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The X-ray crystal structure of K2S04*SbF3 is reported. It crystallizes in the orthorhombic space group 
P2,2121, with a = 5.601 (2), b = 9.072(4), c = 14.180(6) A, and Z = 4 and a final R = 0.035. The 
antimony environment is that of a distorted octahedron, SbF302E, where E represents the non-bonding 
electron pair of Sb? The 121Sb Mossbauer data of this and other M2SO4=SbF, complexes are 
interpreted in terms of SbX5E and SbX6E environments. In all cases the non-bonding electron pair is 
stereoc hemically active. 

Antimony trifluoride is a strong fluoride-ion acceptor and a 
variety of fluoroantimonate(r~~) complexes have been examined 
by antimony-121 Mossbauer spectro~copy.'-~ 0x0-anions also 
form complexes with SbF3 and lZ1Sb Mossbauer and X-ray 
crystallographic studies have been reported for a number of 
these c~mplexes .~-~  This paper presents the X-ray crystal 
structure of KZSO4-SbF3 to further extend this series. In all 
of these compounds the antimony(rrr) is in a distorted environ- 
ment indicating that the non-bonding electron pair is stereo- 
chemically active. Alkali-metal sulphates form strong com- 
plexes with antimony trifluoride and in order better to under- 
stand the bonding in these complexes we have measured the 
'''Sb Mossbauer spectra of a number of complexes formed 
with SbF3. These spectra are discussed here with reference to 
the known structural data. 

Experimental 
The complex K2S04*SbF3 was prepared by the simultaneous 
dissolution of stoicheiometric quantities of KzSO4 and SbFJ 
in water followed by slow evaporation of the solution at 
20 "C. This procedure resulted in fine colourless needles 
which were used for the subsequent studies. 

Antimony- 121 Mossbauer spectra were recorded using an 
Elscint drive system in conjunction with a Promeda multi- 
channel analyzer. The source was nominally 0.5 mCi Balzl"- 
Sn03, purchased from New England Nuclear, and together 
with the sample was cooled to 80 K in a cryostat designed by 
B. Ducourant and manufactured by Aire Liquide. The window 
of the single-channel analyzer was set on the escape peak of 
the 37-keV (ca. 5.9 x lo-'' J) y-ray. Samples contained ca. 
15 mg Sb cm-2 and all isomer shifts were measured with 
respect to InSb at 80 K. The velocity range was calibrated 
periodically using a 57C0 source and a standard iron foil. 
About lo5 counts per folded channel were accumulated and 
the data were computer fitted using the program described 
by Ruebenbauer and Birchall which incorporated the full 
transmission-integral procedures which are necessary for the 
successful refinement of lZ1Sb Mossbauer spectra. 

Crystal Data.-K2S04*SbF3, M = 352.95, Orthorhombic, 
space group P212121, a = 5.601(2), b = 9.072(4), c = 

t Supplemmtary duta mailable (No. SUP 23402, 10 pp.): thermal 
parameters, structure factors. See Notices to Authors No. 7, J. 
Cheni. Soc., Dalton Trans., 1981, Index issue. 

14.180(6) A, CI = 720.52 A3, Dm = 3.22 g ~ m - ~ ,  2 = 4, 
D, = 3.25 g ~ m - ~ ,  F(OO0) = 656, h (Mo-Ka) = 0.7107& and 
p(MO-Ka) = 52.95 cm-'. 

A preliminary examination of a single crystal using a 
Weissenberg camera allowed us to determine the cell para- 
meters and establish the space group as P212121. The cell 
parameters were refined from powder diffraction data using 
the method of least squares according to Norbert.lo The 
observed bands and their relative intensities are given in 
Table 1 up to a value of 8 = 20" for Cu-K, radiation. The 
equivalent positions for P2,2,2, are: x ,  y, z :  3 - x ,  - y ,  
3 +z; * f x ,  3 -y, -2; - x ,  + f y ,  3- -z. 

X-Ray Intensity Measurement.-A fine needle-like crystal of 
dimensions 0.20 x 0.05 x 0.02 mm was mounted on a fibre 
and h,k,Z intensity measurements obtained by means of an 
automatic Nonius CAD4 diffractometer, until the value of 
(sin B)/h = 0.70. In view of the small size of the crystal, 
absorption corrections were not made. 

