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Tschortnerite, a copper-bearing zeolite from the Bellberg volcano, Eifel, Germany
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ABSTRACT

The new mineral tschortnerite, ideally Ca,(K,Ca,Sr,Ba),Cu,(OH),[Si ,Al ,O,e] - xH,O, X =
20, occurs as well-formed cubes up to a maximum size of 0.15 mm in a Ca-rich xenolith
at the Bellberg volcano near Mayen, Eifel, Germany. The light blue, transparent crystals
are optically isotropic, n = 1.504(2). Microprobe analysis (in weight percent) gave CaO
13.10, CuO 9.64, SrO 4.49, BaO 1.93, K,O 1.37, Fe,0, 0.30, Al,O, 25.21, SIO, 30.25,
H,O (calc. by difference) 13.71. The empirical formula based on 48 O atoms within the
tetrahedral net is Ca, g5 6K o 70B 8 3CUs 00F € 062 |11 855 1 060.6(OH) 4, 14.01H,0. Tschortnerite
is cubic, space group Fm3m [a = 31.62(1) A, V = 31614 A3, Z = 16]. The density is
Do = 2.1 glcme, D, = 2.10 g/lcme. Single-crystal X-ray investigations showed that
tschortnerite is a zeolite; the structure contains interconnection of double six-rings, double
eight-rings, sodalite cages, truncated cubo-octahedra, and previously unknown 96-mem-
bered cages (tschortnerite cage). A new structura unit is the [Cu,,(OH),,]Ca,0.,(H,O)s
cluster centered within the truncated cubo-octahedron. The cluster is formed by a rhomb-
dodecahedron-like arrangement of corner connected CuQO, squares, the eight CaO, poly-
hedra are branched. The sodalite cage houses Ca,(OH),0,, clusters of edge-sharing CaO,
octahedra. Half-occupied (K,Ca,Sr,Ba) positions were located in the basal and top face of
the double eight-rings, i.e., the border to the tschortnerite cage. Within the large tschort-

nerite cage only H,O molecules were localized.

INTRODUCTION

In 1993, very small light-blue crystals were detected
in one xenolith of the Bellberg volcano, Eifel, Germany.
The crystals turned out to be a new zeolite mineral with
some remarkable structural features: (1) a conspicuously
large unit cell; larger cells have been described for the
zeolites paulingite (Bieniok et al. 1996; Lengauer et a.
1994, 1997), NazZ-21 (Shepelev et a. 1983), and N (Félth
and Andersson 1982); (2) a topologicaly new and ex-
tremely large cage resulting in the lowest framework den-
sity known for a zeolite with fully cross-linked frame-
works (Meier et al. 1996); (3) an ordered copper-cluster.
Up to now, the incorporation of Cu into a zeolite has been
described predominantly for exchange reactions (Gallezot
et a. 1972; Maxwell and Boer 1975; Marti et a. 1976;
Pluth et a. 1977; Lee and Seff 1981; Kaushik and Rav-
indranathan 1992; Vlessidis et al. 1993; Lee and Kevan
1994; Moretti 1994; Kucherov et al. 1995a, 1995b and
references therein; for Cu atoms on framework sites in a
pollucite analogue cf. Heinrich and Baerlocher 1991). (4)
A substantial part of the non-framework cationsis located
on fully occupied atomic positions; they are strongly
bound to the tetrahedral net, hydroxyl groups complete
their regular coordination, and they show only weak in-
teractions toward H,O molecules. For a preliminary note
see Krause et a. (1997).
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The new mineral was named tschortnerite; the name is
for Jochen Tschortner, mineral collector and finder of the
new mineral, and was approved by the IMA-Commission
on New Mineras and Mineral Names (no. 95-051) prior
to publication. Type materia including the crystal used
for the structure investigation is deposited at the Institut
fur Mineralogie, Ruhr-Universitdt Bochum, Germany.

OCCURRENCE AND PARAGENESIS

Tschortnerite occurs in the fragments of one Carich
xenalith in leucite tephrite lava at the Bellberg volcano
(or Bellerberg on older maps), near Mayen, in the Laach-
er See volcano area, Eifel, Germany. The xenolith was
broken into several small specimens, some containing a
few crystals or even only one single crystal of the new
mineral. The total amount of pure materia is much below
1 mg. No further samples have been discovered. Tschort-
nerite is associated with chalcopyrite, which seems to be
the Cu source for the formation of the new mineral.
Sometimes tschortnerite is directly grown on altered chal-
copyrite. The second copper-bearing mineral of this para-
genesis is cuprite, forming octahedra sometimes grown
on wollastonite needles. Tschortnerite occurs together
with other zeolites; associated species (in order of de-
creasing frequency) are willhendersonite, phillipsite, gis-
mondine, strétlingite, and bellbergite.
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Ficure 1. Scanning electron micrograph of tschortnerite.
The scale bar is 20 pm.

The geology, petrology, and mineralogy of the Bell-
berg area were discussed by Frechen (1971), Hentschel
(1987), and Schiiller (1990). The Bellberg volcano iswell
known for Carrich xenoliths containing rare Ca-bearing
minerals. It is the type locality for ettringite (Lehmann
1874; Macleod and Hall 1991), mayenite and brownmil-
lerite (Hentschel 1964; Colville and Geller 1971, 1972),
strétlingite (Hentschel and Kuzel 1976; Rinaldi et a.
1990), eifelite (Abraham et al. 1983), reinhardbraunsite
(Hamm and Hentschel 1983), jasmundite (Hentschel et
al. 1983), and bellbergite (Rudinger et al. 1993). These
minerals have Ca mostly as an essential component and
form silicates, sulfates, or oxides. The only exception is
the K-Na-Mg silicate eifelite, which belongs to the os-
umilite group.

