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AssrRAcr

The crystal structure of metarossite, Ca(VOs)g.2HzO, has been determined from
three-dimlnsional Patterson and Fourier syntheses and has been refined by two'dimen-
sional Fourier and difference methods. Vanadiurn co'ordination polyhedra, in the form
of distorted trigonal bipyramids, share edges to form double chains parallel to [010J.
These chains *e littk"dthtough edges and corners to calcium co'ordination polyhedra'
in the form of distorted squaie aniiprisms, which share edges to form chains parallel

to [100]. Long hydrogen bonds from the water molecules serve as additional links between
the calcium and vanadium polyhedra.

INtnonucrlort

Metarossite is a hydrated calcium vanadate with the composition

CaO.VrOr.2HrO. It is soft and friable, yellow in colour, and forms as

the dehydration product of rossite, CaO.VzOr.4H2O. It is soluble in hot

water but rossite crystallizes from the aqueous solution. Both minerals

were first described by Foshag & Hess (L527) from specimens found in

veinlets cutting carnotite-bearing sandstone in Bull Pen Canyon, San

Miguel County, Colorado.
Metarossite is triclinic, space group PI, with a : 6.2La!0.005 A,

b : 7.06tt0.005A, c : 7.76+0.0054, q : 92"58t*10', B : 96o39':t

l0', r : 1o5"47'!.10', and two formula units per unit cell (Barnes &

Qurashi, 1952). These data were obtained with a crystal selected from a

specimen (Harvard No. 90650) from near Thompson's, Utah. The same

crystal $/as used for the collection of intensity data in the present investi-

gation of the structure of metarossite. It was tabular on {10I}, had a

rhomboidal cross-section with edges of 0.13 mm., and a thickness of

0.07 mm. ZeroJevel [010] Weissenberg photographs confirmed the

presence of a small twin component (cf. Barnes & Qurashi, 1952, p,416)

with {l0T} as the twin-plane.

ExpBntlrsNtaL

The lt'k\ and' Okl, reflections were recorded on precession photographs

(F : 30.) with Mo K" radiation (I : 0.7107 A) and multiple exposures.

The hot reflections were recorded on zero-level Weissenberg photographs
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using multiple film techniques. Very few reflections with (sin 0)/I > 0.6
were observed despite exposures of more than 10O hours.

Data for the calculation of a three-dimensional Patterson function
were collected with equi-inclination [010] Weissenberg photographs using
multiple film techniques. Because a high degree of accuracy was not
required at this stage, and exposure times with Mo K" radiation would
have been very long, Cu K" radiation (tr : 1.5418 A) *as employed
except for the h\L and h6l reflections which 'were recorded with Mo K.
radiation. Thus all reflections for which (sin A)/I ( 0.5 were obtained
by a single setting of the crystal with the y-axis as oscillation axis.

All intensities were estimated visually and the usual Lorenz and
polariLation factors were applied. The three-dimensional data were not
corrected for absorption. The calculated absorption coefficients for
Mo K" and Cu K" radiations are 38,4 cm-l and 330 cm-1, respectively,
and approximate corrections were made to the data for the three axial
zones in the case of a few reflections (100,010,001, 110, 101) which could
only tre recorded with Cu K. radiation.

Srnucrunp Axer.vsls

An intensity distribution curve (Howells, Phillips & Rogers, 19b0)
was plotted for each of the three axial zones. The results pointed strongly
to the centrosymmetrical symmetry of the space group Pf.

If the space group were Pl there should be 15 localized regions of high,
and approximately equal, vector density in the asymmetric volume of
Patterson space arising from interactions among the two calcium and
four vanadium atoms. If the space group is PI, however, 12 of these
would overlap in pairs because of the centre of symmetry in the crystal
structure; the remaining three (corresponding to Ca-Ca', Vr-Vi, VrVl
vectors through the centre of symmetry) would be relatively of much
lesser weight. All attempts to interpret axial projections of the Patterson
function were unsuccessful, but a three-dimensional sharpened Patterson
synthesis revealed six prominent concentrations of high, and approxi-
mately equal, vector density in the asymmetric volume, showing that
the structure must have either a centre of symmetry or a close approxi-
mation to one. Reasonable co-ordinates for the Ca and V atoms were
deduced from these data and were used to predict the location of the
smaller vector density concentrations in the Patterson function corres-
ponding to the Ca-Ca', VrVi, Vr-V! vectors. The approximate atomic
co-ordinates were confirmed by the presence of vector density concentra-
tions of the expected magnitude (about one-half that of the regions of
maximum density) at the predicted sites in the Patterson space.
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The locations of five of thb eight oxygen atoms in the asymmetric

unit were then found by the application of superposition methods
(Beevers & Robertson, 1950). The sites of the three remaining oxygen

atoms were revealed by a three-dimensional Fourier synthesis for which

the signs were obtained from structure factor calculations based on the

atomic positions so far established.

RnrrNBmsNT oF TrrE Stnuctunn

The atomic co-ordinates were refined by two-dimensional Fourier and

difference syntheses (Cochran, 1951). Difficulties due to overlapping of

the electron-density peaks in the three axial projections were largely

overcome bv simultaneous refinement of the three zones.

Tesr,e 1. Fnec'rrouer- Co-onolNetss oF tEE
Arous, (All atoms in equipoints r,

!, z and *, 9, Z.)

