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that the bridging fluorines are less effective at removing electron
density from the antimony than are terminal fluorines.

Examination of the KSbyF; structure indicates two antimony sites,
one with five near-neighbour fluorines and the other with four near
fluorines. Both sites are very distorted due to the stereochemically
active lone pair. It is impossible to resolve the MOssbauer spectrum
for this compound into components due to each site, and the data
reported are the result of fitting one eight-line pattern to the
absorption envelope. The site having five fluorines might be expected
to have an isomer shift close to that for SbF5~2 while that having
only 4 fluorines would be expected to have a higher "s'" electron
density and a lower shift. The "average'" shift for KSb,F; does turn
out to be more negative than KSbFs and is consistent with the crystal-
lographic data. The value for the quadrupole splitting for this com-
pound cannot be interpreted in detail although the positive value is
almost certainly correct. If Sb,F; had had a structure where each
antimony was surrounded by four fluorines and a lone pair of electrons
in a distorted trigonal bipyramidal arrangement, then the lone pair
in the equatorial plane would have produced a positive electric field
gradient at the antimony and thus a negative value.for the quadrupole
splitting. This feature is not observed, adding support for the
polymeric structure.(ss)

The MOssbauer data for SbF3 also fall into place as a result of
the recent structure redetermination.(57) The polymeric nature of
the SbF3 results in six fluorines, all bridging, and a lone pair about

each antimony. From this structure it seems likely thét the Sb-F bonds
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will have little '"s'" character, leaving the lone pair in an orbital
with high "s'" character. This results in high "s'" electron density
and a more negative isomer shift than for the other SB(III) fluorides
discussed above. Alternatively since all fluorines in this structure
are bridging they will be less effective at removing charge from the
nucleus and thereby leaving a relatively high '"s'" electron density at
Sb. The large quadrupole splitting is clearly consistent with the
distorted 7-coordinate structure.

Two salts of Sb(V) have been examined and the relevant data are
given in Table III. M&ssbauer data on SbFg salts have been reported
previously by Ruby et al.(6) and Brukhanov et'al§8) The isomer shift
of the sodium salt is 10.4 % 0.2 mm/sec(S) while that for the potassium
salt is given as 12.3 * 0.4 mm/sec,(6) both with respect to InSb. The
isomer shift for KSbFg obtained in this laboratory was 11.42 + 0.03
mm/sec, but a direct comparison between our data and that of Ruby et
al.(e) may not be valid since they recorded their spectrum at 4.2°K.
However since our data and that of the Russian workers(s) both refer
to InSb at liquid nitrogen temperature a comparison is allowable.

The sodium salt has a lower isomer shift than the potassium salt by

1 mm/sec. Part of this difference may be experimental error but it

is interesting to note that these salts do have different crystal
structures. Sodium hexafluoroantimonate(V)(60) has the same structure

as LiSbFG,(61) with a perfect octahedron of fluorines about each antimony.

3
d.(62’ It is also noted

However in the KSbFg this octahedron is distorte
that the Sb-F bond length is 1.877 & in LiSbFg but 1.77 X in KSbFg.

Such differences are significant and if the sodium salt has the same
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Sb-F bond length as that found in LiSbFg then the difference in isomer
shift between NaSbFg and KSbFg is understandable. .

The fluorines in the Na salt probably have more bridging char-
acter than fluorines in the K salt. These bridging fluorines are
less effective at withdrawing electrons leading to a higher '"s"
electron density at the nucleus and a more negative shift for the Na
salt. However only the data for LiSbFg can be considered accurate and
the others should probably be reinvestigated.

Brukhanov et al.(s) found no quadrupole splitting in the sodium
hexafluoroantimonate (V) as would have been expected for the regular
octahedral arrangement discussed above. A splitting was reported for
the KSbFs,(6) which we confirm, although our value is considerably
less (+3.1 mm/sec) than that previously reported (+8.0 mm/sec).(é)
Both results confirm that this salt indeed has a distorted anion. We
feel that our lower value is the more realistic view of the crystal-
lographic.evidence.