CRYSTAL PROPERTIES AND CHEMICAL COMPOSITION

Tschortnerite usually occurs as isolated well-formed
cubic crystals (Fig. 1), more rarely as paralel inter-
growths. The only crystallographic form is the hexahe-
dron {100} ; no twinning was observed. The crystals are
light blue, transparent, and show a vitreous luster.
Tschortnerite is optically isotropic with n = 1.504(2) (A
= 589 nm). The investigated crystal showed a distinct
zoning. No fluorescence was detected in either long- or
short-wave ultraviolet radiation. The fracture is con-
choidal, and no distinct cleavage was observed. The
Vickers microhardness is 350(30) kg/mm? (measured
with a Leitz microhardness tester), which corresponds to
4y on the Mohs scale. The density of 2.1(1) g/cm? was
measured by flotation in heavy liquids. The calculated
density is 2.10 g/cm? for the composition determined by
the electron-microprobe investigation. Considering the
higher H,O content indicated by the crystal-structure
analysis (20 H,O vs. 14 H,O as derived by the micro-
probe analyses) the calculated density is 2.10 g/cms. A
quantitative determination of H,O/OH was not possible
because of the small amount of material available. H,O
isindicated in an infrared spectrum (Fig. 2) of a small
crystal fragment using a Fourier-transform IR spectrom-
eter and microscope. Multiple absorption bands found
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Ficure 2. Fourier transform

tschortnerite.

infrared spectrum of

from 3100 to 3600 cm-* result probably from the O-H
stretching modes of the two OH groups and the individ-
ual H,0 molecules; the absorption band at 1652 cm-1* is
assigned to the H,O bending mode.

Two sats of chemical analyses were carried out by elec-
tron microprobe investigations (Table 1). No other eements
with atomic numbers greater than eight were detected (de-
tection level ~0.2 wt%). H,O was calculated by difference
and its amount was taken into account during the correction
procedure of the microprobe data (correction program PAP:
Cameca). The lower H,O content indicated by the micro-
probe analyses as compared to results of the structure de-
termination seems to be caused by H,O losses due to the
high-vacuum measuring conditions. A part of the total
amount of H,O is given as OH in order to achieve charge
balance. The cdculated 8.44 OH are in reasonable agree-
ment with the 8 OH derived from the crystal-structure de-
termination. The uncertainty of the total amount of H,O was

TABLE 1. Electron microprobe investigations of tschortnerite
(in wt%)

Oxide Mean* Range Calculated
CaO 13.10 12.49-13.96 12.38
CuO 9.64 8.91-10.90 10.14
SrO 4.49 3.97-5.12 3.96
BaO 1.93 1.28-2.70 1.95
K,O 1.37 0.79-1.66 1.20
Fe,O, 0.30 0.13-0.61 0.00
ALO, 25.21 24.10-26.38 25.98
Sio, 30.25 29.22-31.22 30.62
H,O (calc.)t 13.71 13.77
Total 100.00 100.00

Note: Cameca CAMEBAX: 15 kV, 5 nA, defocused beam (11 pm);
counting time: 20 s; standards: CuSrSi,0O,, (Cu,Sr), andradite (Fe,Ca), Ba
glass (Ba), K glass (K), and pyrope (Al,Si).

* Mean of 13 analyses.

T Calculated for the simplified formula with 14 H,O and assuming a K:
Ca:Sr:Ba ratio 0.6:1.2:0.9:0.3 for the (K,Ca,Sr,Ba) position.
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TaBLE 2. Results of single-crystal X-ray data collection and structure refinements of tschortnerite at room temperature
STOE AED2* NONIUST

Detector conventional scintillation CCD

Range of data collection 6° < 29 < 50° 5° < 29 < 52.8°

Total measured reflections 10073 total rotation in ¢: 360°

Observed unique reflections 1454 1955

Reflections with F, > 40(F,) 383 1769

R1 for observed; F, > 40( F,) data 0.37; 0.15 0.065; 0.060

wR?2 for unique data 0.54 0.156

w 1/[o?(F2) + (0.3278*P)?] 1/[o%(F2) + 0.010100*P)?]
P = (Max[ F2,0] + 2*F2)/3 P = (Max[ F2,0] + 2*F2)/3

Variable parameters 51 129

Max Alo = 0.001 = 0.001

Displacement parameters

Final difference Fourier map

isotropic (all atoms)

~1.67t0 +3.67e A2

isotropic (H,O oxygen atoms)
anisotropic (all other atoms)
—2.28to0 +0.80 e A3

Note: Graphite monochromatized Mo radiation; corrections for Lorentz and polarization effects; neutral-atomic complex scattering functions (Wilson
1992); program SHELXL-96 (Sheldrick 1996); a = 31.62(1) A, Z = 16 {Ca,(K,Ca,Sr,Ba);Cu,(Si,Al),,0,5(0OH),-xH,0}, x = 20, Al:Si ~ 1:1, space group

Fm3m.

* Scan speed (29/w-scan mode) = 0.45-0.90 °/min; scan width (+ «,-a, dispersion) = 1.2° background correction = 2 * 0.24°; 3 standards each 2

h; maximal variation of intensity is +1.77%.