Atom & J

Ca
Vr
%
Or
o:
Og
O.
Os
Oo
Or
Os

0.7595 0.4665 0.1470
o.&85 0.1020 0.3360
0.3750 0.5830 0.3450
0.3915 0.84m 0.4170
0.5170 0.3920 0.3835
0.8610 0.7555 0.3655
0.1050 0.4730 0.3345
0.1930 0.0635 0.2350
0.6245 0.1170 0.1870
0.4ii00 0.6000 0.1460
0.0070 0.7210 0.0130

Of the number of possible reflections, 74/s of. the Okl' reflections, 68/p

of the k\l, reflections, and 647o of. the hk| reflections were observed.

Unobserved reflections were included in calculations of the R factor onll'

for those planes for which the calculated structure factors were greater

than the minimum observable values, F*; in these cases F, was assumed

to be equal to (\/2/2)F-. The first structure factor calculations, for

reflections with (sin 0)/\ < 0.55, gaveR factors of 0.34,0.15, and 0.40

for the Okl,, h\l, and hkA reflections, respectively, indicating that the

y-co-ordinates were most in error. Refinement of the structure was

carried out until these values had been reduced in each case to 0.11s.

The best agreement between observed and calculated structure factors

was obtained with the scattering-factor curyes of Tomiie & Stam (1958)

for Ca2+, of Qurashi (1954) for V, and of Berghuis, Haanappel, Potters,

Loopstra, MacGillavry & Veenendaal (1955) for O. The final values

adopted for the temperature-factor constant B, were 3.0 for C,a and V,

and 4.0 for O.
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The final values of the atomic co-ordinates are given in Table 1, and
the observed structure amplitudes and calculated structure factors for
the three principal zones are listed in Table 2. The final electron-densitv
maps are reproduced in Figs. 1, 2, and B.
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F-ro.1. Final eJectron-density projection-along [100]. contours at intervals of
ze.A'-a rrom &.A-z (broken rin") to ^;:A;:;n;.t'i"i;;;G-;isJi ubo""
Ne,A'+.

Accunacv

Although the method of cruickshank (rg4g) for the calculation of
standard deviations does not strictly apply to the present data, because of
the overlap in each of the three axial projections, it can be employed to
obtain a rough estimate of the accuracy. on this basis the estimated
standard deviations of the atomic parameters are 0.00g A for ca, 0.002 A
for v, and 0.026 A for o; the e.s.d.'s of the interatomic distances are
A.A27 A for Ca-O, 0.027 A for V-O, and 0.032 A for O-O, and the e.s.d.
for the angles O-V-O is 2'.
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Tanr.B 2. Srnuctune Fecron Dere (* absolute scale).

hktlF , lhhtF"lF"lhht.

010 21.3
020 23.6
030 16.9
0410 11 .3
050 3.8
000 r2.5
070  3 .1
080 < 3.1
081 9.4
071 < 3.1
061 2.9
051 < 2.8
041 t2.4
091 19.4
0t1 nJ
011 3.6
001 16.7
011 10.7
azL 25.6
031 Lr.z
o4r  < 2.6
051 4.O
061 10.4
071  <  3 .1
081 6.5
082 < 2.9
072 4.3
ffiz 2.s
d62 L2.4
o4z 9.0
og2 6.0
022 24.8
0T2 4.5
002 ?4.7
oL2 8.4
022 10.8
a32 5.5
o42 20.1
o52 4.r
062 6.3
072 3.8
073 3.1
063 e.0
053 < 2.8
M3 8.2
053 < 2.3
023 13.8
0T3 6.5
003 24.2
013  l L .1
023 3.3
033 2.6

043 6.7
053 < 2.9
063 8.4
073 < 3.0
o74  3 .1
064 3.8
054 8.1
044 13.6
034 6.6
[24 < 2.3
0r4 20.r
004 32.8
014 t5.7
o24 26.2
034 LL.7
oM < 2.9
054 < 3.0
064 4.5
074 < 2.9
075 < 3.1
065 8.0
055 < 3.0
M5 < 2.9
og5 < 2.7
ot\ 16.9
0r5 < 2.6
005 3.4
015  <  2 .6
025 6.5
035 2.9
M5  3 .0
055  <  3 .1
065 6.0
066 3.1
056 8.1
M6  <  3 .0
036 4.1
016 12.8
016 8.0
006 21.3
016  6 .7
026 4.7
036 4.7
046 5.3
056 < 3.0
057 < 3.1
a47 6.1
037 < 3.1
027 6.2
0T7 < 3.0
o07 2.8
oL7 4.2