Structure Determination and Refinement.-The location of 
the antimony atom in the unit cell was obtained from a three- 
dimensional Patterson synthesis using 1 01 6 reflections 
previously corrected for Lorentz and polarization factors. 
Successive refinements by a difference-Fourier synthesis 
allowed the other atoms to be located. Using isotropic 
thermal parameters R was 0.055 (R = ZlkF, - ~Fo]]/XCkFo and 
k = C~F,~/XIFoI). A final refinement with varying anisotropic 
thermal parameters gave R 0.035. The final difference syn- 
thesis showed peak maxima corresponding to 2 e in the 
neighbourhood of the antimony atoms. Programs used in 
the refinement of the structure were DATAP2, DRF, LINUS, 
DISTAN, and ORTEP." Scattering factors used in the cal- 
culation of F, were those of Doyle and Turner.12 Table 2 
summarizes the final positional co-ordinates of the atoms. 

Discussion 
The Structure.-A representation of the structure in the 

1 0 0 plane is shown in Figure 1 where the SbF3 and [S0412- 
units are clearly distinguishable. Each antimony of the SbFj is 
bonded to two sulphates by Sb-0 bonds of intermediate 
length. Each of the two sulphate groups have the same 
relationship to two antimony atom. The groups form a 
helix which stretches out along the z axis and this is repre- 
sented in Figure 2. The helices, of formula (SbF3*S04)x2X-, are 
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Table 1. Powder pattern data for K,SOI.SbF3 

h k l  
0 1 1  
0 0 2  
0 1 2  
1 0 1  
1 1 0  
1 1 1  
0 2 1  
0 1 3  
1 1 2  
0 2 2  
0 0 4  
1 2 0  
1 2 1  
1 1 3  
0 1 4  

dcalc. 18, 
7.642 
7.090 
5.586 
5.209 
4.766 
4.517 
4.320 
4.192 
3.955 
3.821 
3.545 
3.525 
3.421 
3.356 
3.302 

dob.lA 
7.622 
7.086 
5.562 
5.205 
4.766 
4.525 
4.350 
4.179 
3.958 
3.827 
3.550 
3.525 
3.421 
3.353 
3.302 

Intensity 
39 
43 
20 

1 
2 

43 
2 

10 
4 

100 
5 
5 

31 
42 
20 

h k l  
1 2 2  
1 0 4  
0 3 1  
1 1 4  
1 2 3  
2 0 0  
0 2 4  
0 1 5  
1 3 1  
0 3 3  
1 2 4  
0 2 5  
0 0 6  
0 3 4  

dc, Ic . /A 
3.156 
2.995 
2.957 
2.844 
2.825 
2.800 
2.793 
2.707 
2.615 
2.547 
2.500 
2.404 
2.363 
2.301 

dobs. 18, 
3.155 
2.995 
2.957 
2.841 
2.825 
2.791 

2.710 
2.61 5 
2.544 
2.497 
2.402 
2.363 
2.301 

Intensity 
17 
10 
13 
7 
7 

77 

22 
10 
33 
10 
24 
8 

14 

Table 2. Atomic co-ordinates 

Atom Xla 
0.473( 1) 
0.020 O(4) 
0.495 7(4) 

0.246( 1) 
0.215(1) 
0.461( 1) 
0.069( 1) 
0.241 (1) 
0.070(2) 
0.844(2) 

0.022 3(4) 

Ylb 
0.057 76(6) 
0.313 6(2) 
0.490 7(2) 
0.206 4(2) 
0.077 3(6) 
0.573 6(7) 
0.906 2(6) 
0.120 3(8) 
0.224 5(9) 
0.852 O(8) 
0.134(2) 

Zlc  
0.022 44(4) 
0.388 9(1) 
0.191 2(1) 
0.161 5(1) 
0.461 2(4) 
0.035 4 ( 5 )  
0.124 3(4) 
0.075 7(5) 
0.214 2(5) 
0.368 4(5) 
0.218 l(8) 

Table 3. Environments of the potassium atoms and of the sulphate 
group (distances in A, angles in degrees) 

2.693(6) 
2.750(7) 
2.762(7) 
2.802(6) 
2.828(6) 
2.87 l(9) 
2.884(9) 
3.032( 6) 
3.081(11) 

2.639(11) 
2.7 1 7( 6) 
2.737(6) 
2.8 1 3(7) 
2.849(9) 
2.866(6) 
2.9 12(9) 

O(l)-S-0(2) 
O( 1)-S-O(3) 
0(1)-S-0(4) 
0(2)-S-0(3) 
O(2) -S -0(4) 
O( 3) -S -0(4) 

1.44(1) 
1.444(9) 
1.469(9) 
1.480(7) 