The data for the SbyFj; salt can be rationalised on terms of the
known sfructural information. Althoﬁgh the stéucture of the Cs salt
is unknown it seems reasonable that the anion will resemble that in
XeF -szFil,(63) where there are two SbFg units linked by a fluorine
bridge. Since a bridging fluorine will remove less electron density
from the central atom than a terminal fluorine, one would expect the
Sb in SbyFj; to have a higher '"s'" electron density than in SbFg ,
and hence a lower isomer shift and this is observed experimentally.
Moreover, there is a 1argerrquadrupole splitting in SbyF;; than in

SbFg . In the SbyF;; fragment of XeF +SbyFy;, there are three Sb-F

L2
-
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distances 1.78 - 1.80 & and 1.90 - 1.93 & for the two kinds of terminal
fluorine, and a longer bond 2.05 R to the bridging fluorine. The quad-
rupole splitting found for CsSbyF;; is clearly in accord with a dis-

torted antimony environment.

4. Antimony-Fluorine System II - Complex Fluorides and Fluorosulphates

The reactions of antimony trifluoride with the pentafluorides of
arsenic and antimony in sulfur dioxide yielded the 1:1 adducts
SbF3+SbF5I, SbF3°AsFg, SbF3+SbF5II, and SbF3+SbF5III. The pentafluorides
are strong Lewis acids. Interaction between the MFg and Sng could
result in the abstraction of a fluoride ion from SbF3 to give, in the
completely ionic situation, SbF2+MF6_. T. Birchall et al.(64) have
reported the Raman spectra of the adducts SbF3+SbF5I and SbF3-AsFjs.
The data indicates that the MFg anion has lower than the expected Op
symmetry. They postulate that this lowering of symmetry occurs as a
result of fluorine bridging to the cation. These strong cation-anion
interactions in the SbFj3 adducts present a situation not unexpected in
view of the high Lewis acidity of the SbF2+ cation. It was hoped that
MOssbauer spectroscopy would provide information as to the character
of these adducts.

Details of the 121Sb Mossbauer spectra are presented in Table IV.
The spectra of the adducts SbF3+AsFg5 and SbF3+SbFgl are illustrated in
Figure 8. The spectrum of SbF3+SbF5I adduct shows two resonance
absorptions of equal area, and this together with the analytical and
Raman data confirm a 1:1 adduct.(64) The higher velocity absorption
is due to a Sb(V) species with six near fluorine neighbours, the shift

being in the range of SbFg and Sb,F;; salts. The possibility of the
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TABLE IV

Mossbauer Data for the Complex Antimony Fluorides and Fluorosulphates

Compound Isomer Shift Quadrugole Coupling Constant
(mm/sec) (e“qQ) (mm/sec)
SbF3+SbFsI - 8.27 £ 0.18 +18.2 £ 2.9
+11.29 = 0.05 + 8.0 £ 2.0
SbF3+AsFg - 7.28 £ 0.12 +19.4 £ 1.3
*
SbF3+SbFgII - 7.25 £ 0.16
+10.98 + 0.08
SbF3+SbF5III - 8.18 = 0.12 +18.1 + 1.5
+11.32 £ 0.07 + 2.0 7.0
Sb(SO3F) 3 or - 8.88 £ 0.10 + 4.4 + 9.5
SbF3'SSO3
SbAsFg - 6.04 £ 0.13 +16.2 + 2.0
*
SbSbyFi, - 7.20 0.3
+11.15 * 0.02
SbSO3F - 7.60 £ 0.09 +19.4 £ 1.0
*
SbB(Sb2Fll)2 - 7.25 + 0.20
- 3.13 £ 0.10
+11.16 + 0.05
*
Sb metal - 3.02 £ 0.1
SbF 46 - 6.04 + 0.2 +19.6 + 0.8

X
Computer fitted to Lorenztian line shape.



COUNTS

23000

22500

22000

16500

16000

15500

)

56

Velocity (mm/sec)

Figure 8. Mdssbauer Spectra: (a)

SbF3 'ASFs, (b)

SbF5+SbFsI.
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anion being szFll— is eliminated by the analytical, Raman and !°F
NMR data.(64) Antimony (V) in a fluorine environment having Op
symmetry would have zero quadrupole splitting. The significant
splitting observed in this complex indicates that the environment
is distortéd, confirming the Raman spectral data.(64)