o27 8.2 -  6.8
0 3 7  3 . 1  * 2 . 9
0 4 7 < 3 . 0  + 2 . 6
05s 7.2 + 4.4
()4s 4.4 - a.6
038 3.1 + 2. r
028 7.3 -  7.8
0T8 4.8 -  4.6
0 0 8 < 3 . 1  + 1 . 8
0 1 8  3 . 9  -  3 . 0
028 9.0 + 7.6
0 3 8 < 3 . 0  - 0 . 3
0 t 9  < 3 . r  + 2 . 7
0 T 9 < 3 . 1  + 0 . 8
009 5.4 + 4,3
0 r 9  3 . 1  +  2 . 4
100 3.3 -  3.8
108  6 .9  -  6 .1
r07 6.9 + 6.6
106  3 ,6  -  3 .4
105 2tB + 4.2
104 35.5 +33.5
103 10.9 -12.6
rM 15.2 -16.6
l0r  33.8 +31.0
100 32.7 -35.2
101 t4.3 +13.7
ro2 32.6 +42.1
103  6 .7  -  5 .0
104  4 .7  +  5 .1
r 0 5 < 3 . 4  - 0 . 2
106  11 .0  -11 .9
L O 7  < 4 . 1  + 3 . 2
1 0 8  1 1 . 1  +  8 , 5
2 0 0 < 4 . 8  + 0 . 3
z f f i <4 .4  +2 . r
207  7 . r  -  8 .1
2 0 6 < 3 . 7  + 2 . 3
2d6 13.6 +15.3
2M 10 .1  -10 .5
26  10 .s  +11 .3
202 28.3 +25.5
2!i l 27.6 -30.2
2M 11.6 +,r0.1
201 4.4 + 5.2
202 14.6 -15.7
203 28.6 +33.6
204 7.3 + 8.2
205 14.5 -1L.7
2 0 6 < 4 . 0  + 3 . 9
2 0 7  < 4 . 3  -  1 . 5
2 0 8  5 . 7  - 5 . 1

-22.0
+25.5
- 1 8 . 2
-  9 . 8
-  4 . 9
- 1 1 . 3

+  2 . 9
+  0 . 3
-  7 . 6
+  0 . 8
-  3 . 1
-  2 . O
+21.0
+19.8
+25.r
-  2 . 7
-  1 6 . 6
-  9 . 8
-24 .7
- 1 2 . 9

+  0 . 8
-  6 . 2
+r2 . r
-  2 . 7
+  6 . 8
+  1 . s
+  6 . 0
+  2 . 0
+ 1 1 . 1
-  9 . 9
+  5 . 2
- 2 8 . 8

+  5 . 3
-24 .6
*  , . 4

-  9 . 0
+  6 . 4
+ 1 9 . 9
-  4 . 9
+  6 . 6
. -  4.0
+  3 . 7
- 1 1 . 0
+  o .7
-  9 . 3
+  3 . 2
- 1 3 . 3
-  7 . O
+21.9
+ 1 1 . 6
+  2 . 5
+  3 . 4

-  6 . 4
+  0 . 4
-  t . o
+  1 . 3
-  3 . 4
+  4 . 2
-  7 . 3
+10.8
+  9 . 0
+  o . 7
+18.3
-30. 6
+18.3
-24.3
+10.0
-  1 . 8
+  2 . 9
+  3 . 9
+  o . 4
-  L . 7
+  8 . 3
+  1 . 9
-  2 . 4
-  L . 4
- r 7  . 4
+  0 . 7
+  3 . 7
+  3 . 4
+  5 . 4
+  3 . 8
+  2 . 5
+  0 . 8
-  5 . 2
-  3 . 1
-  7 . 5
+  1 . 4
-  4 . L
+ 1 2 . 5
-  9 . 6
+20.3
-  6 . 3
+  4 . 1
-  5 . 4
-  5 . 6
+  0 . 6
-  2 . 4
+  6 . 9
-  0 . 9
+  7 . 6
-  2 . 3
-  3 . 2
-  4 . 9
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Table 2 (cont:inueil)

463

l4lhkll 4 lhktF"l4lhht

309 6.0
308 < 4.5
307 5.9
306 < 4.0
305 15.5
304 r2.4
303 9.7
302 < 3.0
301 n.9
300 4.8
301 L7 .7
302 13.4
303 5.8
304 5.2
305 17.8
306 4.2
307 7 .L
408 4.7
Afr 5.5
406 < 4.1
405 < 4.0
M  < 8 . 7
405 8.6
4@, 8.5
40T 4.L
400 3.2
401 L7.9
402 < 3.6
403 Lr.7
404 5.6
N5 < 4.2
406 < 4.5
N7  5 .7
507 < 4.7
506 4.5
505 3.0
504 < 4.1
503 < 4.0
f f i  5 .5
50T < 3.8
500 8.4
501 < 4.0
502 < 4. r
503 < 4.2
w4 4.4
fr5 < 4.7
606 < 4.8
605 4.6

+  4 . 1
-  2 . 4
+  6 . 6
-  2 . 8
- 1 5 . 9

+11 .2
+  s .7
-  0 . 4
+30.1
-  4 . 6
- 1 8 . 4

+ 1 2 . 1
-  J . O
-  2 . 5
+ 1 5 . 7
+  3 . 7
- ,r .4
+  4 . 9
+  4 . 6
-  0 . 8
+  2 . 3
-  1 . 0
-  8 . 1
+  8 . 4
+  4 . 2
-  3 . 1
+18.6
-  0 . 9
-  9 . 5
+  4 . 6
-  2 . L
- 0.. 1
+  6 . 4
+  r . 7
+  4 . 4
+  2 . 7
+  2 . 3
-  2 . 3
-  6 . 4
+  0 . 7
+  9 . 0
+  2 . 2
+  2 . 5
+  1 . 8
-  3 . 9
*  o . 4
-  0 . 7
+  3 . 4

