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ABSTRACT

The crystal structure of tungstite, WO3+H,0, has been
solved from single-crystal X-ray-diffractometer data col-
lected with MoK« radiation (748 unique reflections, 405
observed), and has been refined to an R index of 4.3%.
Tungstite is orthorhombig, Pmnb (Pnma with ba?), with
@5.249, b 10.711, ¢5.133 A, Z = 4. The structure is charac-
terized by distorted octahedral units of tungsten atoms co-
ordinated by five oxygen atoms and a water molecule; the
octahedra share four corners in the equatorial plane to form
sheets. The structure is very similar to that found in
Mo0;3+2H,0 (Krebs 1972). The sheets are held together by
hydrogen-bonding between the water molecule and the oxy-
gen atom in the axial position in the adjacent layer. The
W-O bond lengths are 1.69(2) [axial], 2 X 1.83(3),
2 X 1.93(3) [equatorial] and 2.34(2) A [axial, water]. The
published powder-pattern for tungstite is corrected and
indexed.

Keywords: tungstite, aquatungsten(VI) oxide, crystal-
structure determination, corrected powder-pattern.

SOMMAIRE

On établit la structure cristalline de la tungstite,
WO;+H,0, a partir de données de diffraction X obtenues
sur monocristal en rayonnement MoK« (748 réflexions uni-
ques, 405 observées) affinement jusqu’au résidu R de 4.3%.
La tungstite est orthorhombique Pmnb (Pnma avec bat),
avec @ 5.249, b 10.711, ¢ 5.133 A et Z = 4. La structure
contient des octaédres déformés d’atomes de tungsténe
coordonnés par cing atomes d’oxygéne et une molécule
d’eau; chaque octaédre partage quatres sommets dans le
plan équatorial pour former des feuillets. La structure res-
semble beaucoup & celle du MoO3+2H,0 (Krebs 1972). Les
feuillets sont reliés par des liaisons hydrogéne entre la molé-
cule d’eau et ’atome d’oxygéne en position axiale dans le
feuillet adjacent. Les longueurs des liaisons W-O sont
1.69(2)[position axiale], 2 x 1.83(3), 2 x 1.93(3) [plan
équatorial] et 2.34(2) A [position axiale, eau]. Le cliché de
poudre de la tungstite est corrigé et indexé.

Mots-clés: tungstite, oxyde de tungsténe(VI) hydraté, déter-
mination de la structure cristalline, correction du cli-
ché de poudre.

INTRODUCTION

Tungstite, WO;e H,0, is a secondary mineral,
formed as an oxidation product of wolframite, schee-

lite and other primary minerals of tungsten. It has
been found in small amounts at various localities
throughout the world, but apparently not in suffi-
cient quantity nor as crystals large enough for com-
prehensive mineralogical study. Literature references
to this mineral date back over 160 years (Palache et
al. 1944), including studies by Walker (1908) and
Kerr & Young (1944), but only recently have crys-
tallographic unit-cell parameters, possible space-
group and a fully indexed X-ray powder-diffraction
pattern been reported (Roberts 1981). Sahama
(1981), in his review of secondary tungsten minerals,
concluded: ‘‘As a mineral species tungstite is still
inadequately described and needs to be studied with
modern laboratory techniques.” Since crystalline
masses of tungstite from the Kootenay Belle mine,
Salmo, B.C. are available (National Mineral Collec-
tion of Canada, Systematic Reference Series, Geo-
logical Survey of Canada, specimen number 16549),
the crystal-structure analysis of this somewhat enig-
matic mineral was undertaken as part of a study of
the minerals of that region. Prior to this study, the
only crystallographic information available was that
tungstite probably is orthorhombic on the basis of
its optical properties (Sahama 1981), but even the
published powder-pattern (PDF 18-1418) was unin-
dexed.

