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The crystal structure of the compound, Sb,O,-
(OH)Cl1O,.4H,0, has been determined from
three-dimensional X-ray data measured on an
automatic diffractometer. The crystals are
monoclinic (space group I2/c). The unit cell
contains eight formula units and has the
dimensions a=20.969(5), b=5.7051(8), c=
17.872(4) and f=99.84(2)°. The structure was
refined by a full-matrix least-squares technique
using 1811 observed reflections to an unweighted
R value of 0.037. It contains distorted trigonal
bipyramidal SbO,- and tetrahedral SbO,-poly-
hedra, with the lone pairs of electrons of
antimony at one of the equatorial corners of the
bipyramids and at one corner of each tetra-
hedron, respectively. Four SbO,-polyhedra share
edges with each other and form a short chain.
In both ends of the chain an SbO;-polyhedron
shares edges with a SbO,-polyhedron. The chain
is then terminated in each end by an additional
SbO;-polyhedron sharing corners. The short
chains are linked, by sharing oxygen atoms with
other chains, to infinite layers parallel to the
be-plane. The perchlorate ions and the water
molecules are situated between the layers. The
Sb—~0O bond distances vary between 1.952(9)
and 2.378(9) A.

During an investigation of the solubility of
antimony(IIT) oxide (cubic and orthorhombic)
in perchloric acid and nitric acid,® undertaken
in order to elucidate which species of antimony-
(III) that exist in such solutions, it was found
that the oxide phases were under certain condi-
tions converted into different basic salts. The
compositions of these solid phases in stable or
metastable equilibrium with solutions of various
acidities must be exactly known to make a
correct interpretation of the solubility measure-
ments possible. Complete determinations of their
structures would have the added advantage that
a comparison would be possible between the
hydroxo complexes indicated in the solutions
and the aggregates that can be discerned in the
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solid phases. Such structural studies have there-
fore been started and the result of the first one
concerning the nitrate, Sb,0,(0H),(NO;),,2 has
already been published. In this paper, the struc-
ture of a perchlorate, Sb,0,(OH)ClO,.3H,0, is
reported. This phase has previously been pro-
posed and described by Jander and Hartmann 3
as 48b,0;.CL;0,.2H,0. Further studies com-
pleted or in progress include Sb,0,(ortho.),*
Sb,0;(cubic) and Sb(0OH),Cl10,.3H,0.

EXPERIMENTAL

Crystal preparation and analysis. Crystals of
Sb,0,(0OH)C10,.4H,0 were prepared by the
following method: 5 M perchloric acid was
heated in an Erlenmeyer flask to 110 °C and
orthorhombic Sb,0, was added until a saturated
solution was obtained. The flask was stoppered
and its temperature was decreased 5— 10 °C per
day to room-temperature. Sb,0,(OH)Cl10,.4H,0
crystallized as thin, colourless and transparent
plates. The homogeneity of the sample was
checked by X-ray Guinier-Hégg powder photo-
graphs. The crystals thus prepared were ana-
lysed titrimetrically for antimony(III) by a
method according to Belcher.® The perchlorate
analysis was made according to Hoffman et al.
and the water analysis according to a modifica-
tion of the method of Fischer.?s® The results of
the analyses were in good agreement with the
calculated values for 8Sb,0,(OH)CIO,.4H,0.
(Found: 70.3 9, antimony(III), 14.9 9%, perchlo-
rate, and 2.2 9% water. Cale.: 70.3 %, 14.2 %,
and 2.6 9%).

Crystal data. Preliminary Weissenberg photo-
graphs showed the crystals to be monoclinic and
the systematic absences found were: hkl with
h+k+1=2n+1, ROl with I=2n+1 which are
characteristic of the space group I2/c. This
space group is not given in the International
T'ables. The general point position:

Z,Y,%; 57,:17,5; 54/*—7'; x:gs%+z;
t+od+y.d+2 -t —yd—2 d—xd+y.2;
3+2,i—y.2
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Table 1. Guinier-Hégg powder photograph of
Sb,0,(0OH)C10,.4H,0 using CuKa, radiation.