601 6.5
605 5.3
60t < 4.3
60T < 4.3
600 5.2
601 < 4.4
602 4.5
603 < 4.7
604 3.4
703 < 4.8
7M, 5.8
7fr. < 4.7
700 < 4.8
70r < 4.9
180 < 3.8
170 3.9
160 14. r
150 5.0
140 46.8
150 r1.5
Lz}  6.1
1To 11.  l
110  <  2 .0
120 31.9
130 15.4
140 6.8
150  <  3 .7
160 < 3.9
170 < 3.9
28-0 8.6
n-0 < 3.9
260 < 3.7
2-50 < 3.2
{e 28.8
80 18.4
d20 27.3
fro 95.4
2ro 5.8
220 3.0
230 4.7
240 < 3.5
260 5.4
260 3.9
270 < 3.8
380 LL.7
370 9.0
360 7.4

+  4 . 6
+ 4 .3
-  1 . 5
-  L . 7
-  4 . 6
-  0 . 4
+  5 . 1
+  1 . 6
+  3 . 2
+  0 . 7
+  4 . 7
+  2 . 3
-  0 . 9
-  1 . 8
-  1 . 5
-  o . o
+ 1 3 . 4
-  6 . 4
+46.2
-  10 .4
+  5 . 4
-  1 1 . 5
+  3 . 1
- 2 9 . 9

+18.0
+  6 . 7
+  0 . 5
+  2 . 8
+  0 . 5
+  7 . 2
+  o . 4
-  4 . 0
+  4 . 3
- 2 9 . 8

+20.2
- 2 6 . 5

+ 3 1 . 8
-  7 . 3
+  2 . 3
-  3 . 3
-  0 . 2
-  4 . 2
-  5 . 4
+  1 . 2
-ro.4
+  8 . 5
-  8 . 0

350 11.1
340 4.7
350 < 3.0
9o 5.6
3Io ro.8
310  4 .7
320 9.6
3:i0 < 3.5
3N < 3.7
350 < 3.9
360 3.9

I as;o B.e
&o < s.g
460 4.9
450 8.0
40 3.5
450 < 3.3
4zO L4.r
40 < 3.2
410 3.4
420 8.8
430 < 3.7
MO 8.4
M0  3 .9
570 < 3.9
560 4.9
550 < 3.9
ilo < s.7
530 5.2
d2o 8.2
5T0 < 3.5
510  <  3 .7
520 < 3.9
530 4.O
uo 3.9
660 < 3.9
650 < 3.9
M0 < 3.9
630 < 3.9
d-20 4.9
61-0 < 3.9
610 8.3
620 < 3.9
740 < 3.9
730 6.2
720 < 4.O
7TQ 7.7

+ 1 1 . 4
+  3 . 0
+  0 . 3
+  4 . 2
-  9 . 3
-  4 . 4
-  10 .3
+  0 . 8
-  2 . 7
+  0 . 4
+  4 . 8
+  3 . 3
+ 0 .2
+  5 . 8
-  8 .8
-  3 . 1
-  3 . I
- 10 .7
-  4 . 3
+  3 . 1
+ 1 1 . 3
+  2 . 4
+  8 . 5
-  4 . 5
-  3 . 3
-  3 . 6
-  3 . 2
+  0 . 8
+  0 . 2
+  9 . 9
+  2 . O
-  3 . 5
-  3 . 5
-  5 . 2
-  3 . 4
+  3 . 6

0
+  3 . 2
-  2 . 4
-  6 . 8
-  3 . 4
+  8 . 0
-  3 . 0
-  2 . 2
+  7 . r
-  1 . 7
+  7 . 2
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a oaLouu A va[Aoluu x oxyoEil

Frc,2. Final electron-density projection along [010]. Contoufs at
intervals of Ze.Aa from Sa.A{ (broken line) to Z\e.trra, and at
intervals of 5a.A{ above 20a.4{.

DsscmptroN oF THE SrnucruRr2

Projections of the structure along [100] and [010] are shown in Figs. 4
and 5, respectively. Interatomic distances within the oxygen co-ordina-
tion polyhedra around the cations Ca, V1, and Vz are given in Table 3,

2In the text, tables, and Fig. 6, an asterisk denotes an atom in a cell adjacent to the
reference cell outlined in the projections of Figs. I to 5, inclusive, and in the text, tables
and figures a prime identifies an atom which is equivalent by virtue of a centre of
symmetry (thus, Ca, Ca').
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, b s i n c

ll---/

o catouu a vAtADtun x oxvcEtl

FIc.3. Final electron-densitv oroiection alons [0011. Contours at intervals of
2e.A-a from &.A- (broken line) to 2,Oe.A--e, Jnd at-intervals of 5e.Aa above
2Oe.Aa.

and values of the angles O-Ca-O and O-V-O in the various polyhedra

are listed in Table 4.
The structure is built up of two kinds of puckered chains. Vanadium

co-ordinition polyhedra share edges Of-Oi, Oi-Oz, Oz-OL, Oi-Or (see
Fig.  ) to form double chains of Vr, Vz, Vi,VL polyhedra parallel to [010].
These chains are linked though the edges O:-Oo, O:-Oz on one side and
through Oi-O's, O'z-O'z on the other side, as well as through the corners
Or and O', of the V:-polyhedron, to calcium co-ordination polyhedra
which themselves share edges Oz'Oi*, Of-Oi* (see Fig. 5) to form. chains
parallel to If00].

