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ABSTRACT

Tsaregorodtsevite [N(CH3)4][Si2(Si0.5Al0.5)O6]2 is a unique feldspathoid with a tetrame-
thylammonium (TMA1) organic cation in an ordered, sodalite-like framework of ortho-
rhombic symmetry (I222) with a 5 8.984(3), b 5 8.937(2), and c 5 8.927(2) Å. Here,
13C cross polarization MAS and 1H MAS NMR spectra give direct evidence that the organic
material in the cavities in tsaregorodtsevite is TMA1. The 27Al and 29Si MAS NMR spectra,
and XRD data show that the framework is well ordered with Si in the T1 and T2 sites
and both Si and Al in the T3 site. Upon heating, the colorless tsaregorodtsevite crystals
change color becoming yellow, then brown, and finally black. In this study 1H, 13C, 27Al,
and 29Si MAS NMR, powder XRD, and electron microprobe analyses are used to inves-
tigate the structural changes in tsaregorodtsevite on heating. The cell dimensions and T-O
bond lengths decrease, and there are two phase changes. At 690 8C, the TMA1 molecule
breaks down to form aromatic rings and acidic groups, possibly including benzene and the
pyridinium ion, with ammonia and other gases produced. The Al-Si framework changes
slightly to give a less well-ordered tetragonal structure (I422), with a 5 8.925(1), c 5
8.908(1) Å, and a small amount of Al enters a separate phase. After heating at 970 8C,
the organic material has further broken down with little C and H visible by NMR spec-
troscopy. The Al-Si framework forms at least two new phases: one with a cubic crystalline
structure (I432) with a 5 8.817(3) Å, and an amorphous aluminosilicate phase. There is
a small residue of the initial structure even after heating for one hour at over 900 8C.

INTRODUCTION

Pauling (1930) studied the crystal structure of sodalite
(Na4Al3Si3O12Cl) and proposed that its structure may be
regarded as a collapsed derivative of a fully expanded
framework of perfectly regular tetrahedra. Some 60 years
after his prediction, a natural mineral, tsaregorodtsevite
[N(CH3)4][Si2(Si0.5Al0.5)O6]2, was discovered by Pautov et
al. (1993), with this fully expanded framework that con-
tains an organic tetramethylammonium cation (TMA1) in
the sodalite cage. This unique feldspathoid was found in
the Man’-Khambo mountain ridge of the Polar Urals in
association with quartz, anatase, albite, phillipsite, and
rutile in the muscovite-chlorite schists (Pautov et al.
1993).

The topological similarity between the fully expanded
framework of perfectly regular tetrahedra predicted by
Pauling and the framework of sodalite was described in
detail by Hassan and Grundy (1983, 1984). Sodalite that
hosts organic molecules (including TMA1) has been syn-
thesized and the dynamics of the TMA1 group have been
studied by NMR spectroscopy (Derouane and Nagy 1987,
den Ouden et al. 1991).

A single crystal X-ray structure refinement of tsare-
gorodtsevite (Sokolova et al. 1991) showed that the struc-
ture is orthorhombic, space group I222, with a 5
8.984(3), b 5 8.937(2), c 5 8.927(2) Å, and V 5 716.8(5)
Å3 (Table 1). The structure contains three crystallograph-
ically distinct tetrahedral sites, with Si in the T1 and T2
sites and Si and Al alternating in the T3 site, which form
a framework with the composition [Si2(Si0.5Al0.5)O6]2
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(Fig. 1). Cation order among the tetrahedral sites of the
tsaregorodtsevite framework, with a Si:Al ratio of 5:1,
results in the orthorhombic symmetry in contrast to the
cubic symmetry of the sodalite structure with a Si:Al ratio
of 1:1.

Tsaregorodtsevite is the first mineral found to contain
the organic [N(CH3)4]1 (TMA1) group. The TMA1 groups
are situated in the large zeolite-like cavities of the struc-
ture and serve as counter ions to the negatively charged
framework. In the structure refinement by Sokolova et al.
(1991), the axial complex 222 was found to coincide well
with the TMA1 tetrahedron symmetry. In sodalite-group
minerals, this position is usually occupied by negatively
charged ions such as Cl2, SO , and OH2.22
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