Table 2. Crystallographic data for [Sb,0,(OH)-
Cl0,.3H,0.

hkl 10°sin2 0 10° sin? 6 I
obs cale obs
200 553 556 m
202 1537 1 544 vVW
110 1 962 1 962 \'aa
311 2 458 2 459 m
402 2 538 2 543 vvw
112 2613 2616 vVW
112 2 833 2 839 vVWw
411 4 005 4015 vw
213 4430 4 435 VVW
114 4793 4 800 w
413
80 2} 5102 5100 vw
114 5243 5 246 vw
512 5 500 5 505 m
413
20 2} 6 443 6 438 w
215 6 605
01 5} 6 604 {6 606 vw
314 6 807 6 804 m
020 7 291 7 291 vs
121 7 563 7 566 vw
406 7780 7774 m
220 7 847 7 847 w
710 8 625 8 633 w
123 9 001 8 985 w
420 9 523 9515 vVvw
606 9 878 9 884 vw
712 10 187 10 179 vw
516 10 527 10 513 vw
008 12 256 12 245 vw
622 12 404 12 391 vVvw
622 13 711 13 729 p
426 15 060 15 065 m
626 17 157 17 176 vVvw
431 18 586 18 589 w
1004 19 204 19 191 vw
134 19 839 19 829 m
532 20 104 20 090 vw
1110 20 527 20 538 m
824 21 025 21 032 w
532 21 193 21203 vw
334 21 398 21 387 vvw
1008 21 962 21 684 vVWw

Space group I2/c was chosen instead of C2/c
because the unit cell dimensions were more
suitable in I2/c.

The unit cell dimensions were determined by
least-squaresrefinement usingas data the diffrac-
tion a,ngles of 40 lines on the CuKa, (1=1.54051
&) powder pattern collected at room temperature
in a Guinier-Hégg focusing camera equipped
with a quartz monochromator and using
KCl (cubic, a=6.2929 A) as internal standard,
¢f. Table 1. The density determined by meas-
uring the loss of weight in benzene was in good

Unit cell: a =20.969(5) A
b =5.7051(8) A
¢ =17.872(4) A
B =99.84(2)
VvV =2106.9 A3
Z =

Formula weight: M =692.46

Density, 20 °C: D, =4.28 g cm™®
Dy =439 gcm™

Space group: I2/c

agreement with the calculated value for eight
formula units Sb,0,(0OH)ClO,3H,0 per unit
cell. Some crystallographic data are presented
in Table 2.

Collection of intensity data. Three-dimensional
intensity data from a single crystal (¢f. Table 3)
were collected on an Enraf-Nonius computer
controlled four-circle diffractometer, CAD4,
using graphite monochromatized MoK« radia-
tion (A=0.71069 A). The intensities were re-
corded at a take off angle of 5°. The w—26
scan technique was used with an o range of
(0.940.5 tg6)°. A minimum net count of 2000
for each reflection was attained within the
maximum measuring time of 3 min. The scan
speed thus required was calculated from the net
intensity after a fast pre-scan. Two octants of
the reciprocal space out to (sin 1)/6=0.65 A-1
were examined. The total number of reflections
was 2496 of which 33 were considered not above
background by giving net counts less than 10
in the fast pre-scan of totally 9 seconds and
another 652 were rejected as being considered
unobserved since their intensities were less than
30(I), where o(I) is the standard deviation of
the intensity estimated from counting statistics.
The intensities of the remaining 1811 reflections
were corrected for Lorentz, polarization and
absorption (c¢f. Table 3) effects. The linear ab-
sorption coefficient ® for the compound with
MoK« is 108 ecm-1. The transmission factors

Table 3. Crystal dimensions. Boundary planes
and their distances from an internal origin.

