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Crystal structure of kanemite, NaHS}Os-3H,0, from the Aris phonolite, Namibia
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ABSTRACT

Kanemite was studied by single-crystal X-ray diffraction. The mineral, ideally N@HSH,0,
is orthorhombic (space gro®bcn); unit-cell parameters aese= 4.946(3)b = 20.502(15)¢ = 7.275(3)
A, with Z = 4. The structure is solved and refined tdRaralue of 0.058 for 825 independent reflec-
tions. The arrangement of atoms consists of alternating (010) sheets of corrug@gHRBi and
hydrated Na. The silicate sheets contain six-membered rings of HS8)units. Sodium atoms
coordinate to six water molecules, forming layers of distorted octahedra. Residual electron densities
were located that give reasonable positions for four H atoms. One H is part of a silanol group, and the
other three H atoms are associated with water bonded to Na. Bonding between the silicate and Na
sheets is through hydrogen bonding from H of the Na layer to O of the silicate sheet.

INTRODUCTION was first found in trona on the northeastern edge of Lake Chad

Interest in kanemite stems from its high charge dens han and Maglione 1972), and it can easily be synthesized
(higher than clays), reactivity between the silicate sheets, 4R/t and Wey 1968; Beneke and Lagaly 1977; Keene et al.
potential uses as a catalyst support and novel absorbent (Berddk@6). It has been identified in peralkaline rocks of the
and Lagaly 1977; Yanagisawa et al. 1990; Keene et al. 19969v0zero massif, Kola peninsula (Khomyakov 1995) and in
In addition, kanemite is used as the starting compound for fig€€nt sediments of Lake Bogoria, Kenya (Perinet et al. 1982).
synthesis of the mesoporous material FSM-16, which has novel!n the absence of suitable crystals for single-crystal struc-
catalytic and absorption properties (Yanagisawa et al. 19d@ral studies, the kanemite structure has been studiéd,by
Branton et al. 1996; Inagaki et al. 1996a, 1996b; Ishikawa d¥a, an¢Si NMR (Apperley 1995; Aimond et al. 1996, 1997;
al. 1996: Yamamoto et al. 1996 Yoshida et al. 1997: Sakaméigyashi 1997; Hanaya and Harris 1998). Despite the recent
et al. 1998). An Al phosphate with the kanemite structure hi§erest in kanemite, its structure is not known, although
been also synthesized (Cheng et al. 1997; Kimura et al. 1998yperiey et al. (1995) thought it is similar to KHSi. Here
Like kanemite, the aluminophosphate layers are able to re@ describe the structure of kanemite.
ganize and condense to form porous materials when the
interlayer ions are exchanged by surfactant cations. To under- ) o
stand the structural changes that take place during the exchang&h® Aris phonolite is located about 25 km south of
and intercalation reactions of kanemite and the relat¥¥fndhoek, Namibia. The samples were collected from a quarry

aluminophosphate, the details of its crystal structure must H@Iing mined for road and railway ballast. The quarrying ceased
determined. in 1996 so further collecting will be difficult. The phonolite is
Kanemite is a hydrated layer sodium silicate (Johan aRighly vesicular, fine-grained, aphyric and consists of alkali
Maglione 1972) that forms a series with the sodium silicafg!dspars, nepheline, and acmite with minute accessory apa-
hydrates makatite, octosilicate, magadiite, and kenyaite. TH§: Zircon, and monazite (von Knorring and Eranke 1987).
series can be written Ba(SiO, ),(H.0),, x =4to 22 andy =5 D(_atalled geochemlstry o_f the nearby phonolites from_ the
to 10 (Almond et al. 1997). Within this series, only the struclinghardt Mountains is given by Marsh (1987). The vesicles

ture of makatite is known (Annehed et al. 1982). KanemitB Our samples range from <1 mm to over 10 cm in diameter.
Many are filled with fluid and appear to “burst” when the rocks

are split. In addition to kanemite, the vesicles contain
*E-mail: Igarvie@asu.edu villiaumite, natrolite, aegerine, microcline, apophyllite, anal-

tPresent address: Département de Géologie, CNRS-UNR'€: fluorite, hydroxyapatite, galena, sphalerite, makatite,
6524, Magmas et \olcans, 5 rue Kessler, F-63038 Clermoftartz, about a dozen less well-characterized or new species,
Ferrand cedex, France. and the second occurrence of tuperssuatsiaite (von Knorring
tPresent address: Laboratoire de Structure et Propriétésetial. 1992; Camaraet al., in preparation).