1 Scan speed (¢-scan mode) = 0.16 °/min; A¢ = 1°/frame; frame size = binned mode, 621 X 576 pixels; detector-to-sample distance: 28 mm.

estimated to be approximately +2 H,O, based on a mean
uncertainty of 2% regarding the individual constituents. The
smdl amount of Fe is assumed to be Fe* substituting for
Al and Si. On the basis of 48 framework O atoms the em-
p”'CaJ formulais CassoSr 1.04Ko.7oBao.30CL|2.90Feo.ogAI11.85Si 12.06048
(OH);,,-14.01H,0. The smplified formula is
Ca,(K,Ca,S,Ba),Cu,(OH)y[Si,,Al,O,4-xH,0. The essential
components are supported by the results of the structure
determination. Differences were obtained only for the sum
of akdi and earth akdine eements. 7.64 cations pfu were
determined in the chemica analysis but only 7.00 atoms
were localized at the Ca(1), Ca(2), and M position during
the structure refinement. Further atomic positions suitable
for these dements were not located in any of the cages. In
addition, the structure refinement indicates for M = (K, Ca,
S, Ba) an excess of atoms with higher atomic numbers such
as Ba and Sr, whereas the andysis gave an excess of Ca
and K. An atomic ratio Si:Al = 1:1 requires M2*; the in-
corporation of K+ for M probably will be balanced by an
excess of Si. Variahility of the chemica composition of in-
dividual tschortnerite crystals could not be investigated due
to lack of materid, but the distinct zoning and the ranges
of the microprobe results indicate that considerable chemical
variability could exist. The water content derived from the
structure investigation (approximately 20 H,O molecules
pfu) is larger than that caculated by difference from the
electron-microprobe andysis (approximately 14 H,O mole-
cules pfu). The true water content should be higher; accord-
ing to common experience the complete experimenta
location of the non-framework atoms in zeolites, and in par-
ticular of the water positions, is not achieved by X-ray struc-
ture investigation. The simplified formula as suggested by
chemical analysis and structure investigation is
Ca,(K,Ca,S,Ba),Cuy(OH)[S LAl,O,] XH,O, x = 20. The
small amount of tschortnerite available prohibited further
andyses or invegtigation of dehydration and exchange
mechanisms.

X-RAY STRUCTURE INVESTIGATION

For structure determination a small distorted cube was
available, the edge lengths were only 0.04 x 0.06 x 0.08
mm. Initially, data collection was performed on a STOE
AED?2 diffractometer with a scintillation detector. The
crystal volume was at the lower limit for conventional
single-crystal X-ray diffraction and caused very weak X-
ray reflections. This circumstance demanded extremely
long measuring times. The cell parameter a = 31.62(1)
A was obtained from 17 accurate 26 angles, V = 31614
A3, Z = 16. The absorption coefficient w(MoKa) is 27
cm-1; due to this low value and due to the small size of
the crystal an absorption correction was found to be neg-
ligible. Reflection conditions were characteristic for the
space groups F23, Fm3, F432, F43m, and Fm3m; struc-
ture refinements prove the space group Fm3m. The struc-
ture was solved by direct methods and subsequent Fourier
and difference Fourier summations. The structure was re-
fined with the program SHELXL-96 on F2 (Sheldrick
1996), which alowed inclusion of the weak reflectionsin
the refinement. The R-values were poor as it was ex-
pected from the small crystal size. Besides the tetrahedral
framework, the cation positions Ca(1), Ca(2), M, Cu, and
the hydroxyl O atoms, only the two atomic positions X
and O,,(T2) within the cages could be located. Of course,
it was impossible to derive crystal chemical details of the
individual coordination polyhedra, nevertheless the cor-
rectness of the structure type was out of question.

A second data set was collected using a Nonius dif-
fractometer equipped with a CCD detector. The new mea-
suring technique allowed observations even at higher 20
angles, the number of observed intensities with F, > 4o
(F,) was increased from 383 to 1769. As a result, bond
distances and bond angles became more accurate. Table
2 compiles the results of refinements from the two data
sets. The average shift of the atom positions between the
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TABLE 3. Structural parameters (e.s.d.’s in parentheses)