Plane d (cm)

(100) 0.00097
(100) 0.00097
(101) 0.00395
(101) 0.00395
(010) 0.01175
(010) 0.01175

Crystal volume: 0.17 x 10-3 mm?.
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Table 5. Coordination distances (A) and angles (°) with standard deviations (in parentheses) in
Sb,0,(0H)Cl10,.4H,0. Notations of the atoms, ¢f. Table 4.

The Sb(1) — O-polyhedron
Sb(1) — O(6) 1.952(9)
Sb(1)—0(1) 2.009(9)
Sb(1)—0(2) 2.085(9)
Sb(1)—0(3) 2.378(8)

0(1)-0(2) 2.498(12)
0(1)—0(3) 2.517(11)
0(1)—0(6) 2.829(12)
0(2)—0(6) 2.832(12)
0(3)—0(6) 3.049(12)

The Sb(2) — O-polyhedron
Sb(2) —0(5) 1.952(9)
Sb(2) —0(2) 2.030(9)
Sb(2)—0(2’)  2.143(9)
Sb(2)—0(1) 2.350(8)

0(1)=0(2) 2.498(12)
0(1)—0(5) 2.985(12)
0(2)-0(2') 2.464(17)
0(2) - 0(5) 2.905(12)
0(2’)—0(5) 2.963(12)

The Sb(3) — O-polyhedron
Sh(3) — 0(4) 1.969(11)
Sb(3) —0(5) 1.985(9)
Sb(3) —0(3) 1.995(8)

0(3)—0(4) 2.545(13)
0(3)—0(5) 2.898(12)
0(4)—0(5) 2.760(14)

The Sb(4)— O-polyhedron
Sh(4)—0(6) 1.975(9)
Sh(4)—0(3) 1.997(8)
Sh(4)—0(1) 2.027(8)
0O(1)—0(3) 2.517(11)

0(1)—0(8) 2.890(12)
0(3)—0(6) 2.966(12)
The perchlorate ion
Cl1-0(9) 1.36(2)
Cl-0(7) 1.40(2)
C1—0(10) 1.42(3)
Cl—0(8) 1.44(2)
O(7)~0(8) 2.27(2)
0(7)—0(9) 2.30(3)
0(7)-0(10)  2.30(3)
0(8) — 0(9) 2.37(3)

0(8) —0(10) 2.29(4)
0(9) — 0(10) 2.22(4)

Possible hydrogen bonds
O(11)---0(4)  2.75(1)
0(11)---0(9) 2.98(3)

Sb — Sb distances

Sb(1) —Sb(4) 3.353(1)
Sb(1)—~Sh(2)  3.410(1)
Sb(1)—Sb(4)  3.524(1)
Sbh(2) —Sb(2) 3.370(2)
Sb(2)—Sb(3)  3.559(1)
Sh(3)—Sb(4)  3.394(1)

£.0(1)—8b(1)-0(2)
7 0(1)=Sb(1)—0(3)
Z/.0(1)—=Sb(1)—0(6)
£.0(2)—Sb(1)—-0(3)
Z0(2)—8b(1)~0(6)
7.0(3)—Sb(1)—0(6)

£0(2)—8b(2)-0(2)
£.0(1)—8b(2) - O(2)
£.0(2)—8b(2) —O(5)
£.0(1)—8b(2) —0(2')
£90(2') - 8b(2) - O(5)
£0(1)—8b(2) - O(5)

£.0(3)—8b(3) —O(4)
£0(3)—8b(3) —O(5)
£.0(4) —8b(3)—-0(5)

£.0(1)—8b(4) — O(3)
£.0(3)~Sb(4) - O(6)
£.0(1)—8b(4) - 0O(6)

£2.0(7)—Cl—-0(8)
/.0(7)—-C1-0(9)
Z0(7)—Cl—0(10)
/. 0(8)—C1—0(9)
70(8)—Cl—0(10)
7 0(9)—Cl—0(10)

£.0(4)-+-0(11)---O(4")
£.0(4)---0(11)---O(9)
/0(4)---0(11)---O(9")
£.0(9)-+-0(11)---O(9)