I'Etat solide, Bat C6, Université des Sciences et Technologies Kanemite from Aris is rare; only 25 crystals were found in
de Lille, F-59655, Villeneuve d’'Ascq Cedex, France. ca. 200 kg of rock. In contrast, another sodium silicate makatite
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tings and space group differ from those determined for the Lake
Chad kanemite (Johan and Maglione 1972).

Table 2 contains the positional and equivalent isotropic dis-
placement parameters. Selected bond distances and angles are
given in Tables 3 and 4. Anisotropic displacement parameters
are given in Table 5, and positional and equivalent isotropic
displacement parameters for H atoms are in Table 6.

DESCRIPTION OF THE STRUCTURE AND DISCUSSION

Kanemite consists of silicate sheets alternating with hydrated
Na sheets (Fig. 2). Using the terminology of Liebau (1987), the
silicate sheet (Fig. 3) can be described as built up of unbranched
vierer single chains (3D,,),. The silicate sheets contain six-
membered rings of HOSIKEBIO, units (J). Such polymeriza-
tion is consistent with°Si NMR data, which indicate that only
signals arising from €environments occur and only one Si site
is present (Hayashi 1997). The chains condense to form sheets
perpendicular to theaxis. Viewed along [100], the sheets have

FIGURE 1.Photograph of the largest kanemite crystal (white) fourd pgckered appefirance (Figs. 2 and 3). The O2 z_itorns point into
to date (D. Shannon collection). The radiating crystals groups &er interlayer regions whereas O1 and O3 are bridging O atoms

tuperssuatsiaite. Kanemite crystal is 30 mm. and connect the SiQetrahedra.
The Na sheet is composed of hydrated Na in a distorted octa-

hedral coordination (Table 3). These octahedra share edges through
(N&a:Si;0y-5H,0) is comparatively common, forming well-crys-O4, forming (NaOg)™ units parallel to the-axis (Fig. 4). These
tallized masses up to 10 cm in diameter. Although makatitBains connect via corner sharing through O5 to form the hydrated
can be transformed into kanemite (Beneke and Lagaly 197Ma sheet. The single Na site is consistent with NMR data (Al-
the two were never found in the same vug. The kanemite rangesnd et al. 1996; Hayashi 1997) although not with the NMR re-
from less than 1 mm to 1 cm long (Fig. 1) and resembles gywuts of Keene et al. (1996), which show that there are two Na
sum in its luster, hardness, and color. Fresh crystals from wet
vugs are clear but rapidly turn white and opaque when dry. The
crystals grow from the surfaces of the vugs without accessory
phases growing on them. Microprobe data of the kanemite
shows only Na, Si, O, and minor Ca, and the powder X-ray
diffraction data are similar to that from Lake Chad (powder
diffraction file—PDF 25-1309).

The crystals are euhedral and grew in two morphologies:
tabular flattened parallel to (010) and elongated along [100].
Only faces of the pinacoid {010} and rhombic prisms {110}
and {011} are visible. Kanemite from Aris has good cleavage
parallel to (010), and the crystals are striated parallel to [100].
Similar morphologies are visible for the Lake Bogoria and Lake
Chad kanemites (Johan and Maglione 1972; Perinet et al. 1982).
The dried crystals have a pearly to silky luster and appear to be
stable, unlike the Russian material (Khomyakov 1995, p. 92).

CRYSTAL -STRUCTURE REFINEMENT

Attempts were made to obtain single-crystal data from the
air-dried kanemite but were without success, although the pow-
der X-ray diffraction pattern is consistent with well-crystal-
lized material (PDF 25-1309). It is possible that upon drying
the crystals deformed slightly so they no longer were single
crystals. A crystal was located in a wet vug and was immedi-
ately cut into small plates and sealed while wet into a glass
capillary. The crystal cleaved into thin plates during prepara-
tion, and X-ray data were acquired from a flake with dimen-
sions 0.375 mmx 0.100 mmx 0.075 mm using a Siemens P3  FiGure 2.Crystal structure of kanemite projected down [100]. The
autodiffractometer. Methods of data collection and the resutek layer represents the Na@tahedra and the light layer the $iO
of the structure refinement are given in Table 1. The cell stetrahedra. The rectangle depicts the unit cell.
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FIGURE 3.Two views of the silicate sheéé&) projected down [010],
showing the six-membered Sj@ngs, andb) down [100], showing
the puckering of the sheet. The rectangla indicates the unit cell.

