Na8(OH)2(H2O)2|[AlSiO4]6, a phase transition at 152 K [50] 

from 𝑃4̅3𝑛 to the orthorhombic space group 𝑃222 (as given by [50] from [53], which was not 

available to the author) was reported, which probably occurs at 166 K [46] in the analogous 

alumogermanate sodalite. Compared to these sodalites, halide sodalites contain only one 

spherical ion in the cage center. They cannot lock into a single orientation which could lead to 

phase transitions due to the formation of probable long-range order. This may explain the lack 

of low-temperature studies on them. However, some noteworthy findings have been published: 

Schliesser et al. [54] studied the heat capacities of various sodalite samples including Al-Si 

chloride and iodide sodalite below 300 K. They found phase transition indicating peaks for both 

compounds between 190 K and 300 K. Robben et al. [29] investigated |Na8I2|[AlSiO4]6 sodalite 

using neutron TOF experiments and found that the iodine is located on a tetrahedral space 

inverse to the tetrahedron formed by the Na atoms, with a homogeneous distribution in the 

center. Below 20 K the iodine breaks symmetry by preferring the orientation along one axis 

when its kinetic energy falls below that of the surrounding anharmonic potential. Between 

200 K and 160 K a freezing process of the framework could be observed. Both these structural 

effects were accompanied by anomalies in the volumetric thermal expansion coefficient (TEC). 

Only in recent years, authors started to frequently use the TEC, which is very sensitive to 

changes in the expansion of the unit cell [8, 12] and used advanced physical models like the 

DEA model [55-68] to describe the thermal behavior of sodalites [29]. Most of the studies 

mentioned above only used polynomial or linear equations to describe and compare the 

expansion behavior of sodalites. 

The degree of collapse through the tilting mechanism, which defines the expansion of the 

sodalite framework and greatly influences the size of the unit-cell [25], can be characterized by 

the average tilt angle φ [25, 69]. It is readily calculated from the structural parameters using 

equation (1): 

 𝜑 = (𝜑𝑆𝑖 + 𝜑𝐴𝑙)/2 = (tan−1
1

2
−𝑧

𝑥
+ tan−1

1

2
−𝑧

𝑦
) /2 (1) 

where 𝜑𝑆𝑖 is the tilt angle of the SiO4 tetrahedra, 𝜑𝐴𝑙 is the tilt angle of the AlO4 tetrahedra (see 

Figure 3, left) and 𝑥, 𝑦 and 𝑧 are the respective coordinates of the oxygen atom. For the fully 
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expanded framework 𝜑 becomes 0°. Structurally, the tilt mechanism manifests itself in the z-

coordinate of the framework oxygen atom which shifts from ~ 0.4 in halide sodalites to exactly 

0.5 for the fully expanded system, thus undergoing a phase transition to the space group 𝑃𝑚3̅𝑛, 

which possesses a higher degree of symmetry. The group-subgroup relationship between 𝑃4̅3𝑛, 

𝑃𝑚3̅𝑛 and the highest possible symmetry for sodalites, 𝐼𝑚3̅𝑚, the so-called aristotype, is 

shown in Figure 3 (right). The symmetry from 𝐼𝑚3̅𝑚 to 𝑃𝑚3̅𝑛 is lowered by the ordering of 

chemically different T-atoms. Also shown is the spacegroup 𝐼4̅3𝑚, in which the second most 

sodalites are crystallizing. Compared to the aristotype, the site-symmetry of the oxygen atoms 

is lowered (e.g., 𝑂(𝑧) ≠ 0.5, meaning the framework is not fully expanded) but the 

tetrahedrally coordinated framework atoms T are not ordered or are built from the same 

element. Using the Landau theory, phase transitions can be described by the order parameter 𝜂, 

which becomes 0 at the critical temperature (𝑇𝑐) of the phase transition [70, 71]. In the case of 

sodalites, the order parameter of the tri-critical 𝑃4̅3𝑛 to 𝑃𝑚3̅𝑛 phase transition is 𝜂 = 𝑧′ =

0.5 − 𝑧, with 𝑧 being the O(z) coordinate of the oxygen atom in the framework [72]. Using the 

equation 

 𝑧′ = 𝐴(𝑇𝑐 − 𝑇)𝛽 (2) 

where 𝐴 is a positive constant value and 𝛽 is the critical exponent, the behavior of the order 

parameter can be described, and the critical temperature can be determined.  

   

Figure 3: (left) Tilt angles of the SiO4 and AlO4 tetrahedra around their respective axes, shown for one 

tetrahedron each in an otherwise directly T-T linked framework (compare Figure 1 and Figure 2, Na 

atoms omitted, viewed in direction of the c axis). (right) Selected group-subgroup relationships in 

sodalites. 

To summarize, all authors of previous reports agree on the tilting of tetrahedral units as the 

basic mechanism of the thermal expansion in sodalites, but they disagree on its origin, which is 
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either assumed in the expansion of the Na–X bond (Hassan [36, 40]), the expansion of the 

framework itself (Dempsey and Taylor [38]) or the coupled motion of sodium and the 

framework tetrahedra (McMullan [39]). The reviewed literature also shows that phase 

transitions below 300 K and deviations from the average structure in 𝑃4̅3𝑛 are possible to occur 

for some halide sodalites, but the behavior of most of them has not been investigated extensively 

yet at low temperatures. However, a different approach to clarify the interactions in sodalites 

could be the investigation of different macroscopic and microscopic properties in a series of 

compounds, where the atoms are systematically substituted, to subsequently search for relations 

between them. In this context, the term “macroscopic properties” refers to properties which can 

be observed macroscopically with bulk quantities or large single crystals of a material, like the 

decomposition temperature or thermal expansion. The term “microscopic properties” refers to 

properties on the atomic level, like the atomic structure or the distribution of phonons in a 

material. Microscopic properties must be linked to macroscopic properties. There are no studies 

available yet, which consider these questions or follow this approach. 

In the present work, framework and template ions were systematically varied. Four different 

framework compositions |Na8X2|[T
1T2O4]6 are considered, where the Al and Si atoms centering 

the tetrahedra are replaced by Ga and Ge (T1 = Al, Ga; T2 = Si, Ge). Additionally, the chloride 

ions are replaced by bromide or iodide (X = Cl, Br, I) each, leading to a total of twelve different 

chemical compositions. For all these samples, multiple properties have been investigated by 

different experiments and calculations. Examined macroscopic properties were the 

decomposition temperature and the amount of cage-incorporated water, which were determined 

by simultaneous thermogravimetry and differential scanning calorimetry; the thermal 

expansion of the compounds as well as the average structure was determined from X-ray 

scattering experiments by Rietveld refinements. Examined microscopic properties were the 

local atomic structure, which was determined by PDF-Rietveld refinements using synchrotron 

total-scattering data; information about the phonon densities of state (PDOS) was obtained from 

force-field calculations and from fittings of the thermal expansion with the Debye-Einstein-

anharmonicity model; ab-initio molecular dynamics (AIMD) calculations were carried out, 

giving information about the displacement of atoms in the sodalite structure. Some of these 

methods will be presented in the following introductory chapters. For better readability, the 

chemical composition of the sodalites will sometimes be given in an abbreviated form denoting 

only the atoms centering the tetrahedra of the framework and the incorporated halide ion (e.g., 

|Na8Br2|[GaSiO4]6 = GaSiBr) 
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1.2 The Debye-Einstein-anharmonicity model and thermal expansion coefficient 

Applying the Einstein or Debye model, the vibrations of a system as represented by the phonon 

density of states (PDOS) can be described with a single frequency 𝜔𝐸 or 𝜔𝐷, respectively. The 

Einstein model assigns an average frequency for all modes, which applies over a broad 

temperature range but fails at low temperatures where acoustic modes are dominating. The 

Debye model describes the vibrations as a continuum up to the cut-off frequency 𝜔𝐷 and fits 

well also at low temperatures. When used for the representation of thermodynamic functions, 

𝜔𝐸 and 𝜔𝐷 are treated as adjustable phenomenological parameters [70]. It is also possible to 

use multiple parameters to describe the vibrations of a system, as frequently done when fitting 

the thermal expansion of systems using the Debye-Einstein-anharmonicity (DEA) model. 

The DEA model [55, 56, 62] makes use of the first order Grüneisen approximation for the zero-

pressure equation of states, where a temperature-dependent metric parameter (M) is expressed 

as: 

 𝑀(𝑇) = 𝑀0 +
𝛾

𝐾0
 𝑈(𝑇) (3) 

with 𝑀0 as the metric parameter at 0 K containing the zero-point energy, 𝛾 as the 

thermodynamic Grüneisen parameter, and 𝐾0 as the isothermal bulk modulus. 𝛾 and 𝐾0 are 

treated together as the thermoelastic parameter 𝑘 = 𝛾/𝐾0. To describe the internal vibrational 

energy 𝑈(𝑇), multiple Debye and Einstein terms can be used together with terms for the low-

perturbed anharmonicity: 

 𝑀(𝑇) = 𝑀0 + ∑ 𝑘𝐷𝑖𝑈𝐷𝑖(𝑇)𝑑
𝑖=1 + ∑ 𝑘𝐸𝑖𝑈𝐸𝑖(𝑇)𝑒

𝑖=1 + ∑ 𝑘𝐴𝑖𝑈𝐴𝑖(𝑇)𝑎
𝑖=1  (4) 

The 𝑘𝑥 are the respective thermoelastic parameters and the 𝑈𝑥 are the internal Debye (𝑈𝐷𝑖), 

Einstein (𝑈𝐸𝑖) and anharmonic (𝑈𝐴) energies, containing the Debye (𝜃𝐷 = ℎ𝑐𝜔𝐷/𝑘𝐵𝑇) and 

Einstein (𝜃𝐸 = ℎ𝑐𝜔𝐸/𝑘𝐵𝑇) temperatures as fitting parameters. In this thesis, only Einstein and 

Debye terms were used for fittings, having the form: 

 𝑈𝐸𝑖(𝑇) = [
3𝑁𝑘𝐵𝜃𝐸𝑖

𝑒
(
𝜃𝐸𝑖

𝑇
)
−1

] (5) 

 𝑈𝐷𝑖(𝑇) = [9𝑁𝑘𝐵𝑇 (
𝑇

𝜃𝐷𝑖
)

3

∫
𝑥3

𝑒𝑥−1
𝑑𝑥

𝜃𝐷𝑖
𝑇

0
] (6) 

where N is the number of atoms per unit cell and 𝑘𝐵 is the Boltzmann constant. 
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The instantaneous volume thermal expansion coefficient (TEC, 𝛼𝐼,𝑣𝑜𝑙(𝑇𝑚)) is very sensitive for 

changes in the thermal expansion and thus is used to fit the DEA models against. It is calculated 

with the refined unit-cell volumes for each sample as given by James et al. [73]: 

 𝛼𝐼,𝑣𝑜𝑙(𝑇𝑚) =
1

𝑉0

𝑉𝑛+1−𝑉𝑛

𝑇𝑛+1−𝑇𝑛
;  𝑇𝑚 =

𝑇𝑛+1+𝑇𝑛

2
 (7) 

where 𝑇𝑛, 𝑇𝑛+1, 𝑉𝑛 and 𝑉𝑛+1 are the temperatures and cell volumes of the respective data sets 

 𝑛 and  𝑛 + 1. 𝑉0 is the volume at 0 K as obtained by a DEA fit.  

1.3 X-ray diffraction: Bragg scattering and total scattering 

One of the most widely used analytical methods in solid state chemistry is powder X-ray 

diffraction. For a typical laboratory experiment, the (sharp) Bragg peaks are analyzed, which 

contain information from the long-range order of a system. The remaining parts of a recorded 

diffraction pattern are normally treated as the background, which can be modelled with one or 

multiple functions and is subtracted from the pattern. Through Rietveld refinement, the time- 

and space-averaged structure of a compound can be modelled, including the lattice, atomic 

positions, occupancy of positions and the thermal movement and structural displacement of 

atoms [74, 75]. 

However, this is not everything that can be retrieved from a powder pattern. The diffuse 

scattering intensity in between and underneath the Bragg peaks contains information about the 

local structure of compounds. By recording a diffraction pattern of the empty instrument 

without sample and using this as the background to be subtracted from the sample measurement, 

one can analyze the total scattering of a compound. Through mathematical conversions, which 

are a Fourier transformation of the normalized total measured diffraction data of a sample, the 

atomic pair distribution function (PDF, also represented by G(r)) is calculated. This function 

contains the information about the local structure from the diffuse scattering in a real space 

representation of the probability of finding pairs of atoms separated by a given distance [76, 

77].  

