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ABSTRACT

The crystal structure of fgordite, Sn2+Nb2O5, a
P.093(3), b 4,877(l), c 5.558(1) A, B 90.85(1)', V 463.3(I)
A3, space group C2/c, bxb*nrefined to a residual R of
3.690 on 654 unique observed [.I>3o(4] reflections (Mol(o
radiation). Foordite is isostructural with thoreaulite, and
tlre present study represents the first correct refinement in
C2/c for eitler mineral. Refinement confirms the above
formula, and tle assignment of all Sn to tle divalent state,
for the sample studied. The structure consists of alterna-
tions of two types of layers perpendicular to X. One type
of layer consists of corner-linked NbO6 octahedra form-
ing a flat, perforated, two-octahedron-tiick sheet with
closest-packed anions. The otler type consists of distorted,
edge-sharing Sn2+On square antiprisms forming a flat,
perforated sheet. The Sn2+ coordination polyhedron is
severely distorted owing to tle presence of a stereoactive
lon+pair of electrons.

Keywords: foordite, thoreaulite, crystal structure, Nb-oxide
ming14l, divalent tin, lone-pair cation.

SoMMerne

La structure cristalline de lapordite, Sn2+M2O6, a
f.093(3), b 4.871(l), c 5.558(l) A, B 90.85(l)", V M3.3(l)
A3, groupe spat:at C2/c, a 6t6 affin6e jusqu'i un r6sidu
R de 3.690 en utilisant 654 rdflexions uniques observdes
t/>30(41 (rayonnement MoKc). La foordite est isostruc-
turale avec la thoreaulite, et nos rdsultats constituent la pre-
mi&re 6bauche des deux stnrctures dans le groupe spatial
A/c. L'affinement confirme aussi la formule ci-haut, et
I'attribution de la totalitd de f6tain i la forme bivalente
pour l'dchantillon examine. La structure contient deux sor-
tes de feuillets en alternance perpendiculaire i X. Un des
feuiUets €st fait d'octa0dres NbO6 | coins partagds: le feuil-
let est plat, perfor€, d'une €paisseur de deux octabdres, et
montre un empilement compact des anions. L'autre con-
tient des antiprismes carr€s difformes de Sn2+ i ar€tes par-
tag6es, qui ddfinissent aussi un feuillet plat et perfor6. Le
polyddre de coordination du Sn2+ est fortement difforme
d cause d'une paire st6r€oactive d'dlectrons isol€s.

Cfraduit par la R6daction)

Mots-clls: foordite, tloreaulite, structure cristalline, oryde
de M, dtain bivalent, cation i paire d'6lectr6ns isol6s.
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INTRoDUcTIoN

The mineral foordite, Sn2*M2O6, is isosqrucllral
with its Ta-analog thoreaulite, Sn2+TarOu Qern! et
a/. 1988). Althoueh a structue analysis has not been
done previously for foordite, several analyses exist
for thoreaulite.

The first structure-analyses of thoreaulite were
made from photogaphic data (Maksimova &
Ilyukhin 1967, Mumme 1970). Both studies assumed
the Sn to be tetravalent, and from the 1:2 Sn:Ta
ratio, 6 formula of Sn4+Ta2Or, Z = 4 was assigned.
This results in 28 anions per unit cell, 4 more than
are present. Both studies proposed an additional site
for these 4nions, which resulted in unreasonable
stereochemistries and high R indices (R = l59o for
the model of Mumme 1970).

Maksimova et ol. (1974 re-investigated the
thoreaulite structure, this time usi4g diffractometer
data, corrected for absorption and refined by full-
matrix least-squares methods. In an attempt to avoid
"premature assumptions", tley refined tle structure
in Cc. Difference-Fourier maps showed none of the
additional orygen atoms, confirming the formula as
Sn2*TarOu. Although refined in Cc, the structure
of Maksimova et al. Onq i strongly pseudocentric.
However, when Maksimova et al. (196) refined the
same data h C2/c, R increased from 5.9 to -890;
hence they concluded that the acentric model is
correc.

ExPERITVIENTAL

The sample used in this study is 6p€ foordite from
the Lutsiro pegmatite, Rwanda, and was obtained
from the Universit6 Catlolique de Louvain, num-
ber P1284 (THF-S of terni et al. 1988). Subse-
quent to intensity-data collection, the crystal was
chemically analyzed by electron,m-icroprobe under
the operating conditions given inCernf et al. (1988).
The resulting formula is grven in Table l.