TABLE 1. Crystal data and results of structure refinement of kanemite

Crystal size

Crystal system

Space group

Unit-cell dimensions (A)
Volume

z

Range for data collection

Monochromator
Wavelength
Temperature
Measurement method
Measurement speed
Measurement range
Reflections collected
Index ranges
Absorption correction
Structure solution
Refinement method
Data

Restraints
Parameters
R[I>20(/)]

Rw

Goodness-of-fit on P
Largest peak on
difference map

0.375 x 0.100 x 0.075 mm
Orthorhombic

Pbcn

a=4.946(3), b = 20.502(15), ¢ = 7.275(3)
737.7(8) A3

4

1.99 to 35.08°

Graphite

0.71073 A

293(2) K

Scan

1.50 to 14.65°/min. in w

1.60 in w

6211 / (1628 unique) with Ry, = 0.1504
0<h <7,-33sks<33,-11</<11
None

Direct methods (XS in SHELXTL PC 5.03)
Full-matrix least-squares on F?

1628

5

81

0.0582

0.1185

0.996

0.524 e/A® (+), 0.396 e/A3 (-)

TABLE 2. Atomic coordinates (x 10%) and equivalent isotropic dis-
placement parameters (A2 x 103) of kanemite

Atom X y z Ueq

SilA 497(2) 2925(1) 391(1) 13(1)
SilB 497(2) 2925(1) 391(1) 13(1)
Nal 5000 5115(1) -2500 29(1)
O1A 0 3128(2) 2500 30(1)
o1B 0 3128(2) 2500 30(1)
0O2A 42(4) 3571(1) —790(2) 23(1)
0o2B 42(4) 3571(1) —790(2) 23(1)
O3A -1438(4) 2326(1) -181(3) 26(1)
03B -1438(4) 2326(1) -181(3) 26(1)
O4A 4876(6) 5754(1) 267(4) 33(1)
04B 4876(6) 5754(1) 267(4) 33(1)
05 0 5411(3) -2500 67(3)

Note: U,q is defined as one third of the trace of the orthogonalized U;

tensor.

FIGURE 4. Structural environment of Na showing the edge sharing
octahedra along and corner sharing along

sites, one closely associated with protons and the other is neither
attached to or close to a source of protons. Under the conditions of
the X-ray refinement, only one Na site was detected. It is possible
that for slightly dehydrated samples, or samples equilibrated in
air, some of the Na atoms are preferentially dehydrated and thus
produce the range of Na sites observed®ia NMR. Such a
conclusion was reached by Hanaya and Harris (1998) who re-
solved signals from three different Na sites, but only because of
different hydration states. The refined electron density at the Na
site is less than 1T €10.67 €). The refined value agrees with a
site population represented byyN&a ,, andd o, (whered stands

for vacancy). Some Ca is found in kanemite reaching up to 0.1
apfu in agreement with the refined site scattering.

Residual electron densities were located that give reason-
able positions for most of the hydrogen atoms. Four separate H
atoms were located (Table 6): H2A is associated with O2, which
is bonded to Si forming a hydroxy group; and H4A, H4B, and
H5A are bonded to 04, O5, and Na, respectively (Fig. 5). These
two types of H atoms are consistent WHHNMR data (Hayashi
1997). The H atoms in kanemite were added to the model and
their coordinates refined with a fixed full occupancy for all but
H2A, which shows a fairly low electron density. In fact, H2A
shows an electron density less than the Si-O2 and Si-O3 lone
pair electrons, which were the highest peaks in the Fourier dif-
ference map after the three hydrogen maxima.