COMPOSITION

The mineral specimen from which the crystals for
structure analysis were extracted consists of a fine-
grained intergrowth of tungstite and ferritungstite.
It is not possible to isolate from it enough pure
material for a microprobe analysis, or for a bulk
analysis for H,O. However, our powder-diffraction
data fit synthetic WO;H,0 (PDF 18-1418), and the
synthetic material has been extensively analyzed
(Freedman 1959, Freedman & Leber 1964). Natural
material from various sources, identifed as tungstite
by the powder pattern (Kerr & Young 1944), has also
been analyzed and found to agree with the formula
WO;+H,0. In the latter paper, the poorest agree-
ment was found for tungstite from the Salmo mine
(analysis of Walker 1908), the major impurity being
formulated as Fe,O; and FeO. This is consistent
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TABLE 1. CRYSTAL DATA

Tungstite: W03.H,0
Source: Kootenay Belle mine, Salmo, British Columbia.
(National Mineral Collection of Canada, Systematic
Reference Series, Geological Survey of Canada,
Specimen No. 16549),
Formula Weight: 249.86
Crystal System: Orthorhombic, Z = 4,
Systematic absences: nkl, generally present,
Oki, generally present,
nOL, B + 7 = 2ntl
#k0, k = 2+l
Space group: Pmmp (#62, Pring with bad 3) .
Cell dimensions: a = 5.249(2), b = 10.711(5), e = 5.133(2

A,
Density: D, q.=5.75 Mg w3, D obs Mot measured, but Walker (1908)

gives 5.517 for tungstite from the same locality, the low
value probably caused by intergrowth with ferritungstite,
(Dob = 5,02 Mg m™3).
Absorption: u(Moka) = 406.9 cm~!
Intensity Data: One octant of data collected with MoKa radiation
to 20=72°, measured three times and averaged:
748 unique reflections, 405 with I > 1,65x0(1).

with the above description of the mineralogy, and
with our premise about the impossibility of doing
precise analysis on material from the Salmo mine
because of the intergrowth with ferritungstite. Thus
it seemed necessary and justifiable, initially, to
assume a formula WO,H,O for the single crystals
of the natural material, and to check the final
difference-synthesis for evidence of compositional
differences. No significant peaks were found at the
end of the refinement; though this does not preclude
possible minor substitution for tungsten, no such
substitution has been reported in the literature.

EXPERIMENTAL

Numerous crystalline fragments of tungstite were
extracted from mineral specimen 16549. Of these,
only two very small crystals showed no gross evidence
of twinning, and both were used for extensive
preliminary precession-photography. Exposures of
up to 200 hours were used in order to try to observe
the weak reflections from these very small crystals,
and hence to differentiate weak reflections from sys-
tematically absent reflections, so as to determine the
possible space-group.

It was apparent from the preliminary work that
crystals of tungstite belong to the orthorhombic sys-
tem, with the dimensions quoted in Table 1. The
larger of the two crystals is a flat hexagonal tablet,
whose faces were indexed from the precession work.
The crystal is 53 um between (100) and (100), 61 gm
between (101) and (101), 66 um between (101) and
(101) and about 9 um between (010) and (010). The
spots obtained on the precession photographs from
this crystal show minor splitting in certain regions
of reciprocal space and some displaced “‘tails’’, but
as the other crystal is no better in terms of shape and
singularity of diffraction spots, and in addition is
less than half the size of this crystal, structural work
proceeded with this less-than-satisfactory specimen.

The crystal was mounted on a Picker four-circle
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X-ray diffractometer, and precise cell-dimensions
and orientation matrix were determined from the
least-squares refinement of the observed 29, x, ¢ and
w values of 59 reflections in the range 20° <26 < 34°
using MoK« radiation (A = 0.71073 2\) (Busing
1970). At this stage, although it was apparent that
the crystals are orthorhombic, the space group was
still uncertain.