Site Wyckoff Usquiv

Atom symmetry letter X y z Occupation  somopic
Ca(1) 3m 32(f) 0.09965(5) =X =X 1.0 0.0259(6)
Ca(2) 3m 32(f) 0.20984(4) =X =X 1.0 0.0156(5)
(Ca,SrK,Ba) = M m 96()) 0.17945(4) 0.27909(4) 0 0.5 0.0340(5)
Cu mm?2 48(h) 0.07339(3) =X 0 1.0 0.0293(4)
(ALSi(1) = T(1) 1 192(/) 0.10993(4) 0.18083(4) 0.24967(4) 1.0 0.0116(3)
(ALS)(2) = T(2) 1 192(/) 0.05044(4) 0.12239(4) 0.19243(4) 1.0 0.0120(3)
0,(1) 1 192(/) 0.06740(11) 0.15559(9) 0.23003(10) 1.0 0.0191(7)
0,2) m 96(K) 0.21169(10) =X 0.13239(13) 1.0 0.0174(10)
0,(3) m 96(K) 0.21022(9) =X 0.40798(13) 1.0 0.0167(10)
O,(4) m 96(k) 0.14640(10) =X 0.26611(14) 1.0 0.0218(10)
0,(5) m 96(K) 0.14402(10) =X 0.05687(16) 1.0 0.0263(11)
0,(6) m 96(k) 0.07720(11) =x 0.19159(15) 1.0 0.0255(11)
o(7) m 96()) 0.11259(15) 0.20286(16) 0 1.0 0.0260(11)
0,(1) m 96(K) 0.04506(11) =X 0.10539(11) 1.0 0.0274(11)
0,(2) 3m 32(f) 0.28335(13) =X =X 1.0 0.0164(16)
X m3m 4(a) 0 0 0 0.224(37) 0.011(12)
0, () 4mm 24(e) 0.041(3) 0 0 0.181(68) 0.068(49)
0,(a2) 3m 32(f) 0.0262(10) =x =x 0.243(49) 0.050(22)
0,,(D6) 3m 32(f) 0.1467(4) =X =X 1.0 0.123(6)
0,(8) m 96(j) 0.0159(1) 0.1842(7) 0 0.305(18) 0.111(17)
0,,(D8) m 96()) 0.2087(3) 0.2339(3) 0 0.5 0.047(3)
0,(T1) 1 192(/) 0.0085(19) 0.1316(9) 0.3048(10) 0.220(17) 0.132(18)
0,(T2) 3m 32(f) 0.3599(2) =X =X 1.0 0.072(4)
0,(T3) m 96(K) 0.0336(11) =X 0.2642(16) 0.195(17) 0.10*
0,(T4) 1 192(/) 0.0714(11) 0.0888(12) 0.3105(10) 0.189(13) 0.10*
0,(T5) 1 192(/) 0.0514(11) 0.1204(12) 0.3298(11) 0.400(34) 0.213(23)
Atom Ull U22 U33 U23 U13 U12
Ca(1) 0.0259(6) =U, =U, 0.0021(6) = U, = U,
Ca(2) 0.0156(5) =U, =U, —0.0011(5) = U, = U,
M 0.0384(9) 0.0407(9) 0.0229(8) 0 0 —0.0110(6)
Cu 0.0308(5) U, 0.0263(7) 0 0 —0.0013(5)
T(1) 0.0119(6) 0.0117(6) 0.0112(6) —0.0016(5) —0.0008(5) 0.0005(5)
T(2) 0.0101(6) 0.0119(6) 0.0141(7) —0.0008(5) —0.0016(5) 0.0007(5)
0,(1) 0.0174(17) 0.0212(17) 0.0188(17) —0.0026(13) 0.0002(12) —0.0022(13)
0,(2) 0.0200(15) =U, 0.0123(22) —0.0001(12) = U, —0.0002(18)
0,3) 0.0164(15) =Uu, 0.0174(23) —0.0014(12) =U,, 0.0039(17)
O,(4) 0.0254(16) =U, 0.0147(23) 0.0000(13) = U, 0.0051(20)
O,(5) 0.0180(15) =U, 0.0430(31) —0.0017(14) = U, —0.0012(19)
0,(6) 0.0190(15) =U, 0.0385(30) —0.0046(15) =U,, 0.0064(19)
O\(7) 0.0310(28) 0.0366(29) 0.0105(23) 0 0 —0.0048(22)
0,(1) 0.0256(16) =U, 0.0308(29) —0.0005(15) = U, 0.0022(21)
0,(2) 0.0164(16) =U, =u, 0.0002(18) =U,, =U,

Note: For the O, atoms isotropic displacement parameters were refined. The anisotropic displacement parameter is defined as:

exp[—2m?33,32  Uajajhh], for U,,,, see Fischer and Tillmanns (1988).
* Fixed due to high correlation terms with the occupation factor.

two refinements is 0.028 A, the maxi mum shift of a cat-
ion and an O atom was 0.03 and 0.07 A, respectively.
Severd additional H,O molecules were located during the
refinement of the second data set, most of them are par-
tially occupied. Some of the extra-framework O atoms
revealed extremely high displacement parameters during
refinement. These H,O molecules are attached by weak
hydrogen bonds to the framework; therefore they were
not localized precisely, but show a (statical or dynamical)
dislocation depending on the actual occupation of the in-
dividual sites in the neighborhood. For 2 O atoms the
correlation terms between isotropic displacement param-
eter and site occupation factor were extremely high;
therefore their U,, was fixed during the fina stage of
structure investigation. Even during refinements of the
second data set the allocation of the maximum X re-
mained unclear. Slight discrepancies were maintained be-
tween analytical and structural data for the M position.

An uncertainty concerns the total water content; partially
occupied atomic positions in addition to those included
into the refinement are probable. The location of atoms
at partially occupied positions is a well-known problem
for natura and synthetic zeolites even for well-deter-
mined crystal structures. Further cations or even other
small inorganic or organic molecules were not detected.
Table 3 gives final atomic parameters for the refinements
of the second data set.