Hydrogen atoms H4A and H4B appear to be in reasonable
positions bonded to 04 at distances of 0.821 and 0.832 A, re-
spectively. The H4A-O-H4B angle is 115:0&ach H4 is point-
ing to O2, which acts as acceptor and is at a distance of 2.824
and 2.893 A from the 04 donors, and at 2.012 and 2.062 A
from the H atoms: they represent moderate hydrogen bonds
(Jeffrey 1997). H-O distances are shorter than the expected
values. Because H4A and H4B have high atomic-displacement
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TABLE 3.  Selected interatomic distances [A] in kanemite

Si-02 1.595(2) Na-04 2.403(3)

Si-03’ 1.608(2) Na-04+t 2.413(3)

Si-01 1.6086(13) Na-05 2.546(2)

Si-03 1.611(2) <Na-0> 2.454

1.6056 Vol (A3) 18.55

Vol (A%) 2.118 OAVE 129.156

TAV 8.564 OQE% 1.0417

TQE% 1.0021 Na-Na§ 3.6682(16)
Na-H5A 2.52(4)

02-H2A 1.0(2)

05-H5A 0.93(5)

Note: TAV = tetrahedral angle variance; TQE = tetrahedral quadratic elon-
gation; OAV = octahedral angle variance; OQV = octahedral quadratic
elongation.
*Symmetry transformations used to generate equivalent atoms:
x+1/2,~y+1/2,~z.
1 x,~y+1,z2-1/2.

FIGURE 5.Projection of the kanemite structure down [100] showingj following Robinson et al. (1971).
the locations of the H atoms. H atoms are shown by small white circRs¥tLytl—z-L

and O atoms by larger gray circles.

parameters (adp) their actual bond distance must be slightlgH,Si,Os-3H,0, as opposed to the accepted NaBSBH,O;
underestimated. a nonprotonated tetrahedral layer would bed$t-and a fully

H5A is bonded to O5 at a distance of 0.931 A with an H5/4srotonated one §D,(OH),, which would be neutral.
O5-H5A angle of 83.04 This small angle is probably due to Bond-valence calculations obtained with the Eutax v1.5
local charge requirements. The two H atoms point toward theogram using the parameters calculated by Brese and O’Keeffe
alternating cavities in the Na layer (Fig. 5), avoiding extra char{fe991) are presented in Table 7. When the H atoms are ex-
from the silicate layer that is already linked through the H4é&luded from the calculation, O2 is underbonded, missing 0.92
and H4B hydrogen bonds. The positions of those maxima ara. from the ideal value of 2.0 v.u. Considering that O2 is
at the correct distance to represent an O-H bond. However, lomded as a donor to H2A at a distance of 0.99 A (with half
H5A-05-H5A angle is rather low and the two H atoms are at@cupancy) and as an acceptor of H4A and H4B at 2.012 and
distance of 1.23 A, which is too short because of H-H charge62 A, the bond strength yield by the hydrogen bonding (0.7
repulsion. The O5 has a high adp and has a refined site scatter) nearly fulfills the charge requirement of this oxygen.
ing less than 8-eThis high adp points to a disorder that isonger O4-H4A and O4-H4B distances would yield higher
probably due to a heterogeneous distribution of water vacatalence strengths to this O atom. Bond valence calculations
cies within the Na layer. Therefore, it is difficult to accuratelyithout considering the H atoms also show that O4 and O5 are
locate the hydrogen maxima. strongly underbonded, with bond strengths of 0.383 and 0.265

The H atom H2A bonded to O2 must be half occupied beu. as would be expected for water molecules. This is comple-
cause the residual electron density is lower than the maximamented by the bond strength yield by two H atoms.
corresponding to the Si-O bonding. In addition, full H2 occu- The high water content of kanemite, and the ease with which
pancy would force the two H atoms to within 0.77 A of eacthe Na can be cation exchanged, is consistent with a hydrated
other. Full H2A occupancy gives the ratio Na:2Si:8H:80 dda sheet. Hayashi (1997) considers three types of water in

TABLE 4. Selected interatomic angles (°) in kanemite

02-Si-03* 110.33(12) Na||-Na-Na§ 165.17(12) 048-Na-Na# 124.90(11)

02-Si-01 106.10(14) 041-Na-04 113.90(14) 0O5|-Na-Na# 91.76(2)

03*-Si-01 108.54(9) 041-Na-O4% 80.78(10) O4t-Na-H5A 80.8(8)