A positive octant of reciprocal space was defined
where the shape of the diffraction spots was best,
and one octant of data was collected three times to
a maximum of 26 =72° using monochromated
MoK« radiation. All reflections within this 20 limit
were measured without reference to systematic
absences. A scan rate of 1°/min was used with a base
peak-width of 2.1°, increasing with dispersion (0.69
tand). Background counts were measured for 80
seconds on either side of the peak. Three standard
reflections were monitored in order to check crystal
alignment and instrument stability. No systematic
variation was observed, and the minor variations
were ignored. Absorption corrections were applied
using a Gaussian integration procedure (Gabe &
O’Byrne 1970) and a grid of 10 x 10 % 10 points. The
correction factors varied between 1.85 and 7.05. The
three segments of data were averaged and reduced
to structure amplitudes with the application of
Lorentz and polarization corrections. Reflections
were considered as ‘‘observed’’ on the criterion that
Iyps > 1.65 X o(I), where o(I) is obtained from
counting statistics.

SYSTEMATIC ABSENCES AND SPACE GROUP

The lattice is primitive, with reflections 2k{ gen-
erally present; reflections 0k/ are generally present,
although reflections not obeying the A-centring con-
dition (hkl, k + I = 2n) are very weak. Reflections
h0! were observed only for 4 = 2n and / = 2n, with
the exception of the (102) reflection, which appeared
to be present but weak, and reflections (104) and
(106), which were at the extreme limit of observa-
bility on the 1.65 a(I) criterion. Reflections #k0 are
present for k =2n. The above absences indicate
space group Pmcb or P2ch. However, the Patterson
function and the vector map (F2-1) could not be
interpreted on the basis of these space groups.

Finally, a CAD4 diffractometer was used to col-
lect a new data-set (MoKa radiation, hemisphere of
data with k positive, all reflections collected to
2¢ = 60°). It was found that none of the four reflec-
tions of the {102}, {104}, {106} forms were observed
in this second data-set. In the latter, the ‘“FLAT”
option in the CAD4 data-~collection routine was used.
The crystal was automatically rotated about the scat-
tering vector (¥) to the position of minimum absorp-
tion for each reflection. Consequently, the diffrac-
tion geometry was totally different from that on the
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TABLE 2. ATOMIC POSITIONAL AND THERMAL PARAMETERS

Atom Position = Y z Upy Uys Usg Uy, Ups Usg
W e 174 0.22090(8) -0.0037(3) 0.72(3) 1.54{3) 0.83(3) 0.0 0.0 -0.28(9)
0(1) 4e 174 0.436(2) 0.075(4) 3.4(1.2) 2.4(1.0) 1.5(0.8) 0.0 0.0 -0.2(8)
0(2) 4e 174  0.066(2) -0.064(4) 1.7(0.8) 2.0(0.8) 1.5(0.8) 0.0 0.0 0.2(6)
0(3) 84 0.495(8) 0.227(2) 0.249(5) 6.1(1.2) 2.0(0.9) 7.4(1.3) -0.6(1.6) -6.0(1.1) -0.6(1.3)
H{1) 4e 1/4 0.479 0.200 3.3 3.3 3.3 - - -
H(2) 4e 1/4 0.478 -0.055 3.3 3.3 3.3 - - -

The anisotropic temperature-factors are expressed in the form:
T = exp[-2n2(Uy1a*2h2, .+ 2U;,a*b*hk..)], and the values quoted are x100.

Picker diffractometer. Re-examination of the (102)
reflection with rotation about the scattering vector
produced a minor peak in certain orientations,
indicating it to be a Renninger reflection.

The structure was treated as triclinic, and the struc-
ture determination proceeded in space group P1, then
P1 until the symmetry became apparent, and the
space group was identified as Pmnb (#62, Pnma with
bat). This requires that reflections 40/ be observed
for & + I = 2n, whereas all 40/ reflections with odd
indices (h = 2n + 1, I = 2n + 1) were too weak to be
observed. Furthermore, the (102), (104) and (106)
are systematically absent in this space group, and
indeed they were not observed in the CAD4 data-
set. Evidently, the differences between the two geom-
etries of diffraction were sufficient to eliminate these
Renninger reflections. However, as the Picker data-
set had been corrected for absorption, the above
three offending reflections were removed, and the
Picker data-set was used in the structure determina-
tion and refinement.