An equant cleavage-fragment was mounted on a
Nicolet R3m automated four-circle diffractometer,
alld 25 intense reflections were centered using
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a 17 .093(3)  I
b  4 .877(1  )
c  5 . 5 5 8 ( r )  ^
B 90 .8s  (1  )  :
v  4 6 3 . 3 ( l )  [ 3

TABLE l. iIISCELLNE0US INF0RI'lATI0N: F0oRDITE TABLE 2. POSITIONAI. PARMFIERS FOR FOORDITE

Site Uequ iv , "

* Uequi". . Uequiv. x 102 (lz)

TABLE 3. ANISOTROPIC TE.IPEMIURE-FACTOR COEFFICIENTS FOR FOORDITE

u l 1

Crystal sJze (m) O.l2xo.l4x0.l5
Rad/'llono ilord/graphlte
T^t . l  lE  |  471

i iJ;r;  o'  ; ; ;
i l ; i l  R ( o b s ) .  w R ( o b s )  3 . 6 , 3 . 6 2
u (m-l) 283

Space gmup Czlc

Unlt cel l contents | (sn2:. 50Pbo. 50)t4.00 (Nbs. 59Ta2.qr )rs. 0002q

R  E  r  ( l F o l - l F c l ) / r l r o l

ap - [: r(lFol-lFglr2ttvlFol2)112, r.o-2lFoI

graphite-monochromated MoKn X radiation. Least-
squares refinement of tle setting angles gave the unit-
cell parameters of Table 1, and the orientation matrix
used for data collection. Intensity data were collected
over 2 asymmetric units to a maximum sin 0/r of
0.7035, according to the experimental method of
Ercrt et al. (1986). An empirical absorption-
correction (r/-scan), Z-p and background corrections
were made, and equivalent reflections were merged
to give 673 unique data (merging R = 4.990), of
which 654 were considered observed t/> 3d(41.

Srnucrunn Sor,utroN eNo RSHNSN{ENT

The SHELXTL package of programs was used in
all computations. Scattering curves for neutral
atoms, together with anomalous dispersion correc-
tions, were taken from Cromer & Mann (1968) and
Cromer & Liberman (1970), respectively. R indices
are of the form given in Table 1.

The mean value of lE'a-l I is 0.959, which favors
C2/c as the space group for foordite. Using the co-
ordinates for the thoreaulite structure n Cc
(Maksimova e/ a/. 1976) as a basis, starting
parameters for foordite in C2/cwere calculated. In
all stages of the refinement, the mean-scatteri4g
curves for the cation sites were constrained to con-
form with the results of the microprobe analysis
(Table l). Refinement of an isotropic model gave R
5.5V0, wR 6.590. Conversion to anisotropic
temperature-factors reduced R to 4.9V0 , wR to 6.lt/o .
High A/ovalues for several high-intensity, low-angle
diffraction-maxima suggested an extinction problem.
An isotropic primary extinction-correction was
applied, resulti'g in find indices of R 3.6V0, wR
3.6t/0.

At this stage, a refinement in Cc was attempted
to assess the validity of the model of Maksimova el
al. Q974. The final model had anisotropically
vibrating cations, but isotropically vibrating anions
because most anions had nonpositive definite sets of
temperature parameters when modeled as vibrating
anisotropically. Addition of an isotropic, primary
extinction-correction resulted in R 3.2, wR 3,4V0.
This model is extremely pseudocentric: in terms of
positional parameters, tle mean absolute deviation
from a centric model is only 2.8 cr. This finding con-

*  u . . = U . .  x  l 0 {

TABLE 4. INTEMTOI.IIC DTSTANCES (X) AND ANGLES (O) IN FOORDITE

Sn Polyhedron Nb Polyhedmn

2.86,100.2
2 . 1 2 , 8 8 , 0
2 . 8 6 , 9 0 . 2
2 . 9 3 , 9 9 . 3
2.81 , 92.5
2 .86 ,  9 l  .8
2 . 9 0 , 9 8 . 4
2 . 6 9 , 8 0 . 3
2 . 7 2 . 8 0 . 6
2 . 6 6 , 7 6 . 6
2 . 9 0 , 8 9 . 8
2 . 8 5 , 8 6 . 9

o  fo r  0 -0  separa t ions  is  0 .01 ,  fo r  ang les  ls  0 .2

sidered with the insignificantly different values of
wR of the centric and acentric models (Abrahams
1974) indicates that there is no reason to reject a cen-
tric model. 11 is impossible to assess why Maksimova
et al. (1976) obtained the opposite result as they did
not cite estimated values of o for any of the struc-
tural parameters of their models, and gave no struc-
tural details about their centric model.