75.2(3)
69.5(3)
91.2(4)
144.5(3)
89.0(4)
89.0(3)

72.3(4)
69.1(3)
93.7(4)
141.3(3)
92.7(4)
87.4(3)

79.9(4)
93.5(4)
88.5(4)

77.5(3)
94.8(4)
92.5(4)

106(1)
113(1)
109(2)
116(1)
107(2)
106(2)

132(1)
127(1)
90(1)
84(1)
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were in the range 0.40 — 0.82. Two control reflec-
tions, 345 and 408, were measured with 90 min
intervals to check for crystal decomposition and
radiation stability. The mean decrease in inten-
sity over the whole exposure time was 6 %, for
both control reflections. All intensities were
therefore scaled with a first-order polynomial
determined by least-squares.

STRUCTURE DETERMINATION AND
REFINEMENT

From a three-dimensional Patterson synthesis
the antimony atoms of the unit cell were found
to occupy four eightfold positions in I2/c. A
least-squares refinement was performed based
on the deduced antimony atom positions. Subse-
quent three-dimensional electron density dif-
ference synthesis revealed the positions of all
other non-hydrogen atoms. All atoms occupy
eightfold point positions except the water
oxygens which occupy a fourfold point position.

A preliminary full matrix least-squares refine-
ment was now performed with isotropic tem-
perature factors for all atoms. The refinement
converged to an R-value of 0.102 (R=3||F |l —
[F/ZIFGl). When the isotropic refinement
was repeated with the data corrected for absorp-
tion effects the R-value was 0.060. Then aniso-
tropic temperature factors were introduced for
all atoms and the positional and thermal
parameters were refined together with an overall
scale factor. The R-value was now reduced to
0.045. Correction was then made for isotropic
secondary extinction with the full matrix least-
squares program LINUS.* The function mini-
mized was Jw;(|F,| —|F.|)?, where the weights,
w;, were calculated from the expression w;='=
o} (F ) [4F 2+ cF2+d. The values of the con-
stants ¢ and d were chosen so as to give the

The Structure of Sb,0,(0H)CI0,.}H,0 721

most constant averages of w;(|F,l—|F.)? over
ranges of ' and sinf. The values ¢=0.0003 and
d=0.55 were used in the last refinement, which
converged to R=0.037 and R,=0.051, where
Buy=[2w(|Fol—|FdPSw|F*I'. The atomic
scattering factors used were those given by
Hansen et al.'! The final value of the isotropic
extinction parameter g was 0.08(2) x 10% The
value of S defined by S=[Jw(F, —|F)
(m—n)]'/2, where m and n are the number of
observations and parameters varied, respec-
tively, was 1.009. The final positional and
thermal parameters are given in Table 4. Lists
of observed and calculated structure amplitudes
are available by request to the author. Selected
interatomic distances and angles are presented
in Table 5. The drawings (Figs. 1—5) were
obtained with the program ORTEP.12

DESCRIPTION AND DISCUSSION OF THE
STRUCTURE

The Sb,0;(OH)C10,.3H,0 structure contains
distorted SbO,- and SbO,-polyhedra. The coor-
dination spheres of Sb(1) and Sb(2) (notations
of the atoms, ¢f. Table 4) could be described as
trigonal bipyramids with the lone pair of
electrons of antimony in one of the equatorial
corners (¢f. Fig. 1). The SbO;-polyhedra of Sb(3)
and Sb(4) are tetrahedral with the lone pair in
one of the corners (cf. Fig. 1).