SOLUTION OF THE STRUCTURE

As explained above, the structure was solved by
Fourier and Patterson methods in the triclinic space-
group P1, and, later, PI. In the latter space-group,
the spatial relationship between the four atoms of
tungsten was identified*, and the mirror planes at
X =%, % became evident. Finally, the spatial sym-
metry of the elements not on the mirror planes was
identified, and the space group was fixed. The tung-
sten atom was found to be octahedrally co-ordinated
by five oxygen atoms and one water molecule [identi-
fied by the long axial bond, 2.34 A, as opposed to
the short axial bond, W-O(2) = 1.69 A, by analogy
to the structure of MoO;+2H,0 (Krebs 1972)].

*The relationship between an equivalent position, x,
Y, zfor x = % and an equivalent position with x = %
is not unambiguous. The result can be achieved vig
Y% + x or 1-x, and these are not equivalent. Similarly,
with z = 0, confusion occurs between z and -z, and
between Y +z and % -z.

Examination of the environment of the water
molecule showed it to be within 3 A of two neigh-
boring O(2) oxygen atoms, and the geometry of this
trio was such that a hydrogen-bonding scheme could
be proposed. Using an idealized water molecule with
an O-H distance of 0.8 A and an H-O-H angle of
110°, the proposed positions of hydrogen atoms were
examined in a difference synthesis. Two peaks were
found clearly corresponding to these positions, but
refinement of these was not found possible in the
least-squares process. The hydrogen atoms were
included in the latter stages of refinement, with their
calculated positions and isotropic temperature-
factors averaged from O(2) and O(1). The Residual
Index improved marginally, though significant posi-
tional shifts were observed in the water oxygen O(1).
The idealized positions of the hydrogen atoms were
then re-calculated, and the final cycle of anisotropic
refinement yielded an overall Residual of 4.3%.

No attempt was made at the end to release the con-
straints of the mirror plane in space group Pmnb,
i.e., to decrease the symmetry to space group
P2,nb. During an earlier stage of the refinement in
space group PI, atoms W, O(1) and O(2) had all
refined to within one standard deviation of x = %4,
and O(3) and its subsequently mirror-related O(3')
had refined to corresponding co-ordinates x + %,
again to within one standard deviation.

In the structure-factor and least-squares calcula-
tions, the atomic scattering factors used were those
of the neutral species W, O, and were calculated
from the coefficients given by Cromer & Mann
(1968). The scattering factor for hydrogen was taken
from Stewart et al. (1965). The anomalous scatter-
ing -contributions for W and O were taken from
Cromer & Liberman (1970). All the crystallographic
calculations were carried out using the XRAY-76
system of programs (Stewart et al. 1976).

The final fractional co-ordinates and thermal
parameters are listed in Table 2. The observed and
calculated structure-factors are given in Table 3,
available at a nominal charge from the Depository
of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ontario K1A 0S2.
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Fic. 1. The unit cell of tungstite. The atoms of the asym-
metric unit are labeled. The doubled circles for the O(3)
atoms near x = % indicate that the bonding from adja-
cent atoms of tungsten is directed to two O(3) atoms
separated by z=1.

DESCRIPTION OF THE STRUCTURE

The unit cell of tungstite is illustrated in Figure
1, which clearly shows the two distinct sheets of W
and O(3) atoms near y = %, %. Figure 2 shows the
distorted octahedron of oxygen atoms that surrounds
the W atom. The octahedra are distorted as follows:
one axial bond, to O(2), is significantly shorter
[1.69(2) A] than the other axial bond [2.34(2) Al,
which is to the water oxygen O(1). The equatorial
bonds to O(3) are 2 x 1.83(3) and 2 x 1.93(3) A,
and these four are displaced away from O(2), such
that the O(2)-W-0(3) angles are all close to 100°.
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FiG. 2. The co-ordination octahedron of oxygen atoms
around tungsten. Atoms W, O(1), O(2), H(1) and H(2)
lie on the mirror planes at x = %, %. The thermal ellip-
soids are drawn at 50% probability (Johnson 1965).