109.7(6) 
107.5(4) 
110.0(6) 
110.0(4) 
110.0(6) 
109.0(5) 

held together in the crystal by co-ordination of fluorine and 
oxygen atoms to the two potassium cations K(1) and K(2). 
One of the potassium cations is nine-co-ordinate while the 
other is seven-co-ordinate. The main interactions to the 
potassium are listed in Table 3 along with the bond lengths 
and angles in the sulphate anions. The sulphate groups are 
not distorted by their co-ordination to the antimony. This is in 
contrast to the situation in MSbF2*S04 (M = Rb or Cs) 
whose significant distortion of the sulphate tetrahedron is 
obser~ed.'~ 

Of most interest is the environment about the antimony 
(Figure 3) where, based on the criteria defined by Alcock,14 
there are three short Sb-F bonds and two longer Sb-O 
bonds. Based upon an analytical model developed by Four- 

# 

Figure 1. Projection of the structure of K2S04*SbF3 on the 1 0 0 
plane 

Figure 2. A representation of a fraction of the (SbF3S04),2X- 
helix 

cade and Mascherpa for co-ordination polyhedra about 
atoms having an oxidation state two less than the group 
maximum, the geometry about the Sb"' must be considered as 
being of the AX3Y2E type.'" From an examination of Figure 
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Table 4. Mossbauer data for some alkali-metal sulphate complexes with antimony trifluoride 

6 eQ V,, r 
Compound mm s-' T A  X21d M a  

Na,SO,.S b F, -5.68 f 0.01 15.62 f 0.12 1.16 f 0.03 3.79 f 0.10 
1.90 f 0.05 K,SO,.SbF, -5.53 i 0.02 14.84 0.18 1,.41 f 0.04 

KZS04.2SbF3 -5.20 f 0.01 16.89 f 0.15 1.26 f 0.04 1.84 f 0.05 
RbSbF*.SO, -6.41 f 0.01 16.38 & 0.17 1.64 f 0.04 2.14 f 0.05 
CSSbF,.SO, -6.18 i 0.02 17.71 f 0.16 1.55 f 0.04 1.92 f 0.05 
InSb 0.0 f 0.01 0.0 1.05 i 0.04 2.68 f 0.02 
SbF, -6.29 19.1 - 0.75 

Ref. 3. ' Misfit defined as in S. L. Ruby, ' Mossbauer Effect Methodology,' eds. I.  J .  Gruverman and C. 
York, 1973, vol. 8, p. 263. 

2.20 
2.17 
2.35 
2.46 
2.33 
1.27 
1.25 

W. Seidel, 

0.22 
0.42 
0.38 
0.38 
0.38 
0.34 
0.23 

Plenum, New 

Figure 3. A representation of the SbF302E octahedron. Additional 
angles are O(l)SbF(3) 84.5 and 0(3)SbF(2) 84.0'; in the basal plane 
the Sb lies 0.371 8, below while 0(1), F(3), F(2), and O(3) lie 
0.105, 0.072, 0.123, and 0.071 8, above the plane 

3 it is apparent that the non-bonding electron pair of Sb"' 
must occupy the vacant position of the octahedron approxi- 
mately opposite to Sb-F( I), the shortest antimony-fluorine 
bond. The longest antimony-fluoride bond, Sb-F(3) is 
opposite to the shortest antimony-oxygen bond, Sb-0(3), 
with the bonds of intermediate length also being opposed. 
The differences observed in the bond angles about the anti- 
mony are just what one would expect from an SbF302E 
arrangement based on the ideas of Gillespie.16 

Comparison of this structure with K2S04.2SbF3 and 
Na2SO4.SbF3 shows some interesting differences. The 
average Sb-F primary contact distance is 1.973 A in the title 
compound compared to an average value of 1.95 A in the 
related corn pound^.^^^ More significant differences are found 
in the Sb-0 distances which are 2.346 and 2.45 A in K2SO4. 
SbF3 while the average Sb-0 distance in the other two 
compounds is longer at 2.508,.7-8 This lengthening of the Sb-0 
distances is undoubtedly caused by the additional fluorine 
contact to antimony in the last two compounds. This occurs 
on the side of the polyhedron away from the three short 
Sb-F bonds and is 2.972 8, in Na2S04*SbF3 and 2.799 A in 
K2S04-2SbF3. This lengthening of the Sb-0 bonds and the 
greater distortion of the antimony polyhedron is necessary 
in order to accommodate this additional fluorine contact. 
There are no long Sb-F interactions of this kind in the title 
compound. 

lz1Sb Mossbauer Spectra.-Antimony- 121 spectra were 
recorded for the compounds discussed above together with 
two related compounds MSbF2*S04 (M = Rb or Cs). These 

compounds all have a high recoil-free fraction and good 
spectra could be obtained at liquid-nitrogen temperature. 
The XZ/d values are somewhat on the high side for the com- 
puter fits but the misfit values indicate that these spectra are 
of good quality. These spectra showed a broad absorption 
envelope to high negative velocity of the source with the 
envelope tail at negative velocity relative to the peak minimum. 
This indicates that the quadrupole coupling constant is 
positive and since eQ for '"Sb is negative the sign of V,, must 
also be negative. The negative isomer shift indicates a high 
s-electron density at the antimony, since 6 R / R  for 12'Sb is 
negative. This is typical for antimony(1rr) fluorine com- 
plexes l-' where the non-bonded electron pair is stereo- 
chemically active. We have summarized the Mossbauer data 
in Table 4 and included data for SbF3 for comparison. 