To obtain a PDF of sufficient resolution in real space, some aspects must be considered during 

the experiment: The used energy of the photons and the maximum investigated diffraction 

angles must be higher than in standard X-ray diffraction experiments to gather information up 

to a high Q-space. Also, very good counting statistics and a low background are needed. 

Therefore, many total scattering experiments are carried out at specialized beamlines at 

synchrotron or neutron facilities, although laboratory machines for the measurement of PDFs 

are becoming more available. 
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1.4 The bond valence model 

The concept of bond valence [78, 79] is an empirical model of bonding in inorganic chemistry. 

It connects the length of a bond with its strength, which is called valence within this concept to 

differentiate it from Pauling’s bonding strength [80]. The model’s rules are physically explained 

by the flux theory, in which the atoms are represented by point charges at the positions of the 

nuclei which are linked by Faraday’s lines. They form an electrostatic field called the 

electrostatic flux or the Madelung field [81]. The electrostatic flux, which links an anion and a 

cation, is called bond flux, and equals the bond valence. Its magnitude is determined by the 

charges it links, so that the sum of bond fluxes around an ion is equal to the ionic valence or 

charge, as given by equation (8): 

 𝑉𝑖 = ∑ Φ𝑖𝑗𝑗  (8) 

where 𝑉𝑖 is the valence of atom i, and Φ𝑖𝑗 are the 𝑁𝑖 fluxes to its ligands j. While this rule is 

exactly true for the bond fluxes, experimentally determined bond valences 𝑠𝑖𝑗 are subject to 

experimental uncertainty in determining the bond lengths, so that equation (9), the valence sum 

rule, follows:  

 𝑉𝑖 ≈ ∑ s𝑖𝑗𝑗  (9) 

In this case, 𝑉𝑖 is also called the bond valence sum (BVS). The bond valences s𝑖𝑗 can be 

calculated from equation (10):  

 s𝑖𝑗 = 𝑒
(

(𝑅0−𝑅𝑖𝑗)

𝑏
)
 (10) 

where 𝑅𝑖𝑗 is the measured bond length. 𝑅0 and 𝑏 are empirical parameters, depending on the 

two bonded atoms. A collection of parameters is compiled by I. D. Brown and published online 

by the International Union of Crystallography (IUCr) [82], including the ones used in this thesis 

[83, 84].  
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2. Experimental details 

2.1 Syntheses 

All sodalites were synthesized hydrothermally under autogenous pressure in steel autoclaves 

containing 50 mL polytetrafluoroethylene (PTFE, Teflon) tubes. As starting materials, NaAlO2 

(Alfa Aesar, Lot: T14C030), Na2SiO3 (Alfa Aesar, Lot: M16B050), NaGaO2 and Na2GeO3 

were used. They were mixed to a gel with the respective halogenide salt (NaCl (AnalaR 

NORMAPUR, Lot: 14D150019), NaBr (MERCK, Lot: K37001860) or NaI (AnalaR 

NORMAPUR, Lot: 1L007838)) and a freshly prepared solution of NaOH (AnalaR 

NORMAPUR, Lot: 17L214125) in deionized water and transferred to the autoclaves. Reaction 

parameters like the amount of reactants, volume and NaOH-concentration of the solution, 

reaction time and temperature were varied to obtain products as crystalline and phase pure as 

possible. The synthesis conditions of the sodalites chosen for further analysis are shown in 

Table 1.  

The reactants NaGaO2 and Na2GeO3 were synthesized by thoroughly grinding mixtures of 

stoichiometric amounts of Na2CO3 and Ga2O3 (Alfa Aeser, Lot: J22Y059) or GeO2 (Alfa Aeser, 

Lot: U28E055 or Aldrich, Lot: MKBJ6362V), respectively. These mixtures were placed in 

porcelain crucibles and heated to 1100 K in a furnace for 65 h. The products were checked upon 

phase purity by powder X-ray diffraction (PXRD) prior to further use. Structure information 

can be retrieved from the Inorganic Crystal Structure Database (CSD numbers see Table 1). 

Table 1: Experimental parameters of the hydrothermal syntheses. (T1 = Al or Ga, T2 = Si or Ge, X = Cl, 

Br or I) 

Sample 

m 

(NaT1O2) 

/g 

m 

(Na2T2O3) 

/g 

m 

(NaX) 

/g 

V 

(NaOH) 

/mL 

c 

(NaOH) 

/(mol/L) 

T  

/K 

t  

/h 

CSD 

Number 

AlSiCl 1.27 0.85 6 20 8 473 64 2128568 

AlSiBr 1.27 0.85 6 20 8 473 64 2128569 

AlSiI 1.27 0.85 6 20 8 473 64 2128572 

GaSiCl 1.00 1.80 13 10 2 473 69 2128577 

GaSiBr 1.00 1.00 13 5 2 423 64 2128574 

GaSiI 1.00 1.00 13 10 2 473 65 2128576 

AlGeCl 0.64 1.30 15 10 6 433 62 2128571 

AlGeBr 0.64 1.30 15 10 6 433 62 2128566 

AlGeI 0.64 1.30 15 10 6 433 62 2128567 

GaGeCl 1.00 1.34 10 5 2 453 66 2128573 

GaGeBr 1.39 1.85 15 5 2 453 66 2128570 

GaGeI 1.39 1.85 15 5 0 423 48 2128575 
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2.2 Spectroscopy 

2.2.1 Raman spectroscopy 

Raman spectra were recorded from 35 cm-1 to 1600 cm-1 using a LabRAM Aramis (Horiba Ltd., 

Kyoto, Japan) equipped with an Olympus BX41 microscope, a x100 objective and a 1800 mm-1 

grating. A laser with an excitation wavelength of 533 nm was used. The spectra were corrected 

manually by subtracting a linear background and normalized with respect to the area of the 

maximum peak of each spectrum. Selected peaks were fitted with the software Fityk [85] using 

pseudo-Voigt functions, where the shape parameter was constrained to be equal for all peaks in 

the fitting range and allowed to vary from 0 to 1. This was done for each spectrum in multiple 

parts which were chosen according to the grouping of the peaks, using another linear 

background for each part. 

2.2.2 Infrared (IR) spectroscopy 

IR spectra were recorded either on a Nicolet iS10 FTIR spectrometer (Thermo Scientific, 

Waltham, Massachusetts, USA) (GaSiBr and GaGeI sodalite) with the attenuated total 

reflection (ATR) technique, or an IFS 66v/S FTIR spectrometer (Bruker Optics GmbH, 

Ettlingen, Germany) (remaining compounds) using pressed KBr pellets which contained ca. 

1 % of the respective sample. 

2.3 Thermal analysis 

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

were carried out using a TGA/DSC 3+ system (Mettler Toledo GmbH, Gießen, Germany). All 

samples were measured in 70 µL corundum crucibles from 300 K well into the range where 

decomposition occurs with a heating rate of 10 K/min, except for the aluminosilicates, which 

were measured with a rate of 5 K/min. A flow of 20 mL/min N2 was used as a protecting 

atmosphere. Some measurement programs contained a step of holding the temperature at 383 K 

for 15 min to ensure full evaporation of surface water before the onset of the loss of cage-

contained water. The amount of water loss was determined by the difference in mass in the 

respective temperature range between two constant sections. It has an estimated error of 0.05 %, 

as the mass curve does not always end up in a horizontal line before and after the effect. From 

this, the number of water molecules, which would on average be present per cage, was 

calculated. The decomposition temperature was determined as the onset temperature of the DSC 

signal in the temperature range where rapid mass loss is starting using the STARe-software by 

Mettler Toledo. 
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2.4 Powder X-ray diffraction (PXRD) 

2.4.1 Ambient temperature PXRD 

Ambient condition powder X-ray diffraction data were collected on a Stadi MP diffractometer 

(STOE & Cie GmbH, Darmstadt, Germany) in a glass capillary (outer diameter = 0.3 mm) in 

Debye-Scherrer geometry, using MoKα1 radiation (λ = 70.9300(2) nm). The instrument was 

equipped with a Ge(111) monochromator and a Mythen2 R 1K strip detector (Dectris Ltd., 

Baden-Daettwil, Switzerland). 

2.4.2 Temperature-dependent PXRD  

High-temperature (HT) powder X-ray diffraction data were collected on a X'Pert Pro 

diffractometer (PANalytical, Almelo, Netherlands) with a HTK1200N high-temperature 

chamber (Anton Paar, Graz, Austria) in Bragg-Brentano geometry. The diffractometer was 

equipped with a secondary Ni-filter, a X’Celerator detector system and used CuKα1,2 radiation 

(λ = 154.0596(1) pm, 154.4493(1) pm). Datasets were collected starting at 300 K in steps of 

10 K in a 2θ range from 10° to 130°, measuring for 30 s per step with a step-width of 0.0167°. 

The dataset of the AlSiI sodalite was supplied by Robben et al. [29] and the datasets of the 

gallogermanate sodalites recorded by Poltz [86] were used.  

Low-temperature (LT) powder X-ray diffraction was carried out under vacuum (pressure below 

0.1 Pa) on a Stadi MP diffractometer (STOE & Cie GmbH, Darmstadt, Germany), equipped 

with a Phenix cryostat (Oxford Cryosystems, Oxford, UK), in reflection geometry. 

Monochromatic (Ge(111)) MoKα1 radiation and a Mythen2 R 1K strip detector (Dectris Ltd., 

Baden-Daettwil, Switzerland) were used. Datasets were recorded from 293 K down to 18 K in 

steps of 10 K or less.  

2.4.3. Rietveld refinements 

Rietveld refinements were performed using the fundamental parameter approach with the 

software TOPAS V6 (Bruker AXS, Karlsruhe, Germany). The fundamental parameters were 

obtained by fitting against a measured dataset of a LaB6 standard material. Datasets obtained 

by temperature-dependent measurements were refined in sequential batch mode. For the 

evaluation together with HT results, the bond lengths and lattice parameters from the 

refinements of the LT data were shifted by a constant value to the HT data, because their quality 

(measured counts, resolution, background) is higher than that of the LT data. This procedure 

gives a seamless trend. 
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2.5 Total scattering experiments at DESY 

Total scattering data at ambient conditions were collected at the “Swedish Materials Science” 

(SMS) beamline P21.1 at PETRA III (DESY, Hamburg, Germany). Photons with an energy of 

101.67(3) keV (λ = 12.20(4) pm) and a Perkin Elmer XRD1621 area detector at a distance of 

370 mm were used. The samples were prepared in 1 mm polyimide (Kapton) capillaries and 

measured for 60 s each. Obtained 2D data was integrated using DAWN 2 [87] after calibrating 

the instrument geometry with a measured Ni standard material. From the 1D diffraction data of 

the samples and an empty sample container background measurement the reduced pair 

distribution function G(r) (PDF) was calculated using PDFgetX3 [88]. The PDFs were 

modelled with PDFgui [89] up to a distance of at least 4.3 nm using a single, symmetry 

constrained unit cell (PDF-Rietveld) of the sodalite structure in space group 𝑃4̅3𝑛 with the 

results of in-house PXRD experiments as starting values. The displacement parameters of O 

and Na atoms were refined anisotropic, while the ones of the cations in the framework and of 

the halide ions were refined isotropic. 

Total scattering data of |Na8X2|[GaGeO4]6 (X = Cl, Br, I) between 300 K and 100 K in steps of 

10 K were collected at the “Powder Diffraction and Total Scattering” beamline P02.1 at 

PETRA III (DESY, Hamburg, Germany). Photons with an energy of 59.78(3) keV 

(λ = 20.74(4) pm) and a Perkin Elmer XRD1621 area detector at a distance of 270 mm were 

used, with the beam centered in a corner. A Cryostream (Oxford Cryosystems, Oxford, UK) 

liquid nitrogen blower was used for cooling. The samples were prepared in 0.3 mm quartz-glass 

capillaries and measured for 600 s at each temperature step. Obtained 2D data was integrated 

using DAWN 2 [87] after calibrating the instrument geometry with a measured LaB6 standard 

material and the G(r) of the data were calculated with PDFgetX3 [88] as described above. 