Four SbO,-polyhedra share edges and build
up a short chain (the coordination polyhedra
around the atoms Sb(l) and Sb(2) in Fig. 1).
In both ends of the chain an Sb(4)O;-poly-
hedron shares edges with an SbO,-polyhedron.
The chains are terminated in both ends by one
Sb(3)0,-polyhedron sharing corners. The chains
are linked to each other, by sharing the oxygen

Fig. 1. The short chain of Sb— O polyhedra.
Acta Chem. Scand. A 28 (1974) No. 7
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Fig. 3. The perchlorate ion. The thermal el-
lipsoids are drawn to enclose a 50 9, probability.

atoms O(5) and O(6), to infinite layers parallel
to the be-plane (¢f. Fig. 2). The four oxygen
atoms O(7), O(8), O(9), O(10) and the chlorine
atoms form the tetrahedral C10, -ion (cf. Fig. 3).
The distances C1—0 and angles O —Cl1—0 !(cf.
Table 5) are normal (¢f. International Tables,?
Lee and Carpenter,’® Nordman,* and Almlsf %),
The oxygen atoms in the ClO, -ion have large
thermal motions, however. The r.m.s.-com-
ponents (R1,R2,R3) of the thermal vibrations
for O(7), O(8), O(9), and O(10) are (0.41, 0.186,
0.24), (0.44, 0.13, 0.24), (0.55, 0.11, 0.42) and
(0.54, 0.22, 0.41).

The perchlorate ions and the water molecules
are situated between the layers described above
(¢f. Fig 4).

For the interpretation of the solubility func-
tion of Sb(III) in perchloric acid with Sb,0,-
(OH)Cl10,.34H,0 as solid phase it was necessary
to verify the existence of the OH™ -ion in the
structure. Since the hydrogen atoms could not
be located from the available X-ray data it was
difficult to distinguish O%-, OH™, and water
from each other. In order to establish the
nature of the oxygen atoms O(1), O(2), O(3),
0O(4), O(5), O(6), and O(11) a procedure based
on the principle of local neutralization of charge
was used, according to Donnay et al.'®* A calcula-
tion of cation to anion distances and associated
bond valences leads to valence sums > for the
oxygen atoms. For O%-, OH~, and H,0 3» is
approximately 2.0, 1.0, and 0.0, respectively.
The calculated values of v varied between
1.8 and 2.4 for the atoms O(1), O(2), O(3), O(5),
0(6), indicating that these are oxide ions. >»
for O(4) and O(11) was 1.0 and 0.0. Thus O(4)
should be an OH -ion and O(l1) a water
molecule. The distance O(4)—0(11) between
hydroxide and water is 2.74 A (¢f. Table 5)
which agrees very well with previously deter-
mined hydroxide to water distances in the
mineral Colemanit, CaB;0,(0H);.H,0 (2.76+
0.03 A) 7 and in Zng(OH),C1,.H,0 ** (2.79 A). It

"v

Fig. 4. Stereoview down the b-axis. The perchlorate ions are drawn with tetrahedra.
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also agrees well with hydrogen bond distances
in inorganic solids given in the International
Tables.? The water molecules are thus hydrogen
bonded to two different Sb— O-layers (cf. Fig.
4). Possible hydrogen bonds also exist between
the water molecule and two perchlorate ions (¢f.
Table 5). The distance O(11) — O(9), 2.98 4, is in
agreement with that which Lee et al.’® found in
perchloric acid monohydrate, where hydrogen
bonds have been certainly proved. The angle
0(9)—0(11)—0(9) (c¢f. Fig. 5, Table 5) differs
from the angle in water, but according to
Hamilton and Ibers * the distribution of the
O —0 -0 angles could be from 80° to 150° in
hydrogen bonded hydrates.

A knowledge of the crystal structures of oxide
salts can be useful for deducing the coordina-
tion of the complexes in solution, as has been
shown in many instances. Thus, the dimeric
Th(OH),Th has been identified both in solution
and solid state by X-ray investigations by
Johansson.?’-?! Olin and Séderquist 22 found the
complex Pb,O(OH),** as discrete groups in the
oxide salt 8-[PbyO(OH),](C10,),.H,0 and Hong
and Olin %% has identified the complex Pb,-
(OH),** in the oxidesalts Pb,(OH),(C10,),.2H,0
and [Pb,(OH),]5(CO;)(Cl0,),,.6H,0.