TABLE 4, BOND LENGTHS AND ANGLES WITH STANDARD DEVIATIONS

1. Coordination of W:

Atom  d(R) 0(2) 0(3) o(3)! o35 o(3)s
o(1) 2.38(2) 179.3(9) 80.9(7) 80.9(7) 80.1(7) 80.1(7)°
0{2) 1.69(2) — 99.6(7) 99.6(7) 99.4(7) 99.4(7)
0(3) 1.83(3 — —  98.4(1.5) 88.2(1,5) 161,0(8
0(3)* 1.83(3 —_— — — 161.0(8) 88.2(1.5
0(3)5 1.93(3) — — — —  88.1(1.5)

0(3)8 1.93(3)
2. Coordination of 0(1), (Water):

2.335(23)R Wo— o(1)... ; 129.0(1.0)°

0{1) — W o(2

0;1%...0(2) 2.8753; W - 0(1)...0(2 108.1{9

o(1)...0(2) 2.97(3 0(2) ...0{1)...(2) 122.9(1.0

3. Coordination of 0(2):

0(2) —w 1.688(23)3 Wo—  0{2)...0(1)7 108.5(1.0)°
W - 0523'”05138 128.6(1.1
0(1)7...0(2)...0(1)8 122.9(9

3. Coordination of 0(3):

o
0533 -W 1.829(35)A W -
0(3) — w*

1.926(34)
4. Unrefined hydrogen-bond distances and angles, o
(Based on idealized water molecule, O-H = 0.8, H-0-H = 110°):

0(3) — W 165.2(1.0)°

Donor — H..... Acceptor d(H..0)R Angle at H
0(1) — H(1)..... 0(2) 2.09 171°
0{1) — H{2}..... 0(2) 2.17 172

Superscripts used above, in the text and the diagrams refer to
the following equivalent positions:-

1. 32, y, =8 5. lex , #-y , -z
2. =z, ¥y, -z 6. b+, 3y, -3z
3. =, iy, -i-s 7. &, -y, 32
4, lez, %y, &z 8. =z, -y , -3z
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%, %, respectively. The hydrogen

atoms are located at the extremities of the tapered bonds at the axial vertex of each octahedron. In the structure,
each sheet overlaps the other, so that a three-dimensional checkerboard network of octahedra and holes is formed.

Full details of bond lengths and angles are given in
Table 4. The tungsten-oxygen octahedra, as indi-
cated above, are stacked in sheets, and share all four
corners in the equatorial plane, thus producing a
checkerboard pattern of octahedra and holes in the
xz plane (Fig. 3). The checkerboard layers above and
below the first are displaced by b/2, so that the octa-
hedra lie over holes. (Using . the checkerboard
analogy, black overlays white, and vice versa, in
three dimensions).

The sheets are held together by a network of
hydrogen bonds, such that the water molecule O(1),
H(1), H(2), which is in an axial position in a given
octahedron, bonds two axial O(2) atoms from octa-
hedra in the adjacent layer. Each O(2) atom is
hydrogen-bonded to two O(1) oxygen atoms, sepa-
rated by z = 1. Thus, a zig-zag pattern of hydrogen
bonds is formed, extendmg in the z direction, as illus-
trated in Figure 4.

:

|
POwWDER PATTERN OF TUNGSTITE

A revised powder-pattern for tungstite is given in
Table 5. This shows the powder-diffraction intensi-
ties, calculated on the basis of the absorption-
corrected single-crystal intensities, using the program
POWGEN (Hall & Szymanski 1975). For com-
parison, the observed X-ray powder-diffraction
intensities and d values of Freedman & Leber (1964)
(PDF 18-1418) are included. Two spurious lines and
a third marked “‘(Beta?)’’ observed by Freedman &

Leber are noted, and one line that should have been
observed (d 1.747, I 5/100) has been included. Other
than these discrepancies, the agreement between I,
and I, and between d,, and d, is excellent. The
indexed powder-pattern previously given by Roberts
(1981) shows significantly poorer agreement, espe-