Due to the small amount of material available for a
powder diffraction sample, only very low counting rates
could be observed. The quality of the observed XRD di-
agram was insufficient due to the poor intensities result-
ing from the structure; only the reflections at 18.3 A (111)
and at 15.8 A (002) could be clearly observed. For a
Debye-Scherrer diagram taken with a Gandolfi camera
difficulties arise from the overlap of reflections caused by
the large cell dimensions and the poor intensities. There-
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TaBLE 5. Cation positions TAaBLE 6. Bond valences*
Bond . Multi- Multi- Additional
lengths (A) plicity* Bond angle ©) plicity* contribu-
Ca(l) Ca(2) Cu T(1) T(2) 3 tion
Ca(1)-0,5) 2.401(4) 3x  O(5)-Ca(l)-O(5) 108.5(1) 3x
Ca(1)-0,(1) 2.448(4) 3X  O(5)-Ca(1)-0,(1) 88.4(2) 6X 0,(1) — — — 0588 090 178 M-0,1)
Ca(1)-0,6) 3.076(5) 3x  0O(5)-Ca(l)-0,(1) 150.0(2) 3% 0.(2) — 027 — 084 — 195 —
Ca(1)-0,(D6) 2.575(12) 1x  Oy(1)-Ca(1)-0,(1) 66.9(1) 3x 0,3) — — — 092 — 184 M-0(3)
0O(5)-Ca(1)-0,(D6) 69.6(3) 3x 0,(4) — 002 — 092 — 1.86 —
0,(5) 031 — — — 087 205 —
Ca(2)-0,(2) 2.344(4) 3X  0,(2)»-Ca(2)-0,(2) 79.02) 3x _ _ _ _
Ca(2)-0(2) 2450(4)  3x O(2)-Ca2-0,(2) 93.8(1) 6Xx 8(5% 05— -z w1\ -
Ca(2)-0,(4) 3.349(4) 3X  0O(2)-Ca(2)-0,2) 170.6(2) 3x o) 027 — oz _ 2 1
0,2)-Ca(2)-0,2) 92.7(1) 3x o:(2) ' oss _ _ 108 —
M---M 1.854(2) 1X  O-(1)M-O,(1) 102.0(1) 1x o,(D6) 019 — — — — 019 —
M O,(1) 2.742(3) 2X  O-(1)M-O,(3) 543(1) 2x
MO(3)  3087(4)  2x O-()M-0(3)  151.8(1) 2x > 209 197 18 356 366
M O(7) 3.206(5) 1X 0,-(3)M-0,(3) 141.0(1) 1x Note: The contribution of the H atoms is neglected, for T a ratio Al:Si =
M O,(D8)  2.766(2) 1X  O-(1)M-O(7) 52.6(1) 2X 1:1 was assumed; due to the uncertainty of M these values are omitted.
M O,(D8)  2.813(9) 1X  O-(3)M-O(7) 106.9(1) 2X In valence units, see Brese and O’Keeffe 1991.
M O,(T1)  2.882(59)  2x
M O,(T5)  2.950(36)  2X
Cu0, (1) 1.964(4) 4x  0,(1)-Cu0,(1) 86.8(2) 2x
Cuo,(a2)  2.267(3 2 0,(1)-Cu0, (1 93.0(2) 2 : i
Coted 2D % olaed w8 2% TO, tetrahedra that have site symmetry 1; only one out
TAr0@  1.669() 1x  O@TA0E) 11112 1x of the seven O, atoms has site symmetry 1, the others are
T(1)-0(3) 1.671(4) 1X  O4)-T(1)-0,(2) 107.8(2) 1x located at mirror planes. There is no evidence for a sig-
T(1)-O01)  1.683(3) 1X  O(4)-T(1)-0(1)  111.0(2) 1X nificant ordering of the Si and Al atoms within the two
TWo@ L@ b SO o) lesas 1.  tetrahedral sites: the two average (T-O) bond lengths of
0,(2)-T(1)-0(1) 1102(2) 1x 1.681 and 1.671 A agree with an occupation Al:Si 1:1
T(2)-0(7) 1.658(5) 1X  O(7)-T(2)-0(6) 109.4(2) 1x (Smith and Bailey 1963; Jones 1968; Ribbe and Gibbs
%ggg iggig; ii ggﬂggggg iggg% ii 1969). The variation of the individual T-O bond lengths
T(200(5) 16895  1x O(6)T(2}O(l) 112802) 1x from 1.658(5) to 1.703(4) A and of the O-T-O bond an-
0,(6)-T(2)-0(5) 105.8(2) 1x gles from 105.8(2)° to 112.8(2)° in the two tetrahedra is
O1)-T(2-0(5 1106(2) 1x in agreement with the variation generally found in sili-
i---SU( " i-ggg)l) 1§§ %ngﬂgg igg-gg; ii cates by Liebau (1985) and in zeolites (Gottardi and Galli
=0, (e . -0, - B ° g
X0 (a2)  144(3) 8x  T()-0()T@) 136802) 1x 1985). The T-O(2)-T angle of 129.4(2)° is somewhat
T(1)-04)}-T(2)  1436(3) 1x small and seems to be caused by the regular Ca(2)O;
TW-0()TR)  13602) 1% polyhedrainducing a slight strain to the framework. The
%ngﬁ% iiég% 1% other T-O-T angles that vary from 136.0(2)° to 151.2(2)°

* Partial occupations are not considered.

fore an X-ray powder pattern was calculated from the
atomic parameters derived from single-crystal structure
investigation for diffractometer geometry and CuKa ra-
diation (see Appendix Table 4 and Appendix Fig. 3).

DESCRIPTION OF THE CRYSTAL STRUCTURE

Although tschortnerite is a zeolite with a new structure
type involving a new cage (Meier et a. 1996) and a new
cluster formed by the extraframework Cu atoms, al in-
dividual coordination polyhedra are in agreement with
known crystal chemical data. Bond lengths and bond an-
gles are given in Table 5, bond valences in Table 6. O
atoms belonging to the tetrahedral net, to hydroxyl
groups, and to water molecules are denoted O,, O,, and
0. the labels of the O, atoms are relevant to their po-
sition within the individual cages.

The tetrahedral framework

The three-dimensional tetrahedral net with Si:Al 1:1is
formed by two crystallographically different (Al,Si)O, =

are energetically favorable.

The tetrahedral connection implies that Loewenstein’'s
rule is not followed. Avoiding neighboring Al and Si tet-
rahedra requires the violation of the mirror planes and a
reduction of space-group symmetry. However, the aniso-
tropic displacement parameters gave no evidence for a
splitting of any atoms of the tetrahedral net. The small
number of observed reflections does not allow a substan-
tia increase of refined parameters (even in the holohedral
structure model the ratio of refined parameter to obser-
vations is only 1:13.7). Consequently a refinement of the
structure model in any subgroup of Fm3m that might en-
able an ordering of the tetrahedral sites does not converge
satisfactorily.