02-Si-03 114.17(12) 04-Na-O4% 165.10(10) 04-Na-H5A 101.5(11)

03*-Si-03 106.96(7) 041-Na-048 84.70(14) 041-Na-H5A 80.8(8)

01-Si-03 110.65(12) 04-Na-O5|| 83.97(10) O4%-Na-H5A 77.5(11)

Si-O1-Si** 150.0(2) 0O4%-Na-O5|| 101.58(12) 048-Na-H5A 99.4(8)

Sitt-03-Si 145.96(14) 045-Na-05|| 98.70(12) 05]|-Na-H5A 161.7(8)

Si-02-H2A 148(10) 0O4t-Na-05 83.97(10) 0O5-Na-H5A 21.2(10)
04-Na-0O5 81.10(10) Na#-Na-H5A 75.7(9)
041-Na-05 98.70(12) Na§-Na-H5A 103.8(9)
O5||-Na-O5 152.4(3) Na-O4-Na§ 99.22(10)
04"-Na-Na# 40.50(7) Naf$-O5-Na 152.4(3)
04-Na-Na# 154.31(11) Natt-05-H5A 82(2)
O4*-Na-Na# 40.28(7) Na-05-H5A 78(2)

Symmetry transformations used to generate equivalent atoms:

* x+1/2,~y+1/2,~z. || x+1,y,z.

t—x+1,y,—z-1/2. XY,z +1/2.

F x,—y+1,z-1/2. 1 x-1/2,~y+1/2,~z.

§ —x+1,-y+1,-z. Fx-1yz.

#—x+1,-y+1,—z-1.
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TABLE 5. Anisotropic displacement parameters (A% x 10%) of because of the large distance, 5.97 A, between the closest O

kanemite atoms of adjacent Si layers. A more plausible model for the

_ Un U Uss Uz Us Up cohesion between the sheets is that of hydrogen bonding be-
2:1@ 188 128; ﬁgg 88; 18 38 tween the H of the }© coordinated to Naand the O of the
Nal 34(1) 29(1) 25(1) 0 0(1) © silicate sheets. One possibility is Si-O2 - H4-O4-Na, with 02
81@ gg% 35% ﬁ‘ﬁg 8 223 8 .- H4 and 02 --- H4 bond lengths of ca. 2 and 0.8 A, respec-
02A 311 23(1) 14(1) 3(1) o) 3(1) tively. A similar bonding scheme is found in Ni-vermiculite in
02B 31(1) 23(1) 14(1) 3(1) 0(1) 3(1) which the Ni is octahedrally coordinated tgdH and the water
§§§ gg gggg zgg% :§§§ :ig% :igi I(Ss Eir:)ir;tfgttglfolrgwgi)strong H bond to the adjacent clay surface
048 37(2)  23(1) 39(1)  -2(1) 11 -1(1) Kanemite shows structural and physical similarities to the
05 - 29@ . 60(4) _ 111(6) 0 3@ 0 clay minerals: reversible hydration and dehydration, and ex-
Tge anisoropic d'srl'aiemem factor exponent takes the form: —2r¢ (f change by inorganic and organic cations. Water is associated with
a?Uny+..+2hka* b* Up).

the Na sheet but can also occur within the channels of the sili-
cate sheet. The NMR data of Hayashi (1997) shows that mild

TABLE 6. Hydrogen cogrdinates @"104) and isotropic displacment drying affects the mobility, amount, and location, of water mol-

parameters (A2 x 10°) of kanemite ecules, the mobility of the Naand the structure of the silicate
X y 7 Ung sheet. We refined the structure of a wet sample, but the structure
H2A 193(5) 3795(6) ~1989(3) 36(12) may differ for dried samples through loss of the water from the
:3@ ggig(ﬁ’) 3858(3) —f’ég(s) gg(ig) channels of the corrugated silicate sheets. In contrast to pub-
HEA 67(8)( ) 5071222 :334(7(?5) 178(7; lished NMR results, we find that N& coordinated directly to

water molecules and that the silicate and Na sheets are bonded
through hydrogen bonds of the form Si-O2 --- H4-O4-Na.

TABLE 7. Bond-valence calculations results from UTAX for kanemite ACKNOWLEDGMENTS
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