Modelling of the PDFs was carried out with PDFgui [89] as described in the respective chapters 

(3.8 Ambient temperature total scattering, ab-initio MD calculations and 3D-BVS and 3.9 

Temperature-dependent total scattering). 

2.6 3D-BVS 

The hypothetical bond valence sum [79, 83, 84] of Na in the twelve sodalite structures was 

calculated for every position of a 3-dimensional grid within the center cage. For this, the atomic 

positions and cell parameters determined at 300 K for all the other atoms were used to calculate 

the distances to all atoms from each grid point in one unit cell. The grid had a spacing of the 

lattice parameter divided by 40 in every axial direction, resulting in 403 voxels for every 

structure. The presented data visualizations were created with ParaView [90]. 
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2.7 Ab-initio molecular dynamics calculations 

Electronic structure calculations were performed using density functional theory (DFT). The 

exchange-correlation interaction was treated by the generalized gradient approximation using 

the PBE functional [91]. The effect of the core electrons on the valence density was taken into 

account by means of the projector-augmented wave (PAW) method [92] with an energy cutoff 

of 415 eV and a kinetic energy cutoff of 645 eV.  

Unit-cell parameters and atomic positions have been optimized using GPAW in the framework 

of the Atomistic Simulation Environment (ASE) [93, 94]. A 6 × 6 × 6 k-point mesh and the k-

point sampling scheme of Monkhorst and Pack [95] were used in all calculations. All atoms 

were allowed to freely relax, and no symmetry restrictions were given. 

Ab-initio Molecular Dynamics simulations (AIMDs) were calculated using the Vienna Ab initio 

Simulation Package (VASP) [96]. A 3 × 3 × 3 k-point mesh was used in all calculations. Each 

optimized bulk structure was heated up to 298.15 K for 1 ps of simulation time by means of an 

NVT ensemble. Here the temperature ramping was controlled by a Nosé-Hoover thermostat, 

with a time step of 0.5 fs for the Verlet algorithm and direct scaling performed every 10 steps. 

Once the room temperature had been reached, the systems were allowed to further stabilize for 

another 1 ps within the same NVT ensemble. Finally, with use of an NVE ensemble the 

dynamics were investigated for up to 10 ps at the thermodynamic equilibrium. 

2.8 Force-field calculations 

Force-field calculations were carried out using version 6 of GULP [97, 98]. A consistent set of 

potential parameters was obtained using the ParamGULP code [99] and fitting the potential 

parameters to the ambient structures, starting with the AlSiCl sodalite. Initial potential 

parameters were taken from Sierka and Sauer [100] for the framework interaction, from 

Binks [101] for the Na-Cl interaction and Jackson and Catlow [102] for the Na-O interaction. 

The potentials were first adapted to the template within the same framework (1: Cl, 2: Br, 3: I) 

and then the framework was switched (Al-Si, Al-Ge, Ga-Si, Ga-Ge), keeping the parameters 

from the step before. Finally, an optimization with a phonon calculation was carried out to 

obtain the phonon density of states. 
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3 Results and discussion 

3.1 Ambient average structure 

Characterization of the sodalite samples at ambient temperature was done by X-ray diffraction 

experiments and subsequent Rietveld refinements. The samples were found to be phase pure 

and highly crystalline. Results of the structure refinements in space group 𝑃4̅3𝑛 (Nr. 218) 

yielded average structures in agreement with the literature and are presented in the appendix 

(Figure A 1-A 12, Table A 1-A 24).  

3.2 Spectroscopy 

3.2.1 Raman spectroscopy 

High-quality Raman spectra starting at a low Raman shift of 25 cm-1 of all samples were 

recorded and are shown in Figure 4. They show only the bands expected for phase-pure 

sodalites and are agreeing with the literature [16, 86, 103-105]. The main appearance of the 

spectra is similar, especially for compounds of the same framework composition. With 

calculated positions and vibration types of Raman bands published for AlSiCl and AlSiBr 

sodalite, the spectra of the alumosilicates can be divided into four regions of vibrations, marked 

by dashed lines in Figure 4 [103, 104, 106]. The region above 900 cm-1 contains the bands 

mostly produced by asymmetric Si-O-Al stretching (νas), the next lower region down to 

550 cm-1 contains the symmetric Si-O-Al stretching (νs). Bands between 200 cm-1 and 550 cm-1 

are produced predominantly by inter- (δ Si-O-Al) and intra-tetrahedral (δ O-T-O) bending 

motions. The region below 200 cm-1 contains bands produced mainly by vibrations of the lattice 

and ions located in the sodalite cages. These four regions can be found in the same order for all 

framework compositions but are not always divided by distinct gaps in the spectra. 

An easy assignment of bands in the different spectra based on the comparison of band positions, 

intensities and widths is only possible for bands of high relative intensity or nearly unchanging 

position. This is the case for the most intense band of every spectrum (δ T1-O-T2) and the most 

intense band of the asymmetric stretching vibrations (νas T
1-O-T2). Their fitted positions and 

widths for all compounds are shown in Figure 5. The position of the νas T1-O-T2-peak is 

blueshifted for larger incorporated halide ions and redshifted for frameworks of larger volume, 

resulting in four distinct groups. Where their position can be followed, other asymmetric 

stretching modes are shifting to the same direction. No trend can be seen for the width of the 

νas T
1-O-T2 peak. The δ T1-O-T2-peak is redshifted for larger halide ions but does not directly 
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Figure 4: Raman spectra of all twelve sodalites, ordered in groups of increasing framework-volume and 

increasing halide-ion size (black: Cl-, blue: Br-, green: I-) from top to bottom. Intensity normalized to 

the maximum peak. 
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correlate with the framework volume. With respect to the framework type, the peaks are shifted 

to higher energies following Al-Ge < Al-Si < Ga-Ge ≈ Ga-Si. For the Al-Si and Ga-Ge 

frameworks, the peaks are becoming wider with increasing halide ion size and for the Ga-Si 

and Al-Ge frameworks they are narrowing. With widths over 20 cm-1, all Ga-Si compounds 

have significantly broader peaks than the other sodalites. This reflects the large difference in 

length between the two T–O bonds compared to the other frameworks. 

 

Figure 5: Positions and FWHMs of selected Raman peaks which can be identified for every investigated 

sodalite. All peaks are labeled in Figure 4 or marked by an arrow in Figure 6 . The different sodalites 

are numbered from 1 to 12 in order of increasing halide ion size and framework volume (compare labels 

in Figure 4). 

While all peaks above 300 cm-1 are shifting and gaining or loosing intensity gradually when the 

enclathrated ion is exchanged, peaks in the region between 90 cm-1 and 300 cm-1 are behaving 

very different. The spectra of chlorine and bromine compounds of a single framework are 

looking relatively similar compared to the respective iodine compound, where single peaks are 

gaining and loosing much intensity, often obscuring surrounding signals in the process. This 

can be seen most pronounced for the AlSiI sodalite, where a characteristic fork-shape around 

125 cm-1 emerges. A magnification of the spectral region below 320 cm-1 is shown in Figure 6, 

where the spectra are ordered in groups according to the respective halide ion. The peaks 

marked by arrows above the AlSiCl spectrum can be identified in all spectra and their fitted 

properties are shown in Figure 5. The peak sitting at 166.7 cm-1 for the AlSiCl sodalite is 

induced by ionic vibrations and shows a behavior similar to the δ T1-O-T2 peak discussed above 

with the blueshift of the position upon halide-ion exchange. The peaks of different frameworks  
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Figure 6: Raman spectra in the region between 25 cm-1 and 320 cm-1, ordered in groups of increasing 

halide-ion size and increasing framework-volume (black: Al-Si, blue: Ga-Si, green: Al-Ge, red: Ga-Ge) 

from top to bottom. Intensity normalized to the maximum peak (δ Si-O-Al in Figure 4). 
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are spread over energy ranges following the order Al-Si < Al-Ge < Ga-Ge ≈ Ga-Si to higher 

shifts.  

The enlargement of the lower spectral region makes some characteristics of the peaks below 

90 cm-1 obvious: First, they are most intense for the alumosilicate sodalites and least intense for 

the gallogermanates. This, together with an in some cases non-linear background below 60 cm-1 

makes a stable fitting of all peaks impossible, but they can still be seen with the eye. Second, 

all peaks are staying at virtually the same position across the different chemical compositions. 

This is clearly shown by the fitted positions of the two peaks at 84 cm-1 and 61 cm-1 in Figure 

5. 

To summarize, fitted positions of the peaks related to vibrations of the framework depend on 

the chemical composition and geometry of the compounds. Most bands between 100 cm-1 and 

300 cm-1 are shifting and gaining or loosing intensity rapidly depending on the composition, 

making an identification and comparison without further knowledge difficult. This cannot be 

conducted properly consulting published calculations, where the focus either lies on a single 

compound (AlSiCl or AlSiBr sodalite) [103, 104, 106, 107], examinations of the qualitative 

appearance of multiple spectra [108, 109] or natural samples with mixed cage contents [110]. 

3.2.2. IR spectroscopy 

The IR spectra (Figure 7) show the bands typical for the respective sodalite frameworks below 

1200 cm-1 [16, 21, 111-113]. As for the Raman spectra, the vibration types of the framework 

can be found in different regions, with the asymmetric vibrations νas T
1-O-T2 approximately 

above 700 cm-1, the symmetric modes νs T1-O-T2 between 500 cm-1 and 700 cm-1 and the 

bending vibrations δ T1-O-T2 below 500 cm-1. The respective groups are shifted to lower 

wavenumbers with larger frameworks and longer T–O bonds. The bands belonging to the 

tetrahedral sodium (NaO3X) and halide (Na4X) environment would be observed in the far 

infrared region below 300 cm-1 and could not be recorded with the instrumental setups. 

Additionally, in some samples weak H2O bending modes at around 1650 cm-1 as well as the 

broad O-H stretching mode signal between 3200 cm-1 and 3600 cm-1 can be seen, but no sharp 

signals of hydroxyl groups around 3640 cm-1 appear in the spectra [46, 114, 115]. The always 

probable inclusion of water and/or hydroxyl-groups in the cages will be discussed further in the 

following section. 



  - 20 - 

 

 

Figure 7: IR spectra of the investigated sodalites, ordered according to increasing volume of framework 

and incorporated halogenide-ion from top to bottom. 

 

3.3 Decomposition and water loss (TGA/DSC) 

To determine the decomposition temperatures and the water content, TGA/DSC measurements 

were performed. The general appearance of the TGA/DSC curves of the investigated sodalites 

(Figure 8) is principally the same and as expected for these compounds. The evaporation of 

surface-adsorbed water is in all cases finished at approx. 450 K, visible in the first mass loss in 

the TGA curve. Cage-incorporated water is lost in the temperature range between 500 K to 
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1000 K. In most cases, a two-step process in the TGA curve could be observed as described by 

Engelhardt et al. [114] for the water loss in pure hydro sodalites. Determined water contents are 

collected in Table 2. The highest water content was observed for the alumogermanate 

framework (0.41-0.44 molecules per cage (mpc)). The three gallogermanate sodalites show a 

broad range of different water content (0.19-0.42 mpc), the gallosilicate phases show medium 

water content (0.25-0.29 mpc) and alumosilicate sodalites the lowest, with the AlSiBr sodalite 

showing an almost doubled water content compared to the other two.  

Decomposition of the sodalites is observed above 1050 K, with GaGeI sodalite as the only 

exception decomposing at 925(10) K. The associated mass loss is caused by framework 

destruction and evaporation of the metal halide. In all cases more or less pronounced signals or 

kinks are visible in this range of beginning mass loss, sometimes only noticeable in the first 

derivative (analogous to [116], e.g., AlGeCl). The onset of this effect was determined, and the 

results are listed as the estimated decomposition onset TD in Table 2. If the maximum 

measurement temperature reached well into the process of decomposition, two minima in the 

DTG curve could be observed. This effect was also observed by Antao et al. [116]. In the 

temperature range of the decomposition, varying endo- and exothermic signals are visible in 

the DSC curves. These signals can be associated with the formation of the decomposition 

products. These were shown to be mostly carnegeite-, nepheline- and beryllonite-type 

compounds, or a mixture of these [8, 117, 118]. A comparison of the onset temperatures of 

decomposition shows that for each framework type the chloride-containing species is the most 

temperature-stable one. In the alumosilicate, gallosilicate and alumogermanate systems, the 

structures incorporating bromide and iodide begin to decompose at almost equivalent 

temperatures. Only in the gallogermanate system, the chloride and bromide structures start to 

decompose at the same temperature and the iodide compound has a 200 K lower onset. 