Each of the two independent atoms of vanadium (Vt, Vr) per cell is
surrounded by five atoms of oxygen at the corners of a distorted trigonal
bipyramid as illustrated by the stereograms reproduced in Fig. 64, B.
The calculated distance from Vr to the plane of Oi, Os, Oo and from Vz to
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Frc,4. Projection of the structure along [1001. Broken lines indicate long hydrogen
bonds; arrowhedds point away from HrO molecules.

the plane of Or, Or, O, is only 0.06 A in each case so that, within the
limits of experimental error, each vanadium atom is co-planar with the
three oxygen atoms around it. In each case, howeyer, V is displaced
away from the centre of the triangle of oxygen atoms towards an edge
(Vr towards Os-Oo; Vz towards O4-O, so that short distances (1.62 A
to 1.67 A; for Vr-Oo, V1-O6, V2-On, Vr-Oz are the result (see Table 3).
The two remaining oxygen atoms of each bipyramid (Oi, Oz; Or, Or)
are situated on opposite sides of this plane in positions such that VrOT,
Vr-Or, Vz-Or, Vr,-Oz make acute angles (74o to 78o, see Table 4) with the
longest V0 bonds (V1-Oi, Vr-O'2, see Table 3) in the plane. Thevanadium
polyhedra are linked through shared edges which are relatively short,
thus, Vi* to Vl through Ot-Oi : 2.50 A, V, to V6 through Oi-Or : 2.44 A,
Vi to Vz through OrOi : 2f;7 A, and Vz to Vi through O;Or : 2.M A.

,I
I
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Fro. 5. Projection of the structure along [010]. Broken lines indicate
long hydrogen bonds; arrowheads point away from H2O molecules.

The distances apart of the vanadium atoms across these shared edges are
3.08 A (vi* to vr), 3.12 A fft to v!; v2 to vi), and 3.16 A ryi to vr).
In each bipyramid the shared edges are those from tJre apices to the
same oxygen atom of the "equatorial" triangle (see Fig. 4); the vanadium
atom is displaced in the plane of the triangle away from these edges and
the distance between the vanadium atom and the oxygen atom is greater

than any other V-O distance in the bipyramid (see Vr-Oi and Vs-O6,
Table 3). The polyhedra also share the corners Or (between Vr and Vz)

457
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Taslr 3. Irtrnetoutc DnreNcns (A) N rsn Co-ononerroN Por,nssnRa. (Asterisks,
atoms in cells adjacent to that of the cation; Parentheses, edges shared between
two V-polyhedra or two Ca-polyhedra; Square Brackets, edges shared between a
V-polyhedron and a Ca-polyhedron.)

Y'
oi
O*t
az
0r

2 . U 2  1 . 9 4  1 . 9 8

(2.60)  (2.M) 3.42
2 .63
2.72

2 . r2  1 .84  1 .82  1 .64  I . 82

OrOro,Oro',OoOrOzoroi

Osn

3.09
2.V2
t2.681
2.68

(2.M) (2.37)  2.e3 3.6: l
2 .71  2 .71
2.76 12.621

2.62

Os'n

v,
O'U
Or
Oa
Or

2 .50  2 .N  2 .43 2.48 2.48 2.59 2 . &  2 . NJ-
Or
or'*
Oe

,O r
Os
Oa"

[2.68]
3.39

[2.621
(2.e5)

2.88

2 .m
3 .06
2.52

3 .61
3 .  t 0

3 .37
3 .73

2.43 3.00
2"88 (3.10)

and Or (between Vz and VT) at the apices of the bipyramids, but the
distances apart of the vanadium atoms across these shared corners are
much greater (Vr to V: across 02, 3.55 A; Vr to Vf across Or, 3.58 A)
than are those across the shared edges. Finally, it may be noted by
reference to Figs. 4 and 5 that the equatoripl planes of the bipyramids
(Vt, Oi, Oo, Oo; Yz, O's, Oo, Or) are very nearly related by a pseudo-

mirror plane normal to [010], and that the ribbon-like band of linked
vanadium-oxygen bipyramids lies with its length and width nearly in
the (10I) plane.

Each calcium atom is co-ordinated with eight oxygen atoms, at
distances of.2.4fr A to Z.Sg A (see Table 3), situated at the corners of a
distorted square antiprism as illustrated by the stereogram in Fig. 6C.
The corners of the "square" faces are occupied by Or, Or, Oln, Oo and
by Or, O:, O;*, Of;, and one edge of each face (O7-Oi*, O;-O;*) is shared
between a Ca and a Ca'* antiprism with Ca to Ca'* distances of 3.88 A
and 3.91 A, respectively, across these edges. Two other edges (Or-Ou,

O.Oz) of one of the "square" faces are shared with a Vr and a V2 bi-
pyramid, respectively, and these edges are longer (Or-Ou, 2.68 A; Or-Or,
2.52 A) than any of those shared between two vanadium bipyramids.
On the other hand, the Os-Oz edge is shorter than any of the unshared
edges of the Vz bipyramid and the 02-06 edge is not appreciably longer
than the shortest unshared edge of the Vr bipyramid, while both edges
are significantly shorter than any other edges of the Ca antiprism (see

Table 3). The separation of Ca from Vr across Or-Oo is 3.30 A and that
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Tesl.e 4. BoNo Altcr,ps (') rw tun VeNenruu exu Cer-cruu Por.ynnona
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Or*-Vt-Ot
OrVr-O
Or*-Vr-
Or*-Vr-
OrVr-Os
Oz-Vr-Oe
Or'-Vr-Oo
Oi'-Vr-Oo
Os-Vr-Oe
Or*-Vr-Oz

Or-Vr-Or'
Oz-Vr-Oz'
Or-Vz-Or
Or-Vr-oa
OrVr-Oz
Or-VrOr
OrLVz-Or
Oz'-Vz-On
OrVs-O.{
Or-Vg_oz