As characteristic for a zeolite, the tetrahedral frame-
work consists of several cages (see Fig. 4 and Table 7):
(1) the a-cage solely formed by the T(2)O, tetrahedra, (2)
the p-cage solely formed by the T(1)O, tetrahedra, (3) the
double eight ring (D8R), (4) the double six ring (D6R),
and (5) the large super-cage (tschortnerite-cage); (3) to
(5) are formed half by T(1)O, and half by T(2)O, tetra-
hedra. The «- and B-cages house the Ca and Cu atoms as
well as the hydroxyl groups; the O, atom positions were
found to be fully occupied. At the boundary between
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a

EFFENBERGER ET AL.: THE NEW ZEOLITE TSCHORTNERITE

96-membered cage
= tschortnerite cage

The 96-membered cage is connected to the
= double 6-rings via [T(1),T(2),]-rings
= B-cages via T(1)¢-rings
= o-cages via T(2)g-rings
= double 8-rings via [T(1)4T(2) 4]-rings

Ficure 4. The five different cages in the tschortnerite structure type and their connections. The T(1) atoms are light gray, the
T(2) atoms are shown as dark gray balls. The T-O-T connection is represented by a straight line (program ATOMS, Dowty 1995).

D8R and tschortnerite-cage are the M cations. Only water
molecules are located within the D6R, the D8R, and the
tschortnerite-cages; the occupation with any further cat-
ions could not be verified.

The {Cu,[0,(1)].4Ca(1)s(0)4(O.)s Clusters
within the a-cages

Most spectacular are {Cu,,[O,(1)]..} Ca(1)5(0).4(O.)s
clusters centered within the a-cages, they are depicted in

Figure 5a. The Cu atoms are sgquare planar coordinated
to hydroxyl groups with Cu-O,(1) bond lengths of
1.964(4) A. This is one of the common coordination fig-
ures known for divalent Cu atoms. The site symmetry is
mm2, the two mirror planes are perpendicular to the CuO,
square. The 12 Cu[O,(1)], squares are corner-connected
to a rhomb-dodecahedron-like complex with m3m sym-
metry in such a way that al corners of the Cu[O,(1)],
squares link to two Cu atoms (Fig. 6a).

TaBLE 7. The five cages within the crystal structure of tschortnerite formed by the tetrahedral net

Highest
Face Center at Observed attainable
Description of the cage symbol Polyhedron positions symmetry symmetry
Double 6-ring 4562 [TW)I[T2)]s 32(f) 3m 6/mmm
D6R, hexagonal prism (x x x), etc.
x = 0.1510
Truncated octahedron, B-cage 4568 [T(W)]a 8(c) 43m m3m
sodalite cage (% Y% %), etc.
Double 8-ring, 3-cage, 48382 [T(D)1[T(2)]s 24(d) mmm 4/mmm
D8R, octagonal prism (¥4 % 0), etc.
Truncated cubo-octahedron, a-cage, 4126886 T@)s 4(a) m3m m3m
great rhombicuboctahedron (0 0 0), etc.
96-membered super-cage, 4246886812 [Tl T(@)s 4(b) m3m m3m

tschortnerite-cage, truncated
great rhombicuboctahedron

(%5 ¥ 1), etc.

Note: For face symbols cf. Smith (1989) and Meier et al. (1996) and references therein.
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Ficure 5. The coordination of the cations Ca, Cu, and M
within the cages of tschortnerite: (a) the {Cu,,[O,(1)H]..}
Ca(1),[0,(5)]..(0,)s cluster centered within the truncated
cubo-octahedron with m3m symmetry, the bonds to the O,
atoms overlap to the D6R; (b) the Ca(2),[0.(2)].[0.(2)} .,
clusters within the sodalite cage with symmetry 43m; (c) the
half-occupied position of the (K,CaSr,Ba) atoms within the
top and bottom face of the D8R with mmm symmetry (pro-
gram ATOMS, Dowty 1995). Me = M in text.

The Ca(1) atom has the site symmetry 3m and is co-
ordinated by seven ligands. Three ligands belong to the
tetrahedral net, three are hydroxyl groups of the Cu(Q,),
squares; only dlightly longer is the bonding distance to
the fully occupied water-oxygen atom O,,(D6). The six
nearest ligands form a distorted octahedron; the face
formed by the O, atoms is enlarged and capped by the
0,(D6) atom. The eight Ca(1)O, polyhedra are cube-like
branched to the Cu,,0,, unit, the Ca(1)O, polyhedron
shares three edges with three CuQ, squares (Fig. 6b).

Two partially occupied O atom positions O, (al) and
O..(a2) and an additional site with a still unclear alloca
tion labeled X are encapsulated within this Cu cluster;
additional interaction between the Cu atoms and one of
these O,, atoms is evident. The Fourier peak named X
was first refined with scattering factors of an O atom; an
occupancy of 0.47(8) and negative values for U, were
obtained. If real for an atomic position with a site mul-
tiplicity of 4/192, a partial occupation with an atom with
a higher atomic number than O might be suggested; final
refinements were performed arbitrarily with chlorine. The
distances X-O,(¢1)/0,(«2) are 1.30(9) AL 44(3) A X-
Cu = 3.282(2) A X might be an anion like Cl, if the
positions O, (al) and O, («2) are vacant within the specia
cage, or X might be a cation like S or even P: S#+/Ps+
might be surrounded tetrahedrally by four O, («2) atoms
to form SO,/PO, groups,; consequently, in the latter case
O.(a2) is to be interpreted only in parts as a water-oxy-
gen atom. Jasmundite (Dent Glasser and Lee 1981) con-
tains $-. It should be mentioned that X cannot accu-
mulate parts of the Ca or K excess found in the
electron-microprobe investigation. Due to the decompo-
sition of tschortnerite even in a defocused beam, the
0.05(2) wt% CI found in the microprobe investigation can
only be regarded as a hint.