Generally, the structures with larger framework atoms are less stable with respect to 

temperature. The observation correlates with the theoretical observation of the stability of 

sodalites [23]. 
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Figure 8: TGA (black) and DSC curves (red) as well as their first derivatives (blue: TGA, orange: DSC) 

for all twelve sodalites (composition given in each panel). 
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Table 2: Estimated decomposition onset TD, water loss from cages (in % of total mass) and calculated 

average water molecules per cage (mpc). 

Sample TD /K water loss /wt-% H2O mpc 

AlSiCl 1230(10) 0.23(5) 0.12(3) 

AlSiBr 1170(10) 0.50(5) 0.29(3) 

AlSiI 1175(10) 0.22(5) 0.14(3) 

GaSiCl 1225(10) 0.36(5) 0.25(4) 

GaSiBr 1160(10) 0.40(5) 0.29(4) 

GaSiI 1075 (10) 0.33(5) 0.26(4) 

AlGeCl 1210(10) 0.60(5) 0.41(4) 

AlGeBr 1160(10) 0.60(5) 0.44(4) 

AlGeI 1065(10) 0.55(5) 0.43(4) 

GaGeCl 1125(10) 0.38(5) 0.32(5) 

GaGeBr 1120(10) 0.22(5) 0.19(5) 

GaGeI 925(10) 0.45(5) 0.42(5) 

 

3.4 Thermal behavior of the average sodalite structure 

Temperature-dependent powder X-ray diffraction data of all compounds were collected and 

analyzed by Rietveld structure refinements. The crystal structures of all twelve sodalites have 

been refined in space group 𝑃4̅3𝑛 over the complete examined temperature range. Selected 

bond lengths and the tilt angles have been calculated from the structural data. The values are 

analyzed and plotted against the temperature, up to those respective temperatures at which the 

e.s.d.’s become very large, often accompanied by significant trend changes. These changes arise 

when the structures are becoming unstable and maybe already start to decompose, resulting in 

data which cannot be refined properly. Deviations of the expected structural parameters 

influenced by the oxygen position for the GaGeCl and GaGeBr sodalite, visible especially 

below 300 K, are probably produced by the low scattering power of oxygen compared to Ga 

and Ge. These are the heaviest pair of atoms in the four examined frameworks. In general, 

refined parameters below 300 K show higher scattering and larger errors, as the data quality 

produced by the respective measurement setup is lower than that for the higher temperatures. 

The cation-oxygen distances of the framework tetrahedra (Figure 9) could be distinguished for 

Si–O distances around 161 pm and the Ga–O distances around 182 pm. On the other hand, the 

Al–O and Ge–O distances are around 175 pm, quite close to each other due to the similar cation 

radii of 53 pm for Al and Ge [119, 120]. The strong scattering of the interatomic distances for 

the gallogermanate frameworks is due to the smaller scattering power of the oxygen atoms 

compared to the framework cations, resulting in a less precise determination of their positions. 

All bond lengths show a slight trend of shrinking with increasing temperature, which is an effect 
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of the averaging of oxygen positions [121, 122] and can be corrected for the librational motions 

of T–O tetrahedra if anisotropic displacement parameters from high-quality data (neutron 

diffraction e.g.) are available [39]. The data are in accordance with the concept of rigid 

tetrahedra, which show almost no temperature dependence of their bond lengths. 

 

Figure 9: Temperature-dependent framework cation – framework oxygen distances (error bars are not 

plotted for clarity). The different frameworks are indicated by color and the incorporated halogenide ion 

by type of symbol. 

The average tilt angle is decreasing with increasing temperature, showing the expansion of the 

frameworks (Figure 10, left). For the AlSiI and AlSiBr sodalite, the untilting is accelerated at 

ca. 900 K and 1200 K, respectively. At higher temperatures, the tilt angle remains at a constant 

value deviating slightly from zero due to the above-mentioned symmetry effect. This indicates 

the full expansion of the framework and is generally described as a 𝑃4̅3𝑛 ↔  𝑃𝑚3̅𝑛 phase 

transition [29, 72]. The Landau theory [71] has been applied to the results by fitting the 

parameters of equation (2) (see 1. Introduction) against the order parameter z’ (Figure 11). 

According to the fitting, the results lead to transition temperatures of 1023(2) K and 1257(1) K 

for AlSiI and AlSiBr sodalite, respectively. The fitted value of the critical exponent 𝛽 for 
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AlSiBr sodalite is significantly smaller than 0.25, which would be expected for a tri-critical 

phase transition and is observed here approximately for the AlSiI sodalite and by Rüscher et al. 

[72] for |Na8(NO3)2|(AlSiO4)6 sodalite. The transition of AlSiBr sodalite is happening after its 

determined decomposition onset at 1170(10) K, which may explain this deviation. For 

frameworks which are further away from full expansion with larger tilt angles (> 25°) the 

decrease is almost linear. No signs for other phase transitions below 300 K could be observed. 

 

Figure 10: Temperature-dependent tilt angle (left) and Na–X distance (right) from PXRD refinements. 

The sodium-halide (Na–X) ion distances are ordered into three groups, belonging to the 

sodalites containing Cl-, Br- and I-, respectively (Figure 10, right). Within these groups, the 

frameworks are ordered in the sequence Al-Si > Al-Ge > Ga-Si > Ga-Ge. Above the phase-

transition temperature of AlSiBr and AlSiI sodalite, the Na–X distances show a drastically 

reduced expansion in the range up to decomposition, comparable to the change in the unit-cell 

volume (as described above). The smallest sodalites (Al-Si framework) show the largest volume 

of the Na–X tetrahedra and the largest framework (Ga-Ge) the smallest one. Ga-Si and Al-Ge 

seem to have swapped Na–X bond lengths, but in the first case, the bond lengths difference 

between Ga–O and Si–O is the biggest one. In the second case the difference between the Al–

O and Ge–O distances is almost 0. 
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Figure 11: Fittings (red line) of the experimentally obtained order parameter z' (black circles) close to 

the temperature of phase transition using the Landau theory. The values of z' after the determined critical 

temperature were set to 0. 

Whereas the Na–O1 distances are increasing with higher temperatures, the Na–O2 distances 

are decreasing (Figure 12). No order is present in the Na–O1 bonds, which are spread over a 

small range (ca 10 pm at 300 K), whereas the Na–O2 bonds are distributed over a much larger 

range (ca. 35 pm at 300 K) and show a clear and distinct grouping very similar to the one 

observed in the tilt angles (above). Regarding the Na–O2 distances, structures with the same 

framework are ordered according to the sequence: The larger the template ion, the shorter the 

Na–O2 bond. The gallosilicate and alumogermanate compounds are overlapping. 

Generally, the alkali or alkaline-earth cations incorporated in the sodalite cages, which are 

sodium cations for the phases reported here, are the main charge mediators between the 

(negatively charged) framework and templating anion, which must balance framework and 

template charges at all temperatures by keeping the necessary distances. As the framework 

expands with increasing temperature, the 6-ring windows as well as the β-cage diameters 

become larger. The charge-balancing can be described in the scope of the bond valence sum 

concept [79, 83, 84]. The strongest sodium-framework coupling is in the Na–O1 bonds, which 

is the largest contribution to the bond valence sum (BVS) of the sodium. The contribution of 

the Na–O2 bond to the BVS is much smaller due to longer bonds, but still relevant, and is 

strongly influenced by the tilting and the T–O bond lengths. The more of its BVS is provided 

by the framework, the less must be contributed by the template. This explains the inverse 

relation between the volumes of the template-tetrahedron and of the unit-cell described above. 

Calculated BVSs of the sodalite structures at ambient conditions are given in Table 3 and 

plotted against the onset temperature of decomposition in Figure 13. Some of them differ 
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significantly from the expected value of +1 for sodium and -1 for the halide ions, which may 

be due to the uncommon nature of bonding inside the sodalite cage. On average, the BVS seems 

to have a lower total amount with a higher decomposition onset of the compound which 

generally correlates with a smaller radius of the halide ion (compare chapter 3.3 Decomposition 

and water loss (TGA/DSC)). 

 

Figure 12: Temperature-dependent shorter Na–O1 (left) and longer Na–O2 distances (right). The 

different frameworks are indicated by color and the incorporated halide ion by type of symbol. 

 

Figure 13: Bond valence sums of the halide ion X (left) and Na (right) against the decomposition 

temperature of the respective compound. The respective structures were obtained from X-ray diffraction 

experiments. Linear fits are included as guides to the eye. 
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Table 3: Selected bond lengths at ambient conditions and calculated bond valence sums. 

Na–O /pm Na–O2 /pm Na–X /pm BVS(X) /v.u. BVS(Na) /v.u. 

235.4(2) 309.2(2) 272.4(3) -0.85(3) 0.98(3) 

234.8(3) 304.6(3) 288.6(3) -0.89(3) 1.01(3) 

237.9(4) 297.9(6) 311.3(4) -0.90(3) 0.98(3) 

233.7(3) 318.9(3) 267.4(4) -0.97(3) 1.02(3) 

232.8(4) 315.1(4) 283.8(4) -1.01(3) 1.06(3) 

229.3(5) 311.8(5) 304.9(6) -1.07(3) 1.15(3) 

233.1(4) 323.1(4) 270.7(4) -0.89(3) 1.00(3) 

230.6(4) 319.7(4) 285.7(5) -0.96(3) 1.08(3) 

235.2(6) 311.4(6) 309.3(7) -0.95(3) 1.00(3) 

231.7(6) 333.1(12) 269.2(7) -0.92(5) 1.03(5) 

229.0(5) 330.9(11) 282.1(5) -1.06(5) 1.12(5) 

226.7(5) 326.4(5) 303.8(5) -1.10(5) 1.19(5) 

 

3.5 Thermal expansion 

Refined lattice parameters were used for volume and TEC (𝛼𝐼,𝑣𝑜𝑙) calculation and the DEA 

modelling described in the following section. The determined unit-cell volumes and their TECs 

are given in Figure 14. The unit-cell volumes exhibit continuous expansion up to the 

decomposition temperatures, including the phase transition to the fully expanded structure in 

the cases of AlSiBr and AlSiI sodalite. In some cases, a change in the slope is visible, which 

causes distinct signals in the TEC, especially in the temperature range of water loss. However, 

for successful DEA modelling of all compounds, either a restriction of the fitted temperature 

ranges (temperature ranges used for the fitting are listed in Table 4) and/or additional Einstein 

contributions were necessary. Final parameters obtained from the modelling are collected in 

Table 5. The reduction of the TEC is most pronounced in the GaSiCl and AlGeCl sodalites, 

where it consists of two overlapping expansion/reduction effects. This clearly indicates that the 

change in TEC is caused by the loss of water inside the β-cages, as similar effects were observed 

in the TGA/DSC experiments. Nevertheless, the water content alone cannot explain why the 

effect is less pronounced in samples containing at least as much water as the AlGeCl sodalite, 

like AlGeBr or AlGeI, or why it is more pronounced in the GaSiCl sodalite compared to e.g., 

AlSiBr or GaSiBr. The extrapolated model volumes in temperature ranges excluded from the 

fitting (compare Table 4) are in all cases larger than the observed ones (for temperatures well 

below the decomposition temperature). The water loss is associated with a phase transformation 

due to a small reduction of N, the number of atoms in the structure. However, the model fit and 
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the experimental data proceed parallel, indicating just a change in 𝑀0 with equivalent Debye 

and Einstein temperatures below and above the water loss temperature range. This means that 

the internal vibrational energies are not significantly influenced by small amounts of water 

incorporated in the β-cages. 