In the Sb(III) region of the spectrum the broad asymmetric
absorption occurs at lower velocity than SbF3 indicating a higher
""'s'" electron density at the antimony nucleus with the SbF3+SbFgI
having a lower isomer shift than SbF3+AsFg. Within experimental
error, the quadrupole coupling constant for the two adducts are
very similar to that in SbF3. The structure of SbF3 was shown to
be polymeric with a seven coordinate arrangement of six fluorines

(57)

and a lone pair. Adduct formation with either AsFg or SbFg does
not appear to result in drastic changes in symmetry about the Sb(III)
site since the quadrupole splitting is not significantly altered.
The three long Sb-F bonds in SbFj3 could have been replaced, in the
adducts, by long bridge bonds to the fluorines of the anion. The
changes ébserved in isomer shift can be explained by the involvement
of one of the SbF3 fluorines in a bridged bond to the MFg. Since
these bonds probably have little '"s'" character, as evidenced by the
small F-Sb-F angle (87.3°), a lengthening of this bond would remove
p or d electrons from the vicinity of the Sb(III) thus decreasing
the shielding of the '"'s'" electrons from the nucleus. This results
in an increase in '"s'" electron density and hence a lowering of the
isomer shift. 1In the extreme case, the adducts formed would be com-

pletely ionic as SbF2+MF6'. The evidence presented above is con- -

(3
*
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sistent with an intermediate situation where there is considerable
bridging between anion and cation. Since SbF5 is a stronger Lewis
acid than AsFg, the SbF3+SbFsI adduct approaches the ionic situation
more élosely and thus has a lower isomer shift. The adduct
SbF3-SbF51iI has almost identical isomer shift and quadrupole
~coupling parameters to that of SbF3+SbF5I. Presumably forms I and
III are identical though SbF3+SbFgIII is crystalline whereas
SbF3+SbFsI is not. The other adduct SbF3+SbFgII has an isomer shift
in the Sb(III) region comparable to that for the SbF3*AsFs adduct.
It is likely then that the cation-anion interaction is similar to
that for the SbF3-AsFg adduct, i.e., it is a less ionic compound
_fhan its isomer SbF3-SbFsI.

The compound, first formulated Sb(SO3F)3, shows the most negative
isomer shift of the Sb(III) compounds in this group indicating a
greater '"s'" electron density at the nucleus. The spectrum obtained
for this compound was not very well resolved witﬁ the result that
there is a large error in the quadrupole coupling constant though the
isomer shift parameter is quite accurate.

The fluorosulphate ligands could be associated with the antimony
through either the oxygen or fluorine atoms. The range of isomer
shifts for antimony(III) bonded to oxygen is -6.0 mm/sec to -3.0 mm/sec
The isomer shift for this compound (-8.88 mm/sec) is very much below
the lower limit of -6.0 mm/sec, strongly suggesting that the Sb is
not coordinated by oxygens but rather by fluorines. As yet there hés
been n6 ;tructural information regarding the bonding of antimony with

fluorosulphate ligands. Evidence for the above formulation,

5
-
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Sb(SO3F) 3 has not been forthcoming and another possible formulation
could be SbF3+3S03. This adduct could be considered to be similar
in nature to the above-mentioned SbF3*MFg adducts. In this case
each SO3 could accept a fluorine to form a bridge bond between Sb
and S. The antimony, as a result, could approach Sb3* which of
course would have a very low isomer shift.

Unusual oxidation states are known to exist in polyatomic cations
of suéh_elements as Bi, Te, Se, S, and Sb.(6s) Since the M&ssbauer
technique is useful for detecting different oxidation states, compounds
6-8, which have a formal oxidation state of one were examined in an
attempt to confirm this oxidation state. A purely ionic Sbl* would
have an electron configuration 5s25p2. The loss of one p electron
would decrease the shielding of the s electrons at the Sb nucleus
causing the '"s'" electron density to increése thus lowering the isomer
shift compared to zero valent Sb metal. Theoreticaliy the isomer
shift for a Sb(I) compound should be more negative than Sb(0) and
lesé negative than a Sb(III) compound of comparable structure. However
the Sb(III) range of isomer shifts is considerable and overlaps those
of the Sb(I) compounds thus precluding any unambiguous assignment of a
shift defining a Sb(I) oxidation -state. The large.negative isomer
shifts imply a fairly large "s'" electron density at the antimony nucleus.
Thus the structure and hybridization scheme for bonding would have to
be taken into account in order to assign the MOssbauer parameters
correctly. If these compounds, formally classified as Sb(I), are
clusters with Sb-Sb bonds, i.e.{ [Sbn]n+ then the cation would behave