TABLE 5. POWDER PATTERN (CuXa) FOR TUNGSTITE

bkt dca‘lc dobs To T g dcah: dobs Ty %
020 5.355 5.39 75 59 113 1,608 1.611 8 9
011 4.629 4.66 2 2 251 1,579 1,583 2 5
120 3.749 3.77 4 5 033 1.543 — - 1
111 3.472 3.49 100 100 242 1,514 1.51% 4 5
031 2.931 2.95 6 6 331 1.502 1.504 4 3
040 2.678 2.687 10 9 133 1.480 1.482 4 5
200 2.625 2.626 12 11 260 1.476 — - 1
002 2.566 8 071 1.466 2
131 2.5597 2570 25 L4y | ggp 1.455! 1470 2 zl
140 2.385 2,387 4 5 340 1.465 1
220 2.357 2.360 8 6 162 1.411 1.414 2 4
022 2.314 2,322 6 6 322 1.396 — - 1
211 2,283 — - 1 053 1,337 1,338 2 1
112 2.254 2,260 2 1 233 1,330 — - 1
122 2,118 2.122 2 3 400 1,312} 1.312 2 ¢ 2
051 1,977 1.979 4 5 351 1,310 2
231 1.956 1.959 2 5 186 1.297 1.298 2 2
220 %.874 1.875 4 2 153 1.296 — - 1
042 1,88 2 004 1.283 1
1o 1esr 18 10 F 90 1.2802 1.282 2 is
202 1.835 1.837 14 11 262 1.280 1
060 1.785 1.788 2 1 420 1,275 1.276 2 2
142 1.747 — - 5 342 1.272 — - 2
222 1.736 1.739 10 12 360 1.25 1
{60 1630 1,95 2 3 |ome 1@ 1B 2 1,
320 1.663 — - 1 313 1.215 1,211 2 4
311 1.637 1.637 8 13

I, and deate data from POWGEN (Hall & Szymadski 1975), powder-
pattern generating program based on single-crystal intensities.
I, and dypg data from Freedman & Leber ?1964), (PDF No. 18- 1418).

Reﬂections at 4=3.86, 3.29, 3.17 in PDF 18-1418 are not genuine.
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FIG. 4. The layer-like structure of tungstite, iltustrating the interlayer hydrogen bond-
ing. Each octahedrally co-ordinated tungsten is bonded to four O(3) oxygen atoms,
forming W-O(3) sheets in the x-z plane. Two such sheets are illustrated, near
Y ="' and y = %. The W-O axial bonds are to O(2) and to the water molecule,
O(1), H(1), H(2). Each water molecule is hydrogen-bonded to two O(2) atoms,
and each O(2) bonds two water molecules separated by z = 1.

cially with regard to intensities. It must be presumed
that the intensity values of Roberts (1981), visually
estimated from Debye-Scherrer photographs made
from very small quantities of specimen material, are
not reliable. The indexed and corrected values of
PDF 18-1418 should now be used as the standard
powder-data for tungstite.

DiscussION

The solution of the present structure fills an impor-
tant gap in the field of tungsten and molybdenum
oxide hydrates. The crystal structure of
Mo0O;2H,0 has been examined (Lindgvist 1950,
1956) and redetermined (Krebs 1972). The powder

patterns of MoO;:2H,0 and WO;:2H,0 show these
compounds to be isostructural, yet the powder pat-
terns of the monohydrates are different. This has not
prevented the dissemination of some confusion, e.g.,
*“The yellow modification (of MoQ3+H,0) has been
mentioned to be isotypic with WO,+H,O (Freedman
1959), the crystal structure of which is, however,
unknown as well”’ (Giinter 1972). The crystal struc-
ture described in this paper fills half this gap, and
the definitive powder-data should supplant the unin-
dexed powder-pattern for tungstite in the Powder
Diffraction File (No. 18-1418).