A comparison of Einstein temperatures θE1 (Table 5) of the different frameworks shows that 

the alumosilicates exhibit the highest ones (2026 K to 6340 K) and the gallogermanates the 

lowest (434 K – 1307 K), while the other frameworks are in between (1128 K – 1800 K, except 

AlGeCl: 4540 K). With respect to the halide ion enclathrated within a certain framework, the 

Einstein temperature θE1 is getting larger with increasing size of the halide ion. Exceptions are 

the GaSiBr and the AlGeCl sodalite. The first one shows a slightly smaller θE1 than expected 

from the general trend, the latter one shows a much higher θE1 than both other 

alumogermanates, but it was fitted with only two energy terms in total. No clear trend is found 

for θE2, which may be because it seems to be influenced by the effects of water loss to a higher 

degree. The Debye temperatures are also following no obvious trend. On the other hand, very 

high Einstein temperatures are very unlikely, the more as these high values are obtained for 

frameworks with the smallest tilt angles. That means that these frameworks are close to the 

phase transition described with a Landau term. It could not be ruled out that the fitting of at 

least a second Einstein temperature is influenced by the Landau type phase transition and 

therefore not describing the fundamental phonon behavior precisely which then might also 

influence the Debye temperature values. 

Table 4: Temperature ranges of volume and TEC used for DEA-fitting. 

 

 

 

 

 

 

 

 

Sample range (cell volume) /K range (TEC) /K 

AlSiCl 18-870 18-870 

AlSiBr 18-1070 18-1070 

AlSiI 18-873 18-873 

GaSiCl 18-560 18-560, 790-950 

GaSiBr 18-500 18-500, 820-1010 

GaSiI 18-560 18-560, 730-1000 

AlGeCl 18-600 18-600, 1030-1170 

AlGeBr 18-1060 18-1060 

AlGeI 18-1000 18-1000 

GaGeCl 18-600 18-600, 780-1030 

GaGeBr 18-1100 18-1100 

GaGeI 18-838 18-838 
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Figure 14: Cell volume (main panels) and TEC αI,vol (insets) of all twelve sodalites with their DEA-

models (red lines). The enlarged difference curve of the volume model (red line within green borders) 

ends 50 K after the last data point which was used to fit against. 
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Table 5: Parameters obtained in DEA-fittings. 

Sample V0 /106 

pm3 

θD1  

/K 

kD1 /10-12 

GPa-1 

θD2  

/K 

kD2/10-12 

GPa-1 

θE1  

/K 

kE1/10-12 

GPa-1 

θE2 /K kE2/10-12 

GPa-1 

AlSiCl 697.08(5) 528(24) 14.5(7)   2026(94) 7.1(4) 7010(330) 164(8) 

AlSiBr 710.13(5) 602(38) 18(2)   3270(210) 5.0(4) 4680(300) 49(4) 

AlSiI 730.27(5) 473(41) 13(2) 2580(230) 21(2) 6340(560) 90(8)   

GaSiCl 713.56(5) 708(18) 11.7(3)   1386(35) 5.8(2) 4869(130) 3.4(2) 

GaSiBr 728.40(5) 756(28) 12.7(5)   1166(43) 3.3(2) 6790(310) 64(4) 

GaSiI 747.05(5) 833(17) 14.2(5)   1800(52) 4.7(2) 7830(230) 172(5) 

AlGeCl 734.67(5) 720(28) 16.6(7)   4540(180) 25(1)   

AlGeBr 748.98(5) 700(32) 13.2(8)   1128(66) 4.6(3) 6990(420) 121(5) 

AlGeI 768.47(5) 693(34) 15.6(8)   1793(87) 3.8(2) 3860(190) 17(2) 

GaGeCl 756.66(5) 1055(39) 15.0(8)   434(21) 0.54(3) 6460(320) 30(4) 

GaGeBr 772.20(5) 767(38) 11.1(6)   808(41) 2.1(2) 5660(290) 44(3) 

GaGeI 791.13(5) 819(33) 12.2(5)   1307(52) 1.89(7) 5450(220) 50(3) 

 

3.6 Force-field calculations 

Lattice energy minimisation calculations gave the final lattice energy and compressibility of 

each compound which are presented in Table 6 and Figure 15. Phonon densities of states 

(PDOS) were also calculated and are shown in Figure 16. The lattice energy within a single 

framework-type is getting lower with larger incorporated halogenide ions and unit-cell 

volumes, respectively. When comparing different framework types, there is no direct relation 

to the volume. Instead, the energy gets higher with lower bond lengths differences between T1–

O and T2–O. Consequently, the framework types are ordered in the sequence Ga-Si < Al-Si < 

Ga-Ge < Al-Ge (Figure 15), as their bond lengths differences are approximately 20 pm (Ga-Si), 

14 pm (Al-Si), 8 pm (Ga-Ge) and 0 pm (Al-Ge). 

Table 6: Results from the force-field calculations with GULP for each compound. 

Sample lattice energy /eV compressibility /GPa-1 

AlSiCl -1373.67 0.0140 

AlSiBr -1372.58 0.0122 

AlSiI -1370.93 0.0105 

GaSiCl -1366.06 0.0148 

GaSiBr -1365.33 0.0133 

GaSiI -1363.67 0.0115 

AlGeCl -1389.99 0.0152 

AlGeBr -1389.46 0.0138 

AlGeI -1387.82 0.0118 

GaGeCl -1382.10 0.0160 

GaGeBr -1381.47 0.0143 

GaGeI -1380.19 0.0127 
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Figure 15: Lattice energy of the sodalites against the volume of their unit cells. Linear fits are given as 

guides to the eye. 

The PDOS (Figure 16) of sodalites with the same framework atoms possess a similar shape. 

The most obvious difference is that with a larger incorporated halide ion, the frequency of the 

phonons with the lowest frequencies are shifted to even lower values. The frequencies with the 

highest number of phonons are located around 200 cm-1 for the different framework types and 

the second highest maximum above 800 cm-1. In every spectrum a gap is found in front of the 

group with the second maximum, which is very narrow for the alumosilicates and becomes 

wider the larger the framework is. The gallosilicate and alumogermanate sodalites show a 

second smaller gap around 550 cm-1. As was explained in the introduction (1.2 The Debye-

Einstein-anharmonicity model), the shape of the PDOS can be described using Einstein and 

Debye frequencies, 𝜔𝐸 or 𝜔𝐷, respectively. The appearance of the sodalites PDOS justifies the 

application of multiple parameters, as they cannot be well approximated by a single Einstein or 

Debye frequency. While the vibrations of the alumosilicates are almost a single continuum, 

larger gaps in the PDOS for other frameworks hint to the need of additional parameters. The 

PDOS of the gallosilicate and alumogermanate sodalites show two gaps between one larger and 

two smaller groups of frequencies which could be well described with one Debye and two 

Einstein frequencies, as was done in most cases when fitting the thermal expansion of the 

sodalites (see chapter 3.5 Thermal expansion). Furthermore, the similar appearance of the 

vibrations for the compounds with the same framework atoms would suggest that they can be 

described with a similar model, where the Debye and Einstein temperatures are only changing 

depending on mass and size of the incorporated halide anion. However, this was found not to 

be the case and the number of used Debye and Einstein temperatures to obtain an excellent fit 

of the thermal expansion does not match the regularities observed in the calculated PDOS. 
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Figure 16: Phonon density of states (PDOS) of the alumosilicate (top left), gallosilicate (top right), 

alumogermanate (bottom left) and gallogermanate (bottom right) sodalites. The colors are according to 

the template ion chloride (black), bromide (blue) or iodide (green). 

3.7 Discussion: The Lindemann criterion 

The temperature-dependent behavior of the average structure of the sodalites has been 

investigated and no indications for unknown phase transitions were observed. No correlation 

between the Debye and Einstein temperatures from DEA modelling of the thermal expansion 

and the appearance of the calculated PDOS (GULP, 𝑃4̅3𝑛) was found. The PDOS and lattice 

energies of the structures show no unexpected behavior for the compounds but would hint to a 

simple relation between lattice vibrations and composition. The decomposition temperatures of 

the sodalites are expected to show some correlation with their structural parameters, but a clear 

correlation with observed bond lengths, other structural parameters or with the BVSs cannot be 

deduced from the collected data presented above. However, Lindemann proposed a criterion 

[123] to connect the melting temperature of a material, 𝑇𝑚, with the average root mean square 

displacement, 𝑢𝑖𝑠𝑜, of the atoms: Melting occurs, if 𝑢 exceeds 𝑛 times (0.2 to 0.3) the lattice 

parameter.  

 𝑎𝑡 𝑇𝑚: 𝑢𝑖𝑠𝑜 > 𝑛 ⋅ 𝑎 (11) 
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This simple criterion connects a structural parameter with a dynamic one. Shelimova and 

Plachkova [124] cite Sirota  (N.N. Sirota and S.N. Chizhevskaya Fizika i fiziko-khimicheskii 

analis 1957 30(1) 175; not available to the author) and provide the following relation between 

the Debye temperature 𝜃𝐷
𝐿  (the superscript L denotes a Debye temperature determined by this 

Lindemann formula), Lindemann constant 𝐾𝐿, melting temperature 𝑇𝑀, and structural 

parameters (average atomic mass �̅� and average atomic distance 𝑉
2

3⁄ ): 

 𝜃𝐷
𝐿 = 𝐾𝐿√

𝑇𝑀

�̅�⋅𝑉
2

3⁄
= 𝐾𝐿 𝑌  (12) 

This formula is applied to the compounds here using the following modifications: Instead of 

𝑇𝑀 the onset temperature of the sodalite decomposition determined in the TG/DTA 

experiments, 𝑇𝐷, is used and instead of a single Debye temperature the geometrical average of 

the determined Debye and Einstein temperatures in the DEA fits, 𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒, is used to obtain a 

reasonable average description of the phonon density of states. Then the formula  

 𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝐾𝐿√
𝑇𝐷

�̅�⋅𝑉
2

3⁄
= 𝐾𝐿𝑌 (13) 

can be used to determine the Lindemann constants by the slopes (
𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑌
⁄ ) (Table 7) and a 

plot of  𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 versus 𝑌 (Figure 17) should group the compounds on straight lines through 

the origin. 

Table 7: The sodalites in increasing order of KL. The AlGeCl sodalite could either be attributed to group 

1 or 2, the first KL average value for group 1 and group 2 is given with AlGeCl included in group 1, the 

second one with AlGeCl in group 2. 

SOD Y / (1010 K0.5 /m) 𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 / K  KL / (K0.5 m) Group Average KL / (K0.5 m) 

GaSiCl 437.2(3) 1684(43) 3.9(1) 1 

3.94(8) / 4.01(4) AlSiCl 497.2(3) 1957(91) 3.9(2) 1 

GaGeCl 356.9(3) 1435(64) 4.0(2) 1 

AlGeCl 425.6(3) 1808(71) 4.3(2) 1/2 

4.6(2) / 4.61(8) 

GaGeBr 342.8(3) 1519(77) 4.4(3) 2 

AlGeBr 391.6(3) 1767(96) 4.5(3) 2 

GaSiBr 397.0(3) 1816(72) 4.6(2) 2 

AlSiI 428.9(3) 1978(174) 4.6(5) 2 

AlSiBr 449.8(3) 2096(134) 4.7(3) 2 

AlGeI 344.5(3) 1686(83) 4.9(3) 2 

GaSiI 352.5(3) 2273(59) 6.5(2) 3 
6.5(2) 

GaGeI 272.9(3) 1800(72) 6.6(3) 3 
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Figure 17: Plot of Y vs 𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒. The linear equations for the three groups are given by the lines. AlGeCl 

is included in group 2. 