Final positional parameters (centric model) are
given in Table 2, anisotropic temperature-factor
coefficients in Table 3, bond lengfhs, polyhedral
edgeJengths and angles in Table 4, and empirical
bond-valences in Table 5. Observed and calculated
structure-factors are available from the Depository
of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ontario KIA 0S2.

sn 0 0.24046(11 )  1/4 2.28(2)
Nb 0.33007(2) 0.25807(7) 0.32770(7) 1.42(2)
0 ( r )  0 . 426e (2 )  0 .420 r (10 )  0 .4013 (8 )  1 .e5 ( r1 )
0(2)  0.3574(2) 0.0419(10) 0.0692(8) 1.e3(r ' r  )
0(3)  0.21e2(2) 0.0632(9) 0.352717) r .60(10)

0  r3 (2 )
1 ( r )  - 8 ( r )

-22(r5)  -?o(r5)
l 3 (16 )  3 (15 )

-r2(r5)  1 ( r4)

Sn 197(4)
Nb 130(3)
o ( l )  r 38 (17 )
0 (2 )  l 7 r  ( 17 )
o(3) r52(17)

Nb-o( r  )b  r  .874(4)
-0 (2)b  1 .848(5)
-0 (2)c  2 .035(5)
-0 (3)a  2 .128(4)
- 0 ( 3 ) b  2 . 1 6 0 ( 4 )
-0 (3)c  1 .975(4)

<Nb-o> , .003

Sn-0(1)a .c  2 .177(5)  x2
-0( l )b ,d  2 .420(4)  x2
-0(2)a ,c  3 .006(6)  x2
-0(?)b ,d  3 .216(6)  x2

<Sn-o> LrOs

uzzU r g

23514) 25r (4)
144(3) r5o(3)
197(20) 250(22)
197(20) 212(19)' r60(19) r68(r8)

0
l  ( t )

-22(11)
-19 (15 )

0 ( l ) a , c - 0 ( 1 ) b , d  2 . 8 2 , 7 5 . 6 x 2  0 ( l ) b - 0 ( 2 ) b
o ( l ) a  - o ( l ) c  3 . 0 3 , 8 8 . 3  - 0 ( 2 ) c
0 ( l ) a , b - 0 ( l ) d , c  2 . 8 9 , 7 7 . 6  x 2  - 0 ( 3 ) b
0( l  )a ,c -0(2)d ,b  3 .03 ,  65 .1  x2  -0 (3)c
0 ( 1 ) b , d - o ( ? ) c , a  2 . 7 2 , 5 8 . 9 x 2  0 ( 2 ) b - 0 ( 2 ) c
0( l  )b ,d -o(2)d ,b  4 .12 .  93 .0  x2  -0 (3)a
0(2)a ,c -0(2)b ,d  4 .96 ,  r05 .7x2  -0 (3)c
0 ( 2 ) a  - 0 ( 2 ) c  5 . 2 4 ,  1 2 1 . 5  0 ( 2 ) c - 0 ( 3 ) a
0(2)a ,b-0(2)d ,c  2 .72 ,53 .5x2 

o f rp :3 l3J l
<0-0> 3 .42  -0 (3)c

<O-Sn-0> 79 .3  0 (3)b-0(3)c

<0-0>
<0-Nb-0>

2.81
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Ftc. l. The foordite structure, as projected down L Nb
polyhedra are shaded, and Sn2+ polyhedra are given
as balls and spokes to enphasize the sheeted, closest-
packing plus gap structure of tle anions. For simplic-
ity, only the four shortest bonds of each 3a2+ polyhe-
dron are shown. Solid lines represent polyhedra, atoms
and bonds at one level along I; dashed line.s represent
these structural features at adjacent levels.