76
74

LOz
ro2
g4

106
151
LM
ro7
r42

108
97
94

138
113
108
151

Or-Ca-O6
OrCa-Oz
Ozf*-Ca-Oo
Oz'*-Ca-Or
OrCa-On*
OrCa-Oa*
Os'*-Ca-Oe*
Os'r-Ca Os*
OrCa-Or'*
OrCa-Or
OgC-a-Os'*
Qa*-Ca-Oe*
OrCa-Oa
OrCa-On*

Or'*-Qa-4rr* 76
O7'**Qs-6r* 8l
Or{a-Oz 72
Os'*-Ca*Oo 7L
OrCa-Oa* 100
OrCa-Oq* 88
OrCa-Oa* I45
OrCa-Oa'8 135
Or'x-Ca-Oa L34
Oz'*-Ca-Oa* 145
OrCa-Oa'* 150
orca_or* 140
Oe-Ca-Os L2S
OrCa-Og* 148

66
61
89
74
70
76
70

tI7
107
134
83
7T
94

of Ca from V: across Oz-Or is 3.2:5 A. Finally; the Ca antiprisms are
linked to the Vz bipyramids in the [100] direction by the shared corner
Oa while the Ca' antiprisms are linked to the same V2 bipyramids in the

[001] direction by the shared corner Oz; the Ca* to V: distance across
Or is 3.80 A and the Ca'* to Vr distance across Oz is 3.79 A.

The Water Molecules

Several facts indicate that in both rossite and metarossite the water
is present in the crystal structure as HgO molecules. Thus the dehydration
of rossite to metarossite is discontinuous, virtually all water is driven
off at about 120" C, the two hydrates and the dehydrated material
are soluble in water (although with increasing difficulty from rossite to
the anhydrous vanadate), and rossite crystallizes from aqueous solutions
of rossite, metarossite, or the anhydrous material (Foshag & Hess, 1927).

Since Ca2+ ions are hydrated in aqueous solution and metarossite
easily loses its water of crystallization, it is to be expected that the HzO
molecules probably are co-ordinated in the crystal structure with the
cation rather than with the metavanadate anion. Consideration of the
cations closely associated with each of the eight oxygen atoms in the
asymmetric unit of metarossite (Table 5) shows that Or is co-ordinated
with three vanadium atoms (Vf, Vi, Vr), Or is co'ordinated with one
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Tenlp 5. Noanrsr Nrrcusouns oF TEE OxvcpN Arous.
(Italics indicate short V-O distances)

Vt*
Vr

Vz
Vt
Vt
Vz Ca'*

Cat'n 06'r 06'n

calcium atom and three vanadium atoms (Ca, V1, Vr, V'r), and Oz is
not only co-ordinated with two calcium atoms and one vanadium atom
(Ca, Ca'*, Vz) but the Or-Vz bond is relatively short (1.62 A1. lt i.
reasonable to assume, the-refore, that the electrostatic valencies of
Or, Oz, and 07 must be fully satisfied by their neighbouring cations
and that these oxygen atoms cannot represent H2O molecules.

Of the other five oxygen atoms, Or and Oo are each co-ordinated with
one calcium atom and one vanadium atom (Or with Ca*, Vr; 06 with
Ca, Vr), Os is co-ordinated with two calcium atoms (Ca*, Ca'*), 03 is
co-ordinated only with Ca, and 06 is co-ordinated only with V1. Now
Oo has no close oxygen neighbours (apart from those co-ordinated with
the same vanadium atom) and it is rather closely bound to V1 (O6-V1,
1.67 A), so that it is improbable that 06 represents a water molecule.

Furthermore, there are only four relativelv short distances of less than
3.05 A among oxygens not to-ordinated with the same cation. These
distances are 2.92 A for OrOi, 2.88 A for Os-Of;, 2.78 A for Of-Os, and
2.89 A for Or-O'a*, and are of the appropriate order of magnitude for a
"long" hydrogen bond (O.H...O), along the direction of which H is
more closely associated with one O than with the other (Megaw, 1952).
Of these, only 03, 06 and Os are involved in two such bonds and there-
fore two of these must represent the water molecules. Or can be eliminated
for it is closely bound to Vr and there is no precedent for vanadium
having a water molecule as a near neighbour; it is moreover unlikely on
the grounds of electrostatic valency considerations. Oa and Or must
therefore represent the water molecules.

Taking as a guide the concept of a water molecule as an oxygen at
the centre of a tetrahedral distribution of two negative and two positive
charges, the two negative charges of 03 would be directed towards Ca
with one H+ linking Oa to O'a and the other linking Os to Of. Or would
be linked to OI through one H+ and to O!* through the other, while the
two negative charges would co-ordinate Oa to Ca* and to Ca'*. The
environments of Or and Os are shown in Fig. 6D, E.
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Ca
Ca
Ca*

Ca
Ca
Ca*

Vt'
Vz

Or
Oz
Og
Or
Oa
Os
Oz
0s

Va
Vz'

Ot' 06*
Oa'
Oe* Or* Or'*
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The co-ordination of Os is three-fold (distorted planar) with distances

Oa-Ca of.2.48 A, ou-of of 2.88 A, or-o'n of.2.92 A. ttre angle of-oa-oi
is 131o. Oa is out of the plane of the triangle Ca, Ol, 9f bv 0.82 A and
the sides of the triangle are 4.00 A for Ca-Oi, 4.3I A for Ca-Of;, and
5.28 A for Of-Oi. It may be noted that the cations (other than Ca)
which are closest to Oa are Vi and Vz but the interatomic distances
(O*Vi, 3.a6 A; Oa-Vr, 2.92 A) are too long to represent anything more
than Van der Waals contacts. This is reminiscent of the environment of
the water molecule, Os, in afwillite (Megaw, 1952).