as if it were in a higher oxidation state, e.g., (III) and its M3ssbauer
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parameters would resemble those of Sb(III). This was found to be the
case for organic compounds of fofmally divalent tin, e.g., RZSn.(66’67)
They had isomer shifts in the Sn(IV) region of the spectrum and were
considered to be polymeric species containing both Sn-Sn and Sn-C

bonds. A similar situation could exist for these Sb(I) systems again
with extensive F bridging between cation and anion to account for the
low isomer shifts. The large quadrupole coupling constants for

SbAsFg (Figureu9b) and SbSO3F suggest a very distorted arrangement

about the antimony which is in accord with any of the above possible
antimony-ligand arrangements.

The compound Sbg(SboFji1)2 was thought to contain the polyatomic
cation Sbg?* in which the antimony would have an oxidation state of 1/4.
This material was a greyish colour and there was the possibility that
this was, in fact, a mixture of black antimony metal and a white
Sb(III) or Sb(I) compound. The spectrum showed two absorptions, one
at +11.66 mm/sec typical of Sb(V), which has been shown to be due to
the SbyFy;  anion by !9F NMR. The other peak occurred at ~-3.6 mm/sec.
The broad asymmetric resonance at the lower velocity could be due
either to a very distorted antimony environment or pcssibly more than
one antimony site. The asymmetric portion of this peak was unusual
in that it occurred more towards the baseline of the spectrum (Figure
9a) rather than near the resonance maximum, further suggesting a mixture.
The spectrum was fitted to both three and two line patterns with the
three line pattern giving the better fit (Figure 9a). Thus the large
peak t—3.13 mm/sec) is attributed to Sb metal with the wing peak (-7.25

mm/sec) assigned to either a Sb(III) or Sb(I) compound. Thus, the
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Sbg2* cation is probably not present in this compound.

The above discussion is somewhat limited in scope due to the
lack of other physiochemical information on the above compounds (1-9).
As mofe information becomes available the MOssbauer parameters can be

<
interpreted in a more definite sense.

5. Antimony Minerals

The data for the three minerals Nadorite (PbSbO,Cl), Tetrahedrite
(Cuy2SbySy3), and Boulangerite (PbsSbyS;;) are summarised in Table V.
Sillén and Melander(és) reported the structure of nadorite as being
made up of [PbSbO,] layers with Cl~ ions located between them. These
layers consist of alternate square pyramidal SbO, and PbOy groups,
the Sb-0 distance being 2.17 R. The nearest chlorines (four‘of them)
to each antimony are at a distance of 3.39 & on the opposite side of
the Sb compared to the oxygens. This distance is greater than the
sum of the covalent radii (2.40 &) but is less than_the sum of the
Van der Waal's radii (4.26 R). This suggests that there is some inter-
action between fhe antimony and the four chlorines though this is
probably quite weak. The next nearest Cl atoms are at a distance of
approximately 5.0 K. Such large distances rule out any interaction
between these chlorines and the antimony. If one disregards all
chlorines, then the antimony is situated at the apex of an undistorted
square pyramid of oxygen atoms. This type of oxygen coordination is
similar to that in SbPO, and to the Sb(III) site in Sb,0,, where
there is also a one-sided coordination to four oxygen atoms. However,
the isomer shift for nadorite (-3.22 mm/séc) is much more positive

than those for SbPO, and Sb,0, indicating a lower "s" electron density



Compound
Nadorite
(PbSb0,C1)

Tetrahedrite
(Cu;28bySy3)

Boulangarite
(PbsSbyS11)

TABLE V

MOssbauer Data for the Antimony Minerals

Isomer Shift Quadrupole Coupling Constant
(mm/sec) (mm/sec)

~3.22 £ 0.1 +15.0 = 1.0

-5.91 + 0.04 +11.0 % 0.7

-4.10 = 0.1 +14.4 = 1.0

63
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14.0

12.0

8.6
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at the antimony nucleus. This difference could be due to influence
of the four chlorines at 3.39 & which could withdraw'%" electron
density from the vicinity of the Sb nucleus causing an increase in
isomer shift. The quadrupole coupling constant (+15.0 * 1.0 mm/sec)
is consistent with a distorted environment about the antimony
(Figure 10a). However, this quadrupole coupling constant is slightly
smaller than those found in Sb,0y (+16.4 %= 0.6) and SbPO, (+18.4 * 0.7).
Possibly the four chlorines above the Sb plane help to reduce the
asymmetry about the Sb nucleus as compared to the above two compounds
which have a strictly one-sided coordination of oxygen atoms.