DEscRrPTroN oF TI{E Srnucrune

Despite significant errors in their drafting of the
thoreaulite structure, Graham & Thornber (1974)
correctly described the anion packing of the
thoreaulite-foordite strusture as intemrpted closest-
packing; that is, t}te anion packing consists of iso-
lated sheets of hexagonally closest-packed orygen
ato4s, each separated from adjacent sheets by a
3.7-A gap. The sheets are perpendicular to X, but
the closest-packing within these sheets is perpendic-
ular to f (Fig. 1).

In the closest-packed sheets, M (and Ta) atoms
occupy 50Vo of the octahedral interstices. The NbO6
octahedra are linked by corners to form a flat, two-
octahedron-thick, perforated sheet @ig. 2a). The gap
between adjacent closest-packed sheets has Sn2+
cations occupying l8]-coordinated, square anti-
prismatic voids. These SnOs polyhedra are linked

Frc.2, The layers of ttre foordite stnrcture. Top: the Nb-
layer; bottom: the Sn2+ layer. The full coordination of
the Sn2+ polyhedra is shown.

via edges to form a flat, perforated sheet of single
polyhedron thickness (Fie. 2b).

The Sn2* polyhedron deserves further comment.
Although described here as a distorted square
antiprism, previous studies have assigned [4]-
coordination to the Sn2+ site, with Sn2+ occupying
the apex of a square pyramid witl a base of O atoms.
These four O atoms are at a mean distance of 2.30
A from tle Sn2+ atom; however, there are an addi-
tional 4 O atoms on the opposite side of the Sn2]
atom at drstances of 2 x 3.006 and 2 x 3.216 A,
from tle Sn2* atom. Both the discrepancy in the
distances of the two sets of O atoms from the Sn2+
site and the local geometry of these anions about that
site had led previous investigators to suggest that the
Sn2* is only l4]-coordinated; however, the bond-
valence sum to the Snz* site for the [8]-coordinated
model is clearly superior to the sum for the [4]-
coordinated model (Table 5). The Sn2* polyhedron
(Fig. 3) has (1) longer mean bond-lengths, (2) wider
mean O-O separations, and (3) longer interbond
angles on the + I side, cl, -Y side, of the polyhe-



902

a
a

I-'

I
(O-Sn-O)'79eo
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(02-Sn-02)'11o

II

0(e) 0(2)

Frc.3. The Sn2+ polyhedron. Comparison of the coordi-
nation by o(2) with that by o(1) shows the formeroto
have (l) longer mean bond-lengths (3.11 rs. 2.3.0 (A),
(2) wider mean O-O separations (4.12 vs.2.89 A), (3)
larger interbond anples (1ll rs. 79.8o). All points are
consistent with the location of a lone pair of electrons
between O(2) a,b,c,d,

dron. These points, considered with the displacement
of the Sq2* atom from the center of the polyhedron
by 0.05 A io tn" + I direction, are coniistint with
the location of a stereoastive lone-pair of electrons
dfuected along + Ztoward the two faces bound by
the O(2) atoms. Although very few structural data
exist for Sn2* in solid-state oxide compounds, this
sort of asymmetric environment seems typical of
Sn2+ with a stereoactive lone-pair of electrons (Galy

IABLE 5. EIIPIRICAL BOI{D-VALENCE TABLE FOR FOORDITE

0 .5 r t 2 ,0 .31 *2

o.r2t2,  o.o9t2
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et al. 1975, Jeitschko & sleight 1972,Mathew et al.
1977).

CONCLUSIONS

The foordite formula has been confirmed to be
Sn2*M2Ou, both on the basis of the numbers of
atoms and on tle bond-valence sum to Sn (2.05 v.u.).
Although Maksimova et al. (1y76) have suggested
tlle space group Cc for thoreaulite, this was not con-
firmed in the current study. Given the lack of sig-
nificant acentricity in atom positions of the Cc
model, the incomplete reporting of structural data
in Maksimova et al. (197A, the insignificant differ-
ences in R indices of the centric and acentric models
in the current study, and the superior R indices of
the current study, we conclude tlat tle correst space-
group for members of the foordite-thoreaulite series
is C2/c.
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