An ordering of the compounds in three distinct groups becomes visible. The first group includes 

the sodalites containing Cl. AlGeCl seems to be a borderline case, but the standard deviation of 

the average KL is smaller when it is attributed to group 2 instead of group 1. Group 3 includes 

GaGeI and GaSiI, the first one being the largest of all sodalites considered here, the second one 

is very large and shows the biggest difference in T1–O and T2–O bond lengths. The AlGeI 

sodalite is slightly larger than the GaSiI sodalite but has almost identical T1–O and T2–O 

distances and can clearly be attributed to group 2, in which all other sodalites can be found. No 

correlations between selected bond lengths or other parameters, which are not included in the 

equation given above, and the Lindemann constants could be found. The sodalites with the 

same 𝐾𝐿 show the same interplay between the phonon system and 𝑌. This may give the 

possibility to determine the decomposition temperature of a given sodalite theoretically, if it is 

known to which group it belongs. For the first time, such a distinct correlation was found in 

these structures. However, all examined sodalites are isostructural with respect to their average 

structure determined from X-ray diffraction, and the underlying reason for this grouping of the 

compounds may originate from local deviations from the average structure. Thus, further 

experiments and computational methods were carried out to elucidate this correlation, which 

allow to analyze the local structure (total scattering) or are not restricted by the symmetry of 

space group 𝑃4̅3𝑛 as the force field used in GULP, which was fitted to the average structures 

(AIMD calculations in space group 𝑃1). 
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3.8 Ambient temperature total scattering, ab-initio MD calculations and 3D-BVS 

The PDFs obtained from total scattering experiments collected at ambient conditions at 

beamline P21.1 (DESY, Hamburg) all show clear signals up to distances of multiple cell lengths 

(more than 4.0 nm) and all visible signals can be calculated in a refinement of a single unit-cell 

including symmetry (PDF-Rietveld refinement) as is done in (Bragg-)Rietveld refinements of 

XRD data. Small box refinements with models which are not constrained to symmetry (single 

unit cell in space group 𝑃1) or supercells of the unit cells did not give consistent or physically 

meaningful results. This indicates that data of even higher quality would be needed to gather 

precise information about the local structure, as was done using PDFs from neutron diffraction 

data of the AlSiI sodalite [29]. The PDF-Rietveld refinements could be improved further by 

using symmetrically constrained anisotropic displacement parameters (ADPs) for the Na and O 

atoms, which led to a better description of signal intensity and shape of the measured PDFs. 

The measured and calculated PDFs of these refinements are shown in Figure 18. The obtained 

average structures are in general agreement with those obtained from XRD refinements (see 

appendix). Selected bond lengths and bond valence sums of the structures are shown in Table 

8. Significant deviations from expected values are present in the T–O bond lengths of the 

GaGeCl and GaGeBr sodalites, where they are by more than 1 pm longer or shorter than in the 

other listed structures. Similar results were obtained from the in-house XRD experiments and 

may be caused by the low scattering power of the oxygen atoms compared to the neighboring 

gallium and germanium and their equal number of electrons. In all alumosilicate structures, the 

refined Al–O bonds are shorter and the Si–O bonds longer than expected, but with their mean 

values fitting to expectations. This was not observed in the XRD experiments, but again seems 

to be an effect of the isoelectric tetrahedral ions. 

Table 8: Lattice parameter (LP), selected bond lengths and BVS from PDF-Rietveld refinements. 

Sample LP  

/pm 

Na–X  

/pm 

Na–O1  

/pm 

Na–O2  

/pm 

T1–O  

/pm 

T2–O  

/pm 

BVS (X) 

/v.u. 

BVS (Na) 

/v.u. 

AlSiCl 887.59(1) 274.0(1) 233.9(2) 308.5(2) 171.4(2) 165.1(2) -0.81(2) 1.00(2) 

AlSiBr 893.12(1) 288.4(1) 233.9(2) 304.2(2) 169.9(2) 166.7(1) -0.90(2) 0.95(2) 

AlSiI 901.21(1) 310.9(1) 233.5(2) 297.9(3) 171.7(2) 165.8(2) -0.91(2) 0.91(2) 

GaSiCl 893.88(1) 271.6(1) 229.8(1) 319.5(2) 182.4(1) 161.9(1) -0.87(2) 1.07(2) 

GaSiBr 900.31(1) 284.1(1) 232.1(1) 317.2(2) 182.2(1) 160.8(1) -1.01(2) 0.97(2) 

GaSiI 907.39(1) 305.5(1) 230.5(2) 310.8(2) 182.1(1) 161.7(1) -1.05(2) 0.95(2) 

AlGeCl 903.50(1) 273.4(1) 231.2(2) 322.5(2) 174.7(1) 174.3(1) -0.83(2) 1.03(2) 

AlGeBr 910.18(1) 287.5(1) 231.3(1) 319.6(2) 174.9(1) 174.3(1) -0.92(2) 0.97(2) 

AlGeI 918.55(1) 309.2(1) 230.6(2) 314.0(2) 175.2(2) 174.8(2) -0.95(2) 0.93(2) 

GaGeCl 911.55(1) 271.8(1) 229.3(2) 329.3(3) 178.4(2) 178.3(2) -0.86(2) 1.07(2) 

GaGeBr 916.79(1) 285.5(2) 227.7(2) 328.3(3) 184.0(2) 173.1(2) -0.97(2) 1.04(2) 

GaGeI 925.47(1) 306.4(2) 228.1(2) 322.9(3) 181.7(3) 175.1(2) -1.02(2) 0.97(2) 
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Figure 18: PDFs of all sodalites at ambient conditions as measured (black) and calculated (red) together 

with the difference curve (green). 
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Some of the calculated BVSs [79, 83, 84] (see Table 8) deviate from the theoretically expected 

absolute value of 1 valence unit (v.u.) by up to 0.19 v.u., which was also observed using in-

house XRD (compare Table 3). The BVSs from PDF calculations reveal a distinct trend, where 

a larger incorporated halogenide within the same framework leads to a larger absolute value of 

the valence sum for the halogenide (X) and to a smaller absolute value for the sodium (Na). 

This can also be seen when the BVSs are plotted against the decomposition temperatures of the 

compounds (Figure 19). If both absolute values are added up, the gallosilicate and 

gallogermanate compounds come to a sum close to 2.00 v.u. (between 1.93 v.u. and 2.01 v.u.), 

while for the alumosilicate and alumogermanate compounds this results in a value below 

1.90 v.u. in every case (between 1.81 v.u. and 1.88 v.u.). It is noteworthy that the slope of the 

linear fits for the BVSs of Na is of opposite sign compared to the BVSs of Na calculated from 

the average structures which were determined by X-ray experiments (3.4 Thermal behavior of 

the average sodalite structure, Figure 13). 

 

Figure 19: BVSs from structures determined by PDF-Rietveld refinement of the halide ion X (left) and 

Na (right) against the decomposition temperature of the respective compound. The respective structures 

were obtained from X-ray diffraction experiments. Linear fits are included as guides to the eye. 

However, the refined ADPs of the structures (Figure 20) can provide deeper insight into the 

structure. The probability ellipsoids of all oxygen atoms possess a lentil-like shape, pointing 

outwards of the line between the two framework T atoms the respective oxygen is sitting in 

between. They are not pointing directly to the next Na atom in front of the ring, but 

approximately between this and one of the next neighboring framework oxygens. This 

movement of the oxygen atoms perpendicular to their bonds has also been observed in other 

zeolitic frameworks or quartz and explains the observed shortening of the bonds with higher 

temperatures when they are calculated from averaged atomic positions [39, 122, 125]. In most 

of the structures, the ADPs of the Na atoms are close to spherical showing no significant 

orientation in any direction. Nevertheless, there are two types of exceptions to this: First, in 
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every iodide-containing sodalite cage, the ellipsoid of sodium is elongated into the direction of 

the iodide and the center of the six-ring. Second, in the GaGeCl sodalite, the ellipsoid is 

flattened in this direction.  

 

Figure 20: Displacement parameters of Na and O obtained from PDF calculations in the different 

sodalites as ellipsoids (99 % probability), ordered following framework (vertical) and template 

(horizontal). The atoms are colored according to their types: aluminum (light blue), silicon (blue), 

gallium (grey), germanium (light green), oxygen (red), sodium (yellow), chloride (green), bromide 

(brown), iodide (purple). 
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To confirm this observation with another method, AIMD calculations at 300 K without 

symmetry constraints were conducted for all twelve structures and thermal displacement 

parameters for sodium and the halide anions derived from the resulting atomic positions at 

different time steps. No atom followed a spherical distribution and especially the Na atoms 

were strongly deviating. A relation between the shape of the displacement and composition of 

the structure could not be found. Nevertheless, the equivalent isotropic displacement parameters 

show some noteworthy features (see Figure 21 and Table 9). Compared to the ones obtained 

from PDF calculations, they are all smaller by a factor of 25(9) on average. This may suggest 

that the thermal movement only plays a minor role, and the ADPs from PDF calculations 

contain significant structural deviations from the average structure. Additionally, in most 

frameworks the halide ion with the highest thermal displacement is bromide and not the lighter 

chloride, as it would be expected. This is also the case for the sodium atoms in the respective 

structures. The reason may be a lower structural displacement in the bromide sodalites 

compared to chloride and iodide, fitting to the spherical ADPs obtained from PDF calculations. 

The AlGeI sodalite is the exception in both cases, showing quite large displacement parameters 

for iodide and sodium. 

 

Figure 21: Equivalent displacement parameters of sodium and the respective halide ion in the sodalite 

structures from the atomic positions obtained in MD calculations. 
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Table 9: Equivalent displacement parameters of sodium determined in PDF calculations and from the 

atomic positions obtained in AIMD calculations. 

 Sodium 

Compound Ueq,PDF /(10-10 m)2 Ueq,MD /(10-10 m)2 

AlSi-Cl 0.01690 0.00087 

AlSi-Br 0.01848 0.00116 

AlSi-I 0.02066 0.00116 

GaSi-Cl 0.02138 0.00090 

GaSi-Br 0.02033 0.00117 

GaSi-I 0.02495 0.00090 

AlGe-Cl 0.02431 0.00056 

AlGe-Br 0.02193 0.00060 

AlGe-I 0.02595 0.00219 

GaGe-Cl 0.02358 0.00090 

GaGe-Br 0.02159 0.00091 

GaGe-I 0.02596 0.00081 

 

Driven by the observation of the different forms of the Na displacement ellipsoids in PDF 

calculations and the results in AIMD calculations, the respective structures were refined again, 

allowing deviation from the average structure in selected cases. The original 8e Na position was 

split into multiple partially occupied positions with a single isotropic displacement parameter 

to allow and account for the displacement. In the case of the iodide sodalites, the sodium was 

placed on two 8e positions with a fixed occupancy of 0.75 and 0.25 for the site closer to the 

framework and to the halogenide, respectively. For the GaGeCl sodalite, the sodium was placed 

on one 24i position with an occupancy of ⅓. Refinements of these structures against the PDFs 

yielded stable atomic positions, suggesting that the structures of these 5 compounds indeed can 

be described as deviations from the average structure with one fully occupied 8e site. 

Consequently, one could distinguish three local structures defined by the position the Na atom 

occupies, which are all present in the three gallogermanate sodalites (see Figure 22). In the 

following, they will be called 𝑃4̅3𝑛-avg. (the known average structure with the Na on a single 

8e site, Figure 22 b), 𝑃4̅3𝑛-2x8e (the Na distributed on two partially occupied 8e sites, Figure 

22 c) and 𝑃4̅3𝑛-24i (the Na on a partially occupied 24i site, Figure 22 a). 
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Figure 22: The structures of the gallogermanate sodalites at ambient temperature refined with a split Na 

position where possible. GaGeCl (a), GaGeBr (b) and GaGeI sodalite (c) (Na displayed in different 

shades of yellow/orange for clarity). 

The bond valence sums of the average structures (see above) showed significant deviations 

from the expected values, but a three-dimensional representation of the BVS may be correlated 

to the found local deviations. Consequently, the hypothetical BVS for Na in the twelve sodalite 

structures at 300 K was calculated for every position of a 3-dimensional grid. Figure 23 shows 

the distribution of all voxels with a central BVS between 0.9 v.u. and 1.1 v.u. in the plane of 

one 6-ring of the framework. These positions were interpreted to be favorably occupied by a 

sodium atom. In general, structures containing the same halide ion show a similar shape for the 

favored positions. For the chloride compounds, they are distributed in a triangular shape which 

is oriented inverse to the one formed by the close oxygen atoms O1. For the bromide 

compounds, less positions are favored, and the shape becomes closer to a three-blade propeller, 

while for the iodide compounds these blades are narrower. The GaGeBr sodalite is an outlier, 

because the shape is closer to the triangular ones of the chloride structures, while the shape for 

the AlSiCl sodalite is a bit more propeller-like. Corresponding similarities for the favored 

positions can be seen in the viewing direction orthogonal to the 6-ring window, which is shown 

in Figure 24. The points with a BVS of ca. 1 are distributed quite evenly in front of the six-ring 

for the chloride structures. In the case of the bromide compounds, the shape is flatter, but close 

to the space diagonal some positions near to the 6-ring window and the halide ion become 

favorable. This is even more pronounced for the iodide compounds, where the tips of the 

“propeller blades” (compare Figure 23) are oriented slightly towards the iodide. In general, the 

appearances of the 3D-BVS are qualitatively agreeing with the observed ADPs and local 

structural deviations.  
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Figure 23: 3-dimensional BVS as seen from above the plane of the three O1 oxygen atoms. The central 

atom is the respective halide anion X. Only voxels with a BVS between 0.9 and 1.1 v.u. are shown. 
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Figure 24: 3-dimensional BVS viewed orthogonal to the plane of the three O1 oxygen atoms. Only 

voxels with a BVS between 0.9 and 1.1 v.u. are shown. 
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3.9 Temperature-dependent total scattering 

To examine and compare the temperature-dependent behavior of the above described three 

possible local structures of halide sodalites, total scattering experiments of the gallogermanate 

compounds between 100 K and 300 K were carried out at PETRA III (DESY, Beamline P02.1). 