In antimony sulphide systems the most common type of coordination
consists of a trigonal-pyramidal arrangement of sulphurs with three
unlike bonds varying in length from 2.4 R to2.78 (sum of covalent
radii Sb-S = 2.42 K).(47) This basic polyhedron can be made into a
square pyramid by two elongated bonds (2.8 to 3.1 K) or into a dis-
torted octahedron by contacts at distances from 3.1 £ to 3.8 R which
are within the limits of the sum of the Van der Waal's radii (4.29 R).
In the‘case of the pentacoordinate square pyrémidal configuration,
the Sb atoms are below the basal plane of the pyramid and away from
the apex presumably as a result of lone pair-bond pair interactions.(69)
- SbpS3 with its two different antimony sites exemplifies the main
features of coordination in the antimony sulphide system. One Sb site
has a trigonal pyramidal coordination with Sb-S distances 2.57(2) and
2.58 & (1). This coordination becomes a distorted octahedral when
contacts with the three sulphuratoms at 3.15 (2) and 3.20 R (1) are

considered. The second Sb site is surrounded by five sulph&f atoms at
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distances 2.49(1), 2.68(2) and 2.83 R 2 forming a square pyramid

with the Sb atom displaced from the basal plane as mentioned above.(47)
The structure of tetrahedrite consists of a trigonal pyramidal

arrangement of sulphur atoms about the antimony with the three Sb-S

bond distances being of equal length (2.436 K).(70) Thus this sulphide

system is an exception to the above general rule, i.e., that the Sb-S

distances are different. Also the Sb-S bond distances are considered

short for the antimony—sulﬁﬁiiesystem as the lower 1limit in bond

length is 2.4 K. These short bond distances along with the ortho-

gonal direction of the bonds suggests a strong bond involving p3

hybrids. The isomer shift of tetrahedrite (-5.91 mm/sec) is similar

to that for SbyS3 (-6.0 mm/sec) which contains two antimony sites,

the isomer shift being an average of the two sites. It is interesting

to note that all of the Sb-S bond lengths in either site of Sb,Sj3

are longer than the Sb-S lengths in tetrahedrite. The electron with-

drawing effect of the three close sulphurs in tetrahedrite is similar

to the average effect of the more distant sulphurs in both sites of

Sb,S3. The quadrupole coupling constant (+11.0 * 0.7 mm/sec) in

tetrahedrite suggests an unsymmetrical environment about the Sb as

cne would expect in this distorted tetrahedral striuicture including the

lone pair (Figure 10b). Since no other quadrupole splitting data has

been reported on such sulphide systems one cannot comment accurately

upon the magnitude of the splitting as to its size compared to the

norm. It would seem reasonable that the three equal bond lengths

would lessen the asymmetry about the antimony as compared to the

usual three unequal Sb-S lengthé. Thus other antimony-sulphides having
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unequal bond lengths would probably have larger quadrupole splittings.
The structure of boulangerite is unknown.(71) The more positive
isomer shift compared to tetrahedrite and SbyS3 indicates a lower 's"
electron density at the antimony nucleus. This fact would probably
rule out the tetrahedrite type structure of short, equal Sb-S bond
lengths. It could have a trigonal pyramidal arrangement of squhurs
if the Sb-S bonds contained more s character than the bonds in tetra-
hedrite thus reducing the"s"electron density at the nucleus. Another
possibility is a pentacoordinate antimony forming a square pyramidal
configuration. The five sulphurs could withdraw more '"'s'"' electron
density from the Sb nucleus than the three short orthogonal bonds in
tetrahedrite thus increasing the shift. Also the larger quadrupole
coupling constant (+14.4 * 1.0 mm/sec) indicates a greater asymmetry

about the antimony. Unequal bond lengths would make for a more asym-

metric environment and result in a larger quadrupole splitting.
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