The Ca(2),[0,(2)].0.(2)].. clusters within the B-cages

Like the Ca(1) atom, the Ca(2) atom has site symmetry
3m. It is fairly regular octahedrally coordinated by three
ligands belonging to the tetrahedral net and by three hy-
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droxyl groups. There is no interaction with further O,
atoms; consequently the Ca(2)-O, and Ca(2)-O, bond
lengths are somewhat shorter than the Ca(1)-O, and
Ca(1)-O, bonds. However, the average (Ca(2)-O) bond
length is dlightly larger than for the sixfold-coordinated
Ca atom found in calcite (Effenberger et a. 1981). The
Ca(2)O; octahedra are edge connected to each other. Four
Ca(2)O, octahedra form Ca,[0,(2)].[0,(2)]., clusters
within the g-cages (Fig. 5b). The O,(2) atoms are bound
to three Ca(2) atoms. The O,(2) and O,(2) atoms form a
local cubic close-packed arrangement: four octahedral po-
sitions are occupied by the Ca(2) atoms, the central tet-
rahedral position is vacant.

The M = (K,Ca,Sr,Ba) atoms and the D8R

The M position is at most half occupied by K, Ca, Sr,
and Ba atoms to avoid the M-M distances of only 1.87(2)
A, which is too short for a cation-cation contact. Such
partially occupied cation positions have been often found
in zeolites. The M atoms are located within the basal and
top face of the D8R (Fig. 5¢), i.e., the boundary toward
the tschortnerite cage. The eight-membered rings are €l-
lipticaly distorted with T-T distances of 7.65 and 8.28 A
(cf. Bieniok and Birgi 1994). The M atom is (statistical-
ly) shifted along the longer diameter of this ring to either
side to fit the M-O bonds. The five ligands belonging to
the tetrahedral net have M-O bond lengths between
2.742(3) to 3.206(5) A; these ligands are arranged in an
approximate plane. Up to four further H,O molecules oc-
cupy positions at both sides of this plane to complete the
coordination of the M atom (Fig. 6¢). The M atom ex-
hibits the largest anisotropic displacement parameters
found for the non-water atoms in tschortnerite, the prin-
cipal mean-square atomic displacements are 0.051, 0.028,
and 0.023 Az,

During refinement the ratio K/Ba was varied: The scat-
tering power of K and Cais similar, the Sr content was
fixed to the analytically derived value of 1.03 atoms pfu.
The sum of the site occupation factors was fixed to 0.5.
The refinement yielded 0.65(4) K (and Ca) atoms pfu and
1.32 Ba atoms pfu. The discrepancy to the 0.30 Ba atoms
pfu found analytically is large and might indicate a vari-
ation of the composition of tschortnerite for individual
samples.

The 96-membered cage (tschortnerite cage)

The tschortnerite cage consists of 50 faces formed by
6+12 eight-membered, 8 six-membered, and 24 four-
membered rings. This polyhedron can be derived from
the «-cage by adding a tetragon-trioctahedron. The faces
of the crystalographic forms {100}, {111}, {110}, and
{112} are represented by the T(2),, T(1),, T(1),T(2),, and
T(2),T(2), rings, respectively. The new cage is best de-
scribed by the term “‘truncated great rhombicuboctahed-
on.” An occupation with at least five positions of H,O
molecules is proved by structure refinement (Fig. 6d).
The tschortnerite cage is the largest terminated cage
known for zeolites. It has 96 corners, which is twice as
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Ow@l)
Ow:2)
Ow(D6)
Ow(8)

Ow(D8)
Ow(T1)
Ow(T2)
Ow(T3)
Ow(T4)

Ficure 6. The H,O molecules within the cages of tschort-
nerite: (@) the O,(al), O,(x2), and X position within the
{Cu,[O,(1)H]..} cluster centered in the truncated cubo-octahe-
dron; (b) the O, (D6) atom within the D6R completing the co-
ordination of the Ca(1) atom; (c) the atoms O,,(D8), O,,(T1), and
0,/(T5) completing the coordination of the half-occupied atoms

200000800

Ow(T5)

M = (K,CaSr,Ba) within the top and bottom face of the D8R;
(d) the atoms O,,(T1) to O, (T5) located within the tschortnerite
cage and the O,,(8) atom within one of the two crystallographi-
caly different octagonal faces shared with the «-cage (program
ATOMS, Dowty 1995). Me = M in text.

much than in the «-cage. Large cages have been de-
scribed, e.g., in the natural occuring zeolites chabazite
(Smith et al. 1963), willhendersonite (Tillmanns et al.
1984), erionite (Kawahara and Curien 1969), levyne
(Merlino et al. 1975), or gmelinite (Vezzalini et al. 1990).
Another large unit is the double 40-ring of paulingite
(Bienoik et a. 1996; Lengauer et al. 1994, 1997).

The double six-ring

The D6R is formed by six T(1) atoms forming the bot-
tom and six T(2) atoms forming the top face. The O,,(D6)
atom is located within the center and is bound to the
Ca(1) atom (Fig. 6h).

The H,0 molecules

The site symmetries 3m and 4mm found for parts of
the O, atoms are absolutely inconsistent with the mm?2
symmetry of awater molecule. Therefore, a site disorder
concerns at least the H atoms, but even a local disorder
of the O,, atoms has to be assumed because of their high
displacement parameters. Most of the H,O molecules fill-
ing the pores of the cage system are highly disordered
and only weakly bound to each other or to the framework
atoms by hydrogen bonds; thus they could not be located
precisely. Probable hydrogen bonds are compiled in Table 8.