Each dataset was refined using both models of the locally split Na position to further validate 

these structures (see Figure 25). In the case of the GaGeCl and the GaGeI sodalite the structures 

behave as could be expected after the examination of the ambient condition PDFs. For GaGeCl 

sodalite, the three coordinates of the 24i position are clearly separated and show no obvious 

tendency to merge to a single value (i.e., an 8e position) at either higher or lower temperatures. 

The higher data point scattering below 150 K is an effect of the capillary becoming loose during 

the measurement, thus wobbling and producing less intense scattering. For GaGeI sodalite, the 

two 8e sites are also clearly separated, one closer and one further away from the cage center 

compared to the average position determined using PXRD Rietveld refinements (compare 

chapter 3.4 Thermal behavior of the average sodalite structure). While the higher occupied 8e1 

position is approaching the cage center with lower temperatures (and thus the respective Na–I 

bond becoming shorter), as would be expected, the less occupied 8e2 position is moving away. 

In a linear extrapolation, the two positions would meet only below 0 K. Applying the respective 

other split-position model (𝑃4̅3𝑛-24i for GaGeCl and 𝑃4̅3𝑛-2x8e for GaGeI sodalite) as a test 

resulted in overlapping coordinates, closely resembling a fit using only one 8e site. This shows 

that only the model that can produce an electron distribution as seen for the anisotropic refined 

Na atoms gives additional information over the average model. For the GaGeBr sodalite, which 

is expected to be described correctly by the average structure, the 𝑃4̅3𝑛-24i model surprisingly 

results in 3 separated Na coordinates. Nevertheless, above 200 K the refined position becomes 

less stable, resulting in higher scattering and swapping of the y and z coordinate. In general, a 

calculation using the 300 K PDF showed to produce different results, also nearly equivalent 

coordinates, depending on the applied starting values. Using the 100 K PDF, on the other hand, 

reliably led to the values shown in Figure 25 and the refinement of the GaGeBr dataset was 

consequently conducted from 100 K to 300 K. This behavior might be a hint for a phase 

transition from the average structure to the 𝑃4̅3𝑛-2x8e structure happening close to 300 K. 

Additionally, the 3D-BVS of the GaGeBr sodalite as discussed above showed higher similarity 

to the GaGeCl sodalite than to the other bromide compounds, further indicating GaGeBr to be 

a borderline case close to ambient temperature.  
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Figure 25: The Na position in the three gallogermanate sodalites. Colored symbols show the Na refined 

against the PDF using a split-position model (top row: 𝑃4̅3𝑛-2x8e, bottom row: 𝑃4̅3𝑛-24i), black 

symbols show the results of in-house PXRD experiments (𝑃4̅3𝑛-avg.). 

3.10 Discussion: Deviations from the average structure 

In the first chapters of this thesis, it was observed that macroscopic observables like 

decomposition temperature and thermal expansion behavior of simple halide sodalites cannot 

directly be linked to their chemical composition, geometry or the PDOS from force-field 

calculations where the field was fitted to the average structures. Nevertheless, the application 

of a modified Lindemann criterion orders them into three groups and the sodalites have been 

examined further by techniques which take the local structure into account or use a reduced 

symmetry compared to 𝑃4̅3𝑛 in the average structure. 

AIMD calculations in space group 𝑃1 were not able to explain the different Lindemann 

constants of compounds, but they indicate only a minor contribution of the thermal 

displacement to the overall displacement parameters. 

Total scattering experiments on the other hand showed diagonally elongated ADPs of Na for 

all iodide-containing structures and a flattened one for GaGeCl. This orders the sodalites into 

three groups, which are not completely identical to the “Lindemann groups”, but share some 

common features: First, at ambient temperature all bromide containing sodalites are part of the 

largest group, which seems to be described best by the average structure. Second, the 

gallogermanate sodalites have one member in each of the groups. The iodide-containing 
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structures were all found to be refinable with a model, where the Na is distributed on two partly 

occupied 8e sites, one further away and one closer to the iodide in the cage center. The Na in 

the GaGeCl sodalite could be refined on a 24i site with an occupancy of ⅓. Low-temperature 

total scattering experiments of GaGeCl and GaGeI sodalite could be modelled with these 

structures. Surprisingly, for the GaGeBr sodalite, the 𝑃4̅3𝑛-24i model also converges to three 

Na positions when applied. They are less stable with increasing temperature, therefore a phase 

transition close to 300 K could be possible. This would explain why this deviation of the Na 

was not observed in the total scattering experiment at ambient conditions. In fact, this raises the 

question if other halide-sodalites also undergo similar phase transitions. The 3D-BVS, which 

showed the favored Na positions in the GaGeBr structure to be like those in GaGeCl, would 

suggest GaSiCl and AlGeCl sodalite as candidates with similar positions. Phase transitions 

could be a reason why the compounds which were found to have a locally different distribution 

of the Na atoms are not strictly found in the respective Lindemann groups.  

Furthermore, Robben et al. [29] examined the AlSiI sodalite with temperature dependent 

neutron total scattering experiments which allowed them to conduct Reverse Monte Carlo 

modelling. They did not report local deviations of the Na position but found a breaking of the 

symmetry at low temperatures, where the iodide leaves the center of the sodalite cage. One 

must keep in mind that the used experimental methods, the data evaluation and the choice of 

structural model have a high impact on the results of a study. For example, because the total 

scattering data shown in this thesis did not allow to fit models in space group 𝑃1 or use super 

cells, the halide ions could not leave their 2a sites at the cage center. As a result, effects from 

possible local deviations of the halide could be seen as local deviations of the Na, because the 

applied model only allowed these. 

On a side note, McMullan et al. [39] observed an increasingly elongated ADP for Na+ in natural 

AlSiCl at high temperatures close to decomposition, similar to the ADPs we observed in the 

iodide compounds. As the Na+ ions are responsible for balancing the charge between framework 

and template, and thus their behavior should heavily influence the sodalites stability, the shape 

of the ADPs and the 3D-BVSs may be an indicator for why the iodide sodalites are generally 

less stable than their chloride and bromide counterparts. 
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4. Conclusion and outlook 

In this thesis, various macroscopic and microscopic properties of the twelve halide sodalites 

|Na8X2|(T
1T2O4)6 (T

1 =Al, Ga; T2 =Si, Ge; X = Cl, Br, I) were examined at ambient conditions, 

temperature-dependent and by computational methods. The temperature-dependent behavior of 

the average structures was refined between 18 K and the decomposition of the compounds. No 

unknown phase transitions could be found, not even in the low-temperature regime below 

ambient conditions, which was investigated less thoroughly in the past. The known 𝑃4̅3𝑛 to 

𝑃𝑚3̅𝑛 phase transitions of AlSiBr and AlSiI sodalite were modelled using Landau theory and 

their transition temperatures found to be 1257(1) K and 1023(2) K, respectively. The phase 

transition of AlSiBr sodalite only begins after the onset of its decomposition. A microscopic 

property of solids, the phonon density of states, was calculated for the sodalites with a force-

field, which was fitted to the determined average structures, and additionally approximated by 

fitting of the thermal expansion using the DEA-model. The Debye and Einstein temperatures 

from the DEA-fitting did not match the regularities observed in the calculated PDOS, leading 

to the conclusion that the true phonon structures cannot be calculated with a method which is 

inherently restricted to obey the symmetry (𝑃4̅3𝑛) of the average structures like the used force-

field. While no direct relation between the macroscopic properties chemical composition, 

decomposition temperature and the microscopic phonon structures from DEA modelling could 

be found, the sodalites could be ordered into three groups by a modified form of the Lindemann 

criterion. These compounds show a different interplay between their phonon system and their 

geometry and stability. Given that one knows the Lindemann constant of a sodalite and can 

approximate its phonon structure, either by using the DEA-model or maybe advanced 

computational methods without symmetry restrictions, it would be possible to determine its 

decomposition temperature theoretically. 

Synchrotron total scattering data of the compounds were refined with the PDF-Rietveld 

approach, which allowed the refinement of anisotropic displacement parameters, but the models 

still obeyed the symmetry of 𝑃4̅3𝑛. Local deviations of some sodalites from the average 

structure are indicated by aspheric ADPs of Na for the iodide compounds and the GaGeCl 

sodalite. These structures could be refined with models distributing the Na ions on partially 

occupied positions, namely two 8e or one 24i position, depending on the shape of the ADPs. 

The models could also be refined temperature-dependent using total scattering data between 

100 K and 300 K and are stable for the GaGeCl and GaGeI sodalite compounds. Hints for a 

possible phase transition from the average structure to a structure with two 8e positions for 
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GaGeBr sodalite close to 300 K were found. The compounds which could be fitted with a model 

different from the average structure were not completely identical to the ordering in the 

Lindemann groups, but in both cases at ambient temperatures all bromide sodalites were in one 

group and the gallogermanate sodalites had one member in each group. Ab-initio molecular 

dynamics calculations in space group 𝑃1 showed aspherical displacements for all sodalites, but 

their shape was not related to the ADPs from PDF-Rietveld refinements or any macroscopic 

properties. However, the calculated isotropic displacement parameters of sodium and the halide 

ions were on average smaller by a factor of 25(9) than the ones from PDF calculations. This 

indicates that the thermal displacement may play a minor role for these atoms and that large 

displacement parameters from refinements are indeed a result of microscopic structural 

displacements. Although BVSs calculated for Na+ and I- in the average structures deviated 

significantly from the expected values and showed a systematic behavior with respect to the 

chemistry of the compounds, three-dimensional visualizations of the hypothetical BVS of Na 

correlate with the local structures. They may suggest a phase transition below ambient 

temperature to a locally different structure for GaSiCl and AlGeCl sodalite.  

The macroscopic properties of a compound are determined by its microscopic real structure 

[126]. Consequently, connections between the observed local deviations from the average 

structure, the Lindemann constants and the thermal stability of the halide sodalites were found 

in this study. The average structure is a useful description of solid materials but did not allow 

to make these connections. However, the DEA model proved to be a powerful tool, as it could 

be used to get insight into the phonon structure by modelling the thermal expansion using only 

the results from temperature-dependent refinements of the average structure. 

Although it was possible to refine two models with Na positions which are different from the 

known average structure where aspheric ADPs were found, it is very likely that these models 

only approximate the real local structure in the respective sodalites. As they still had to obey 

the symmetry of 𝑃4̅3𝑛, they are probably also averaged to some degree. The available total 

scattering data did not allow to investigate deviations of the halide ions from the average local 

symmetry by placing them on a comparable partly occupied position or by refining anisotropic 

displacement parameters. Therefore, anharmonic behavior and symmetry breaking of the halide 

ions, as it was already reported for AlSiI sodalite at low temperatures, could have influenced 

the Na positions described in this study. To further elucidate the local structure in halide 

sodalites, temperature-dependent neutron total scattering experiments of high quality should be 

conducted in the future. These would enable to refine large supercell models with methods like 
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Reverse Monte Carlo modelling and might make it possible to differentiate between local 

deviations of the sodium and halide atoms from the average structure. 
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Appendix 

Sodalite structures at ambient conditions 

Experimental data, refined atomic parameters and Rietveld plots of the sodalites at ambient 

conditions (GaGeCl and GaGeBr) or 300 K (all other compounds) are presented in the 

following. 