The co-ordination of Os is four-fold with Ca*, Ca'*, Of, O'f; at the
corners of a distorted tetrahedron with distances Os-Ca* of 2.40 A,
os-Ca'* of.2.59 A, or-o; of.2.78 A, o8-o'd* of 2.89 A, and with the angles
listed in Table 6.

Tesr-B 6. ANcr.ns (') rN tsp OrTeri.AEEDRoN.
(Arrowheads indicate directions of "long"
hydrogen bonds,)

O t *  e O s + O s ' *
O u *  e O s - C a x
O u *  e Q r - g u r x
C a *  - O r + O s ' *
C a r * _ O r + O s r n
C a E  - O s - C a ' *

DrscussroN

When oxygen co-ordination polyhedra around vanadium share edges

as in metarossite the forces of repulsion between multivalent V are

sufficiently strong to displace the vanadium atoms away from the shared

edges and cause a reduction in the lengths of these edges. This effect is

not observed, however, in the case of those edges of the square antiprisms

around the weaker divalent Ca which are shared between two calcium

atoms. The average length of the sixteen O-O edges of the antiprism is

3.06 A of which two are shared with another Ca; the mean of these tivo

is 3.02 A. ttte efiect of V, however, is shown by the average length of the

O-O edges shared between Ca and V which is reduced to 2.60 A and may

be compared with the still smaller mean value of.2.44 A for those edges

shared between two vanadium bipyramids.
The eight-fold oxygen co-ordination around Ca in the form of a square

antiprism is not unexpected from a radius-ratio viewpoint (Wells, 1950,

p. 90) in spite of the distortion introduced by the presence of vanadium,

and the five-fold oxygen co-ordination around Vr and Vz now appears to

be characteristic of at least some of the metavanadates. The soft, friable

nature of metarossite may bd attributed to the relative weakness both

91
Ltz
L24
118
108
103
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of the ca-o bonds and the i'long" hydrogen bonds, and the habit parallel
to {10I} to the fact that the bands of vanadium-oxygen bipyramids lie
approximately in this plane.

As is apparent from Fig. 4 the shared edge Os-O'8* between the calcium
polyhedra is approximately parallel to [010] and, from Fig. b, tJle plane
containing these two oxygen atoms and the calcium atoms of the linked
polyhedra is almost perpendicular to (10I). Furthermore, as already
mentioned, the band of linked vanadium polyhedra has its length and
width nearly in (101). Thus the observed twinning, with {10T} as the
twin-plane, is readily accounted for in terms of reflection across (101) as
a pseudo-mirror plane; this would entail very little rearrangement of
the atoms in the immediate vicinity of the twin-plane.

Tetrahedral co-ordination of oxygen atoms around vanadium is found
in the orthovanadates where it may be more or less regular as in pyro-
belonite, PbMn(VOr)(OH) (Donaldson & Barnes, 1955a), in bracke-
buschite, Pb:(Mn,Fe)(VOa):.HzO (Donaldson & Barnes, l9bbD), and
almost certainly in descloizite, Pb(Zn,Cu)(VO4)(OH) (Qurashi & Barnes,
1954), or irregular as in pucherite, BiVOa (Qurashi & Barnes, lgb3) and
in vanadinite, Pba(VOa)aCl (Trotter & Barnes), 1gb8). In addition to
two V-O bonds of 1.95 A and two of 1.76 A in pucherite there are two
additional oxygen atoms at 2.69 A from V so that the distribution of
oxygen atoms around the vanadium atoms in this structure may be
considered to represent a transition from the ideal four-fold co-ordination
of the other orthovanadates towards six-fold co-ordination.

The polyvanadate, KaVsOra, contains some tetrahedrallS' co-ordinated
vanadium (Bystr6m & Evans, 1959). The tetrahedra are regular with
V-O distances of about 1.65 A. Another oxygen approaches one face of
each tetrahedron to give a V-O distance of 3.4 A. ttre co-ordination
might possibly be considered as a first stage in the transition from tetra-
hedral to trigonal bipyramidal co-ordination. This compound also
contains five-fold co-ordinated vanadium with the oxygens lying at the
apices of an approximately square pyramid. Again, a further oxygen
approaches to within 3.4 A of the vanadium ineasured across the base
of the pyramid and this might indicate a first step towards octahedral
co-ordination.