REMARKS ON THE TYPE STRUCTURE

The unit cell contains 4 a-cages, 4 tschortnerite cages,
8 B-cages, 24 D8R, and 32 D6R. Their connection is
shown in Figures 7aand 7b in slices paralel to (100) and
(110), respectively. Faces of the a-cages and 3-cages are
connected to each other by the basis and top face of the
D6R and by the prismatic faces of the D8R. All these
units are connected to the 96-membered cage. The com-
plex type structure may be derived from the NaCl struc-
ture with the centers of the o- and tschortnerite cages
located at the Na and Cl positions, respectively. They are
directly connected in [100] by eight-membered rings
solely formed by the T(2)O, tetrahedra. Parallel to [110]
the tschortnerite cages are linked by the basal faces of
the D8R; in addition parallel to [110] opposite prism fac-
es of the D8R link to the «-cages [by four-membered
rings formed by T(2)O, tetrahedra]. In [111] the sequence
of interconnected cages is a-cage, D6R, B-cage, tschort-
nerite cage, B-cage, D6R, and back to the «-cage (cf. Fig.
4). This connection scheme causes the reduction of the
highest attainable symmetry of the p-cage m3m to 43m,
because the faces belonging to a tetrahedron (i.e., half of
the “octahedral” faces) are shared with the D6R, and
faces of the other tetrahedron are shared with the tschort-
nerite cage. The tetrahedral net found in tschortnerite was
unknown for both natural and synthetic zeolites; Smith
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TABLE 8. Probable hydrogen bonds of the hydroxyl groups and H,O molecules in tschortnerite

0,(1)0,(8) 3.02(2) 0,,(D6)-0,(2)
0,(1)-+0,(6) 3.081(6) 0,,(8)-0(7)
0,,(2)--0,(4) 3.188(6) 0,,(D8)--0,(1)
0,,(D8)-+0O,(7)
0,(al)-0, () 2.60(13) 0,,(T1)--0,(1)
0,,(a2)-0,(c:2) 2.87(4) 0,,(T1)-0,(7)
0,,(8)-0,(T3) 2.80(4) 0,,(T2)--0,(4)
0,,(8)-0,(T3) 3.16(4) 0,,(T3)--0,(6)
0,,(D8)---0,,(D8) 2.564(15) 0,,(T3)-0,(7)
0,,(T4)--0(1)
0,,(T4)--0,(4)
0,,(T5)--0(1)
0,,(T5)+0(3)

2.943(12) 0,(T1)-0,(T1) 2.85(8)
3.11(3) 0,,(T1)-0,(T1) 2.90(8)
2.717(7) 0,(T1)-0,,(T4) 3.18(7)
3.195(12) 0,(T1)-0,(T4) 2.87(7)
3.10(6) 0.,,(T1)--0,(T5) 2.99(7)
3.29(6) 0,,(T1)-0,,(T5) 3.27(7)
2.980(8) 0,(T2)-0,,(T4) 3.13(3)
3.01(3) 0.,,(T2)--0,(T5) 3.03(4)
3.34(3) 0,(T3)-0,(T3) 3.01(5)
3.31(3) 0,(T3)-0,,(T4) 2.57(5)
3.30(4) 0,,(T5)--0,,(T5) 3.08(5)
3.38(4) 0,,(T5)-0,,(T5) 3.25(5)
3.36(4)

Note: Bond lengths with 2.50 A =0-0=340A are given. O---O contacts representing an edge in coordination polyhedra of Ca(1), Ca(2), M, or

Cu are excluded.

and Bennett (1981) discussed the net based on theoretical
considerations.

The tetrahedral framework of tschortnerite is very
loose packed as compared with common experience. Ac-
cording to Meier et a. (1996) the framework density is

L %%%%o,‘

di1o

Ficure 7. Slices of the tetrahedra net in tschortnerite. (a)
The connection of the o- and tschortnerite cages with the D8R
in (100), some of the D6R are branched. (b) The connection of
the a- B-, and tschortnerite cages with the D8R in (110), some
of the D6R are branched.

the lowest known for a zeolite and amounts 12.15 tetra-
hedra per 1000 A3. Framework densities between 12.5
and 13.0 are known for the natural zeolite faujasite and
its isotypic framework structures and compositional and
hexagonal structure variants (Baur 1964) as well as for
the zeolites CoOAPO-50 (Akolekar 1995) and Linde Type
A (Gramlich and Meier 1971). A lower density was de-
scribed for the interrupted framework of cloverite (Ester-
mann et al. 1991).

Tschortnerite is a zeolite with an extremely large cage,
but the largest pore openings are only single and double
eight-rings. Therefore the exchange mechanisms are ex-
pected to be moderate. The densely filled «- and B-cages
seem to be an obstacle for exchange reactions and hydra-
tion and dehydration processes. The most probable path
for exchange reactions seems to be by the basal faces of
the D8R and the tschortnerite-cages.

Some natural and synthetic zeolites are known to form
unit cells that are among the largest known for inorganic
compounds. Zeolites with a larger unit cell as compared
with tschortnerite are paulingite (Bienoik et al. 1996;
Lengauer et a. 1994, 1997), NaZ-21 (Shepelev et al.
1983), and N (Falth and Andersson 1982). In the title
compound the large cell is a consequence of the huge
tschortnerite cage.

All natural zeolites that have been described up to now
are nominaly copper-free. Due to their catalytic proper-
ties, multiple exchange reactions and their mechanisms
were described for zeolites. Among many others they
concern the minerals faujasite (Maxwell and Boer 1975),
chabasite (Pluth et a. 1977), pollucite, and the synthetic
zeolites Y (Gallezot et al. 1972; Marti et a. 1976; Kau-
shik and Ravindranathan 1992), NaCuY (Marti et a.
1976), A (Lee and Seff 1981; Moretti 1994), SAPO-5 and
SAPO-11 (Lee and Seff 1981), NaX (Vlessidis et al.
1993), or Cu-ZSM-5 (Kucherov et a. 1995a, 1995b, see
also references therein) For more information about Cu
atoms on framework sites in zeolites see Heinrich and
Baerlocher (1991).
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