From solubility measurements in perchlorie
acid solutions Ahrland and Bovin? found that
the complex Sb,(OH),** exists in metastable
equilibria with the solid phases orthorhombic or
cubic Sb,0;. After a few days of agitation the
stable phase Sb,0,(OH)Cl0,.3H,0 is formed. If
Sby(OH),** is a fragment in the Sb—O-layers
of this compound it is reasonable to expect that
the distance between the antimony atoms within
the group is significantly shorter than any other
Sb — 8b-distances in the structure. In the Sb—O-

Fig. 5. Possible hydrogen bonds to the water
oxygen. The thermal ellipsoids enclose areas
with an atomic probability of 50 %, (¢f. Table 5).
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layers Sb(2) is joined to Sb(2’) by two oxygens
O(2) with the longest Sb —O-distances 2.143(9)
A. The Sb(2)—Sb(2’)-distance is 3.370(1) A
which is significantly shorter than the distance
from Sb(2) to Sb(3) in an other short chain (cf.
Fig. 2 and Table 5). Also Sb(1) and Sb(4) are
joined over two oxygens O(3) and O(1) with the
longest Sb—O-distance 2.378(8) A. The Sb(1)—
Sb(4)-distance is almost the same (3.343(1) A)
as in the other group. It seems possible that
these groups are fragments of the complex
Sby(OH),*t found in solution. Also in other
solid compounds of Sb(III), Bi(III) and Te(IV)
the shortest metal to metal distance exists be-
tween metal atoms joined by two oxygens. In
Sb,0,(OH),(NOj;), (Ref. 2) the two shortest
Sb —Sb distances are 3.437(1) A and 3.464(1) A
and 8b,0,Cl, 5% 3.418(1) A. Aurivillius 2%
found in Bi(OH)CrO, and Bi(OH)SeO,.H,0 ag-
gregates of the formula Bi,(OH),*t and the short-
est Bi to Bi distances, 3.667(3) A and 3.664(3)
A, respectively, are within these groups. In the
structures of Te,0,(OH)NO,* and f-Te0,* two
Te(IV) are joined by two oxygens in the same
way with the shortest Te to Te distances 3.270(2)
A and 3.17+0.003 A, respectively.

It has been shown by Andersson, Astrom,
Galy and Meunier * that for many solid oxides,
or oxide fluorides of Sb(III), Pb(II), Bi(III),
and Te(IV), the volume of the lone pair and its
cation is very nearly the same as that of an
anion. If the volume of the unit cell is divided
by the number of anions and lone pairs of
antimony in 8Sb,0;(0OH)Cl0,.34H,0, the result is
18.1 As. This value, compared with data (15.2—
19.4 A3) from Andersson and Astrém,® indicates
that the total structure has an approximate
closepacked arrangement of oxygens and lone
pairs of electrons. The structure of Sb,0,(0OH),-
(NOg), (Ref. 2) is more effectively closepacked
than Sb,0,(OH)CI10,.34H,0 since the correspond-
ing value is 16.3 As. In the structure of Sb,0,-
(OH),(NO;), the oxygen and lone pairs of
electrons in the Sb—O layers with one oxygen
from the nitrate group was nearly cubic close-
packed. If only the Sb—O layers and one
oxygen atom, O(7), from the perchlorate ion are
considered, the arrangement of oxygens and
lone pairs of electrons has some similarity to
the structure of 8b,0(,0H),(NO;),. If in Sb,0,-
(OH)Cl1O,.4H,0 the infinite ribbons of octa-
hedra, which are held together by tetrahedra
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Fig. 6. The packing of oxygen atoms and lone
pair of electrons of antimony in the layer
parallel to the bc-plane. The upper view is along
the b-axis and the lower is perpendicular to the
be-plane.

(¢f. Fig. 6), are joined together by octahedral
edge-sharing, infinite layers of octahedra are
obtained similar to those in Sb,0,(OH),(NO;),.
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