The structure presented here is very closely related
to that of MoO;2H,0O (Krebs 1972). The latter is
monoclinic, P2,/n, and characterized by
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MoO;+H,0 octahedra, corner-sharing to form
sheets, exactly analogous to the sheets found in the
present structure. The additional molecule of water
in M0QO;+2H,0 fills one of the holes, and is utilized
in further hydrogen-bonding of the octahedra. The
octahedra found in the two structures are very com-
parable. In MoO32H,0, there are four different
Mo atoms, all with very similar geometry. The mean
bond-lengths are as follows, with the present W-O
distances in square brackets for comparison: Mo-O
(axial) = 1.694 [1.69]; Mo-O (water, axial) = 2.288
[2.34]; Mo-O (equatorial, shorter) = 1.766, 1.800
[1.83]; Mo-O (equatorial, longer) = 2.054, 2.156
[1.93] A. As Mo0;:2H,0 appears to be isostruc-
tural with hydrotungstite WO4.2H,O from the very
close correspondence of their powder patterns
(Freedman & Leber 1964), it seems logical to pre-
sume that the same type of metal co-ordination is
found in the latter structure.

The only tungsten oxide hydrate on which struc-
tural work has been done is WO %5 H,O (Gerand et
al. 1981). Its structure has been determined from the
intensities obtained from powder diffraction. The
rather rough geometry obtained from the refinement
shows that the W-O corner-sharing octahedron is
retained as the basic unit of the structure, but the
arrangement of the octahedra is totally different; the
voids in the sheets of this structure are either trian-
gular (three octahedra) or hexagonal (six octahedra).
The stacking of the individual layers upon each other
cannot follow the simple checkerboard pattern found
in tungstite.

The structure determination of tungstite accounts
well for the physical and optical properties of the
crystalline material. Walker (1933), later quoted in
Palache et al. (1944), gives the indices of refraction
as 2.09 perpendicular to the cleavage direction and
2.24 and 2.26 (all + 0.02) in the other two directions.
The perfect cleavage (Walker 1908) is the crystallo-
graphic {010}, and occurs where the layers of W-O
octahedra, which are hydrogen-bonded in the y direc-
tion, are separated. Within these sheets, the struc-
tural packing is very comparable in the x and z direc-
tions, so that one can expect the indices of refraction
to be about the same. Within experimental error, this
is exactly what is found. The other cleavage given
by Walker (1933) (reindexed on present axes) is {101}
imperfect. This can be explained in terms of a shear
across the plane of O(3) atoms at the corners of the
octahedra. However, as the shear plane in a given
Jayer is displaced by a/4 + ¢/4 from that in the adja-
cent layer (owing to the checkerboard stacking of
octahedra), the cleavage will be imperfect. We have
observed {101} to be one of the forms in the
hexagonal-shaped crystal used, the other being
{100}. Walker (1933) states that ‘‘many of the
cleavage plates show edges at right angles to one
another, with extinction directions bisecting the angle
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between these edges.”’ Owing to the fact that the a
and ¢ dimensions are very similar, the angle between
the faces of the {101} form is close to a right angle
(88.72°). The bisectors of these angles are the axial
directions.

Finally, a word about the role of the hydrate
molecule is warranted. The earlier literature on tung-
sten and molybdenum oxide hydrates contains much
discussion on the role of water in these compounds:
are these compounds true hydrates containing crys-
talline water? Are they acids (e.g., H,WO,,
H,WO,)? At one stage, an H,0*>" ion was proposed
to exist in MoO32H,O (Lindgvist 1950), though
this was later refuted (Lindqvist 1956). It is evident
from the detailed structure-analysis of MoO32H,0O
(Krebs 1972) and from the present work, that these
compounds contain water molecules, co-ordinated
oxygen-to-metal in their crystal structures and should
be considered as aquametal(VI) oxides. Fur-
thermore, the molybdenum trioxide dihydrate con-
tains both an aqua- water (bonded to metal) and a
hydrate water (not bonded to metal). It is strictly
aquamolybdenum(VI) oxide hydrate. This nomen-
clature applied to the tungsten compound [aquatung-
sten(VI) oxide] is in agreement with the proton mag-
netic resonance and infrared-absorption spectra
(Marici¢ & Smith 1958, Schwarzmann & Glemser
1961). The earlier nomenclature applied to these
compounds (‘‘tungstic acids’’, ““molybdic acids’’) is
definitely incorrect, and should not be used in a
chemical description.
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