Table 4 shows that the sodium and potassium compounds 
have isomer shifts which are less negative than those for the 
rubidium and caesium compounds and antimony trifluoride. 
This indicates a significantly lower s-electron density in the 
sodium and potassium compounds compared to the others. 
This is either the result of an increased participation of the 
antimony(Ir1) 5s electrons in the bonding or increased shielding 
of the s electrons from the nuclear charge by an increase in 
the strength of the secondary interactions compared to the 
situation in SbF3. The latter factor is probably the more 
important one since the average primary Sb-F distance is 
shorter in SbF, than in the compounds discussed here, while 
the secondary contacts to oxygen are quite strong in the 
sulphate-antimony trifluoride cases. The increased s particip- 
ation may be significant only for K2S04*SbF3 since this is 
the only compound in which there are only five bonding 
contacts to antimony. Here the geometry can be described as 
being AXsE rather than AX6E. 

The quadrupole coupling constants are not as negative as in 
SbF3 indicating a more regular environment. This again is a 
consequence of the longer primary interactions and shorter 
secondary ones. The sign of the coupling constant indicates 
that V,, is dominated by the stereochemical activity of the 
non-bonding electron pair of Sb which must have some 5p 
character and that the principal component of the electric 
field gradient tensor must be through the lone-pair orbital 
and the cone made by the three primary Sb-F bonds. The 
K2S04*SbF3 compound has the smallest quadrupole coupling 
constant and X-ray crystallography shows that the antimony 
indeed does have the most regular structure, i .e. closest to 
octahedral. The most distorted antimony environment of these 
three compounds occurs in K2S04*2SbF3 which shows the 
largest variation in Sb-F bond lengths, from 1.91 7 to 1.963 A, 
and has the shortest secondary fluorine contact at 2.799 A. It  
should also be pointed out that in this compound there are 
also two crystallographically different antimony environ- 
ments and that the Mossbauer spectra were fitted to only one 
absorption envelope. 
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The rubidium and caesium salts have a different composi- 
tion from that of the sodium and potassium compounds 
even though the method of preparation was the same.13 
They have significantly more negative isomer shifts than the 
sodium and potassium salts indicating a much larger s- 
electron density at the antimony. In RbSbF2*S04 there are 
only two fluorine contacts to the antimony, 1.91 and 1.93 A, 
and this is very similar to the situation in other fluoroantimony 
complexes containing an [SbF2]+ unit.17 In these latter 
compounds the [SbF2] + is co-ordinated by two additional 
fluorines from each of two [SbF6]- anions to give a [Sb3F14]- 
anion and the co-ordination number is completed by four 
much longer Sb"'-F interactions. These interactions are 
however rather weak and result in rather large negative isomer 
shifts ranging from -6.5 to -7.6 mm s-'.17 The implication 
for the MSbF2*S04 compounds is that the SbFz unit here has 
much less positive charge residing on the antimony thus 
accounting for the somewhat less negative isomer shifts. 

A further difference between the [SbF2] +-containing com- 
pounds is that the Sb"' in the [Sb3Fl4]- anions all have very 
large asymmetry parameters whereas in the MSbF2*S04 
compounds the spectra were fitted with q values which were 
not significantly different from zero. It is clear then that we 
cannot consider the [SbF2]+ unit in the sulphate complexes 
to exist as a cation and that other strong interactions must 
occur to give the antimony a pseudo-three-fold symmetry. 
This is indeed the situation and a Sb-0 contact at 2.1 1 A 
comprises the third strong bond to the Sb"' in RbSbF2*S04. 
Three other longer oxygen contacts complete the SbX6E 
geometry and a quite distorted antimony environment. The 
observed quadrupole coupling constant is large and negative 
indicating that the lone-pair axis is coincident with the 
pseudo-three-fold axis through the SbF20 cone. The caesium 
salt has a less negative isomer shift but a more negative 
quadrupole coupling constant. This suggests that the primary 
SbF2-0 contact is stronger in this compound than in the 
rubidium case while the secondary oxygen contacts are cor- 
respondingly weaker. 
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