Occupancies (Occ.) in the structures were refined when resulting in overall lower errors and 

especially more meaningful values of B (B(T1) ≈ B(T2), positive values etc.) and T–O bond-

lengths. They were refined with the following constraints if applicable: 

Occ.(T1) + Occ.(T2) = 2 

Occ.(Na) = 0.75 + Occ.(X)/4 

Constrained values are marked by a * symbol. 
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|Na8Cl2|[AlSiO4]6 

Table A 1: Experimental X-ray powder data for |Na8Cl2|[AlSiO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 888.377(8) 

V /106 pm3 701.119(19) 

Formula units in cell Z = 1 

Calculated density /g cm-3 2.29550(6) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 9.974 

Residual (profile) RP /% 7.546 

Residual (intensity) RB /% 2.109 

 

Table A 2: Atomic parameters of |Na8Cl2|[AlSiO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

Cl 2a 0 0 0 1 1.994(57) 

Al 6d ¼ 0 ½ 1 0.43(11) 

Si 6c ½ ¼ 0 1 0.59(11) 

Na 8e 0.17705(16) 0.17705(16) 0.17705(16) 1 1.323(48) 

O 24i 0.13839 (22) 0.15029(22) 0.43779(20) 1 0.614(52) 

 

 

Figure A 1: Rietveld plot of AlSiCl sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8Br2|[AlSiO4]6 

Table A 3: Experimental X-ray powder data for |Na8Br2|[AlSiO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 894.030(7) 

V /106 pm3 714.589(17) 

Formula units in cell Z = 1 

Calculated density /g cm-3 2.45881(6) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 7.265 

Residual (profile) RP /% 5.633 

Residual (intensity) RB /% 1.233 

 

Table A 4: Atomic parameters of Na8Br2|[AlSiO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

Br 2a 0 0 0 1 2.718(46) 

Al 6d ¼ 0 ½ 1 0.51(19) 

Si 6c ½ ¼ 0 1 0.50(17) 

Na 8e 0.18640(17) 0.18640(17) 0.18640(17) 1 1.405(67) 

O 24i 0.13970(28) 0.15137(29) 0.44245(23) 1 0.528(61) 

 

 

Figure A 2: Rietveld plot of AlSiBr sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8I2|[AlSiO4]6 

Table A 5: Experimental X-ray powder data for |Na8I2|[AlSiO4]6, based on the PXRD measurement with 

the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 902.228(12) 

V 106 pm3 734.43(3) 

Formula units in cell Z = 1 

Calculated density /g cm-3 2.604(1) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 7.518 

Residual (profile) RP /% 5.932 

Residual (intensity) RB /% 1.246 

 

Table A 6: Atomic parameters of |Na8I2|[AlSiO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

I 2a 0 0 0 1 2.439(66) 

Al 6d ¼ 0 ½ 1 0.000(57)* 

Si 6c ½ ¼ 0 1 0.000(57)* 

Na 8e 0.19922(26) 0.19922(26) 0.19922(26) 1 1.05(12) 

O 24i 0.14243(92)  0.14987(91) 0.45194(41) 1 0.138(99) 

 

 

Figure A 3: Rietveld plot of AlSiI sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8Cl2|[GaSiO4]6 

Table A 7: Experimental X-ray powder data for |Na8Cl2|[GaSiO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 894.701(4) 

V /106 pm3 716.199(9) 

Formula units in cell Z = 1 

Calculated density /g cm-3 2.81(3) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 9.475 

Residual (profile) RP /% 7.245 

Residual (intensity) RB /% 1.442 

 

Table A 8: Atomic parameters of |Na8Cl2|[GaSiO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

Cl 2a 0 0 0 1 1.894(70) 

Ga 6d ¼ 0 ½ 0.9467(23)* 0.326(28) 

Si 6c ½ ¼ 0 1.0533(23)* 0.513(48) 

Na 8e 0.17258 (23) 0.17258 (23) 0.17258 (23) 1 1.548(72) 

O 24i 0.13457 (27) 0.15125 (30) 0.43010 (30) 1 1.894(71) 

 

 

Figure A 4: Rietveld plot of GaSiCl sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8Br2|[GaSiO4]6 

Table A 9: Experimental X-ray powder data for |Na8Br2|[GaSiO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 900.854(5) 

V /106 pm3 731.076(11) 

Formula units in cell Z = 1 

Calculated density /g cm-3 2.97108(5) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 8.929 

Residual (profile) RP /% 6.867 

Residual (intensity) RB /% 1.081 

 

Table A 10: Atomic parameters of |Na8Br2|[GaSiO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

Br 2a 0 0 0 1 2.554(45) 

Ga 6d ¼ 0 ½ 0.974* 0.690(27) 

Si 6c ½ ¼ 0 1.026* 0.756(47) 

Na 8e 0.18189(24) 0.18189(24) 0.18189(24) 1 1.676(86) 

O 24i 0.13483(25) 0.15240(27) 0.43430(32) 1 0.890(85) 

 

 

Figure A 5: Rietveld plot of GaSiBr sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8I2|[GaSiO4]6 

Table A 11: Experimental X-ray powder data for |Na8I2|[GaSiO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 908.455(5) 

V /106 pm3 749.739(11) 

Formula units in cell Z = 1 

Calculated density /g cm-3 3.072(6) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 11.087 

Residual (profile) RP /% 8.495 

Residual (intensity) RB /% 1.823 

 

Table A 12: Atomic parameters of |Na8I2|[GaSiO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

I 2a 0 0 0 0.9615(52)* 2.843(64) 

Ga 6d ¼ 0 ½ 0.9604(50)* 0.481(53) 

Si 6c ½ ¼ 0 1.0396(50)* 0.759(99) 

Na 8e 0.19376(36) 0.19376(36) 0.19376(36) 0.9904(14)* 1.69(14) 

O 24i 0.13752(45) 0.15395(49) 0.43655(47) 1 0.58(13) 

 

 

Figure A 6: Rietveld plot of GaSiI sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8Cl2|[AlGeO4]6 

Table A 13: Experimental X-ray powder data for |Na8Cl2|[AlGeO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 903.779(5) 

V /106 pm3 738.221(13) 

Formula units in cell Z = 1 

Calculated density /g cm-3 2.773(2) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 8.798 

Residual (profile) RP /% 6.788 

Residual (intensity) RB /% 0.967 

 

Table A 14: Atomic parameters of |Na8Cl2|[AlGeO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

Cl 2a 0 0 0 1 1.936(82) 

Al 6d ¼ 0 ½ 1.0133(30)* 0.547(59) 

Ge 6c ½ ¼ 0 0.9867(30)* 0.589(30) 

Na 8e 0.17292(24) 0.17292(24) 0.17292(24) 1 1.272(78) 

O 24i 0.14305(32) 0.14356(30) 0.42744(31) 1 0.558(82) 

 

 

Figure A 7: Rietveld plot of AlGeCl sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8Br2|[AlGeO4]6 

Table A 15: Experimental X-ray powder data for |Na8Br2|[AlGeO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 909.511(8) 

V /106 pm3 752.356(19) 

Formula units in cell Z = 1 

Calculated density /g cm-3 2.897(2) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 8.086 

Residual (profile) RP /% 6.337 

Residual (intensity) RB /% 2.221 

 

Table A 16: Atomic parameters of |Na8Br2|[AlGeO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

Br 2a 0 0 0 0.9225(36)* 1.637(58) 

Al 6d ¼ 0 ½ 1.0278(36)* 0.736(77) 

Ge 6c ½ ¼ 0 0.9723(36)* 0.697(39) 

Na 8e 0.18135(29) 0.18135(29) 0.18135(29) 0.98062(90)* 0.98062(90) 

O 24i 0.14500(35) 0.14532(32) 0.42965(32) 1 0.718(89) 

 

 

Figure A 8: Rietveld plot of AlGeBr sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8I2|[AlGeO4]6 

Table A 17: Experimental X-ray powder data for |Na8I2|[AlGeO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 917.328(14) 

V /106 pm3 771.92(4) 

Formula units in cell Z = 1 

Calculated density /g cm-3 3.016(6) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 10.776 

Residual (profile) RP /% 8.367 

Residual (intensity) RB /% 1.346 

 

Table A 18: Atomic parameters of |Na8I2|[AlGeO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

I 2a 0 0 0 0.9897(83)* 2.94(10) 

Al 6d ¼ 0 ½ 1.0405(69)* 0.37(15) 

Ge 6c ½ ¼ 0 0.9595(69)* 0.401(80) 

Na 8e 0.19468(46) 0.19468(46) 0.19468(46) 0.9974(21)* 1.56(21) 

O 24i 0.14521(69) 0.14578(60) 0.44142(64) 1 0.29(15) 

 

 

Figure A 9: Rietveld plot of AGeI sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8Cl2|[GaGeO4]6 

Table A 19: Experimental X-ray powder data for |Na8Cl2|[GaGeO4]6, based on the PXRD measurement 

at the StadiMP in Debye-Scherrer geometry. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 911.788(8) 

V /106 pm3 758.02(2) 

Formula units in cell Z = 1 

Calculated density /g cm-3 3.27057(9) 

Wavelength MoKα1 /pm 70.93 

θ /2θ scan 5 < 2θ < 75 

No. of data points 4668 

Weighted residual (profile) RWP /% 5.266 

Residual (profile) RP /% 4.133 

Residual (intensity) RB /% 1.025 

 

Table A 20: Atomic parameters of |Na8Cl2|[GaGeO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

Cl 2a 0 0 0 1 1.78(11) 

Ga 6d ¼ 0 ½ 1 0.34(29) 

Ge 6c ½ ¼ 0 1 0.46 (29) 

Na 8e 0.17044(40) 0.17044(40) 0.17044(40) 1 1.04(11) 

O 24i 0.1366(17) 0.1451(17) 0.42099(50) 1 0.38 (14) 

 

 

Figure A 10: Rietveld plot of GaGeCl sodalite at ambient temperature showing the observed data 

(black), calculated intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8Br2|[GaGeO4]6 

Table A 21: Experimental X-ray powder data for |Na8Br2|[GaGeO4]6, based on the PXRD measurement 

at the StadiMP in Debye-Scherrer geometry. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 917.865(6) 

V /106 pm3 773.279(14) 

Formula units in cell Z = 1 

Calculated density /g cm-3 3.386(12) 

Wavelength MoKα1 /pm 70.93 

θ /2θ scan 4 < 2θ < 80 

No. of data points 5068 

Weighted residual (profile) RWP /% 2.983 

Residual (profile) RP /% 2.299 

Residual (intensity) RB /% 0.650 

 

Table A 22: Atomic parameters of |Na8Br2|[GaGeO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

Br 2a 0 0 0 0.9722(36)* 1.791(45) 

Ga 6d ¼ 0 ½ 0.983(13)* 0.25(19) 

Ge 6c ½ ¼ 0 1.017(20)* 0.44(19) 

Na 8e 0.17744(30) 0.17744(30) 0.17744(30) 0.9931(9)* 1.156(90) 

O 24i 0.1381(17) 0.1474(17) 0.42197(35) 1 0.25(12) 

 

 

Figure A 11: Rietveld plot of GaGeBr sodalite at ambient temperature showing the observed data 

(black), calculated intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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|Na8I2|[GaGeO4]6 

Table A 23: Experimental X-ray powder data for |Na8I2|[GaGeO4]6, based on the PXRD measurement 

with the HTK1200N at the Phillips X'Pert. 

Space Group 𝑷�̅�𝟑𝒏 (No. 218) 

a /pm 925.757(5) 

V /106 pm3 793.397(14) 

Formula units in cell Z = 1 

Calculated density /g cm-3 3.508(12) 

Wavelength CuKα1 /pm 154.0596 

Wavelength CuKα1 /pm 154.4493 

θ /2θ scan 10 < 2θ < 130 

No. of data points 7182 

Weighted residual (profile) RWP /% 7.374 

Residual (profile) RP /% 5.746 

Residual (intensity) RB /% 3.158 

 

Table A 24: Atomic parameters of |Na8I2|[GaGeO4]6 sodalite. 

Atom Wyck. Pos. x y z Occ. B /10-4 pm2 

I 2a 0 0 0 1 2.783(43) 

Ga 6d ¼ 0 ½ 0.968(14)* 0.84(19) 

Ge 6c ½ ¼ 0 1.032(14)* 0.88(18) 

Na 8e 0.18946(29) 0.18946(29) 0.18946(29) 1 1.25(12) 

O 24i 0.1442(17) 0.1455(17) 0.42606(38) 1 0.025(92) 

 

 

Figure A 12: Rietveld plot of GaGeI sodalite at 300 K showing the observed data (black), calculated 

intensities (red), difference curve (blue) and reflection positions in 𝑃4̅3𝑛 (black tics). 
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