The five-fold trigonal bipyramidal co-ordination in metarossite,
Ca(VOa)2.2H2O, occurs also in KVO3.H2O (Christ, Clark & Evans, 1954),
and in the non-stoichiometric pentavalent vanadium oxides (oxygen
vanadium bronzes) 0-Naz-rVoO16 (Wadsley, 1g55; Ozerov, Gol'der &
Zhdanov, 1957), 7-Li1.."V6Os (Wadsley, 1957), Ko.$VsOr (which corres-
ponds to K:-JoO16, Ozerov, Gol'der & Zhdanov, 1957), although the
bipyramids in metarossite lack the equatorial planes of symmetry in the
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coresponding polyhedra of the other structures. This difference is slight,

however, and is due to relatively small displacements of some of the

oxygen atoms. In all five structures the bipyramids share two edges,

from their apices to one corner of the equatorial triangle, to form puckered

chains, and the vanadium atoms are displaced away from the shared

edges to make close contacts with the two oxygen atoms of the triangle

which are not involved in chain formation. In metarossite the repeat

length of the vanadium-oxygen chains is 7.06 A ur co-pared with about
g.6 A in the other four structures. For comparison purposes the V-O

distances within the various trigonal bipyramids are given in Table 7;

the differences between the two short bonds in the non-stoichiometric

oxides may be significant but probably is not so in either potassium

metavanadate monohydrate or in metarossite. The great length of the

long bond in the equatorial triangle (see Table 7), which if ruptured

would result in chains of very distorted tetrahedra linked by corners, may

be considered as,a faint vestige of four-fold co-ordination. On the other

hand, the five-fold co-ordinated atoms of vanadium in p-Na:-"V6O16, in

Tesln 7. V-O Drsreucss (A) rN rnr TnrcoNel Bpyneuros or Venrous S::nucrunss.- -_lllu 
fir"t ihree valuei in each case are for distances in the equatorial plane of

-the bipyramid.)

B-Nar,VOro r-Lir+"VaOe Ko.asVsO6 KVOs.HzO Ca(VOs)r.2HzO

1 .56
1 .78
2.00
1 .91
I  . 91

+0.05

1 . 6 0
1 . 7 8
2 . 0 6
1 . 8 8
1 . 8 8

+0.03

1 .55
L . 7 9
2.00
1 . 8 9
1 . 8 9

1 . 6 3
1 . 6 7
1 . 9 9
1 . 9 3
l- .93

+0.02

1 .63  L .62
1 .67 r  .6+
2 .O2  2 . r2
r .94  t . 82
1 . 9 8  L . u

e.s.d. ,0.03

z-Lir+rVsOa, and in Ko.srVrOr are separated from a sixth atom of oxygen

by 2.68 A, 2.86 A, and 2.684, respectively, which Wadsley (1955, 1957)

and Ozerov, Gol'der & Zhdanov (1957) have pointed out may be con-

sidered as the result of lengthening one V-O. bond in a six-fold (octa-

hedral) polyhedron. As mentioned in the discussion of Oa as representing

one of the H:O molecules in metarossite, 03 is 3.46 A fro- V1; and O! is

2,g2 A from Vz, so that the latter, at least, may also be considered in a

similar light.
In addition to the vanadium atoms already discussed, B-Naz-"VoOro,

Z-Lir+rVaOs, and Ko:raVrOo each contains two other crystallographically

distinct atoms of vanadium which are co-ordinated with six oxygen atoms

in the form of distorted octahedra (V-O, 1.56 to 2.36 A) in which one

V-O bond, although relatively long, is appreciably shorter than the sixth

V-O distance mentioned in the last paragraph. Similarly distorted octa-

hedra occur in VrzOzo (Aebi, 1948; V-O, 1.85 to 2.50 A) while more
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regular octahedra are found in montroseite, (V,Fe)O(OH) (Evans &
Block, 1953; V-O, 1.94 to 2.10 A);.paramontroseite, VOz (Evans &
Mrose, 1955; V-O, 1.88 to 2.13 A); and apparently in doloresite,
3VrO4.4HrO, duttonite, VzOa.2HrO, and haggite, VrOr.VzOa.3H:O
(Evans & Mrose, 1958), for which final structural details have not yet
been published. These octahedra share edges with two or more other
octahedra to give various types of chains. The vanadium is displaced
away from these shared edges so that, if the long bonds are omitted, the
resulting co-ordination polyhedra share corners rather than edges.
Duttonite contains single chains of octahedra formed by each octahedron
sharing two opposite edges. Each vanadium is displaced away from the
centre of its octahedron of oxygens, so that those in neighbouring octa-
hedra oppose one another. In doloresite where similar single chains
alternate with double ones this does not occur; presumably because the
vanadium atoms in the double chains are displaced towards the oxygens
which link them to the single chains. Nearly regular octahedral co-
ordination of oxygen atoms around vanadium occurs in the spinels
ZnVzOqand MgVzOa and in the inverse spinel VMgzOn (RUdorff&Reuter,
Le47).

The problem of vanadium pentoxide has been omitted intentionally
from this discussion because a re-examination of its structure by three-
dimensional methods is at present underway in this laboratory. Structures
have been proposed by Ketelaar (1936) and by Bystr6m, Wilhelmi &
Brotzen (1950) which differ in space group (Pmn2t; Pmnm) and, to
some extent, in the atomic parameters.

We should like to thank Dr. H. D. Megaw for her helpful criticism of
this paper. Grateful acknowledgment is made to Dr. F. R. Ahmed for
carrying out much of the computational work on the Ferranti computer
FERUT (now TRANSFER) and on an IBM 650 machine, and to Mrs.
M. E. Pippy for assistance with both machine and desk calculations.
Some exploratory structural work was undertaken by Dr. N. C. Stephen-
son during the tenure of a Postdoctorate Fellowship in 1953 before this
laboratory had access to electronic computers and it was consequently
not practical at that time to undertake the three-dimensional Patterson
synthesis which later supplied the key to the problem; a few of these
earlier photographs were used for intensity estimations in collecting the
present three-dimensional data.
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