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M,[SbF] (M, = Nays Ky, oF NoHe)s Nésw4; M[SBCIF,] (M = K or NH

ABSTRACT )
Antimony-121} MBssbauer,ébectra have been recorded at 11qui&t
helium temperatures for a number of cohp]ex anions derived from SbF3:
nE
Na[SbCIF ]-HZO; M[Sb3F1O] (M = Na, TI1, or NH4); M[Sb4F13] (M f K or Cs);

and [NH [Sb ]9] The data were consistent with the known stereo-

Hady
chemistry of these compounds in wh1ch the antimony 5s electron pair is
stereochemically active in a distorted AX5E environment w1th a 3:3:1

arrangement or monocapped octahedron, the ]one pair in the 1 posit1on
The '¢1 SbrMbssbauer spectra of a number of [SbX4] (X = C], Br,

or I) and [Sb 3‘] (x = F Cl, Br, or I) salts have been reported Only

} [Sb ] shows a sfgnlficant]y Jarge quadrupole sp11tt1ng w1th the 5s

e]ectroQS“be1ng stereochemically active. _
.Th€ nature of the’compounds of the series SbC]S_xe have been

in dispute in the 11terature for severa] yearé, but only SbCI4E which

" has been 1dent1f1ed as a cis f1u0r1ne br1dged tetramer, and "SbCI F."

2'3°
wh1ch has been shown to exist with the 1on1c formulat1on [SbC14][Sb 1.

are well characterized. It was found in this work that a f]uorine

‘bridged [SbC1 ][Sb2C12F ] species in the solid state is more cons1stent

with the chemistry of this compound. The previously unknown Sb 5110 757425
was prepared and found from X-ray crysta11ography to exist as a dis-
ordered cis-fluorine bridged trimer in the so11d state. Sb613F2 was

prepared and characterized as a cis-fluorine bridged tetramer in the

.solid state. ' An attempt to prepare SbC]F4 alWays resulted in the forma-

tion of [SbC]ZJ[sz 1]]. which previous]y had been 1ittle stud1ed These

111 , o R
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SleS_xe compounds have been characterized using Mdssbauer and Raman
" spectroscopy, and Mass spectkometry. The reaction of SbCI4F with strong

Lewis acids was also investigated. SbCl,F was found to. form [AsC]Z]-.

4
[SbFéJ with AsF, [SbClZ][SbZC]zFaj with SbFs, and a polymeric complex

of the-type [SbCT,F+(NbFg) 1 (x = 1, or 2) with NbF
.

5"
~ The reaction of alkali metal halides with antimony(V) halides

in" 1Hquid SO, at room temperature yielded the salts: M[SbC16] (M = Na

2
or K); Na[SbClan]; Na

tion of ]Z]Sb Mosspauer isomer shifts and quadrupole coupling constants

'
] F4]; and M[SbFﬁ] (M= Kor Cs). The varia-

" are discussed in terms of molecular geometry. The salt Na[SbC14?2] has
‘been shown by Raman spectroscopy to exist as the trans isomer in the
solid state.

MSssbauer data are reported for pure SbF

L

5 and SbC]s, and when

intercalated into graphiie the spectra show that these halides &g\zft

’enter the grapﬁ1te 1$tt1ce withbut some reduction to Sb(III) 6ccurr1ngl
Data are reported for a.number of SbFs-X adducts, where X re-

presents Sbf.,, AsF3, or soé at 4°K. The Mdssbauer ﬁarameters of SbF_.SbF

3 5 3
(type A), and the SBFS-SbF3 1:1 adduct,_[§b2F§+][Sng]2. do not support .
the contention that these forms are identical.

' : “ 2+ - - 2+

The complex anifons of [TeZSe2 ]F§b3F]4][SbF6] and [Te3‘35e0.7]-
[Sb3F1;][Sng] have also been investigated by the Mossbauer method. The
‘ hagnftude of phe n vafueé calculated for the Sb(II1) s1fes are inter-

preted in terms of the varying asymmetry about the principle axis, wh1eﬁ

passed through the lone pair.of electrons.

v - ‘\_
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CHAPTER ONE

INTROBUCTION
A. GENERAL

There are upward of 114 minerals in nature containing antimony.

The sulfide of antimony, stibnite, forms the predominant ore; next come
the oxides; then, of less importance, the hydroxides and oxysulfides.
Pure antimony metal is produced by first roasting the stibnite to form
the oxide and then reducing the oxide with hydrogen or carbon. Antimony

exists in nature in both the (III) and (V) oxidation states.

B. ANTIMONY(III) HALIDES

~

3 SbC]3, SbBr3 and SbI3,

. iy
The antimony(III) binary ha]idgé, SbF
are best obtained by direct halogenation of the pure metal with the

antimony being in excess. The antimony(IIlI) halides are strong halide

jon acceptors forming a variety of complex anions.

(i) F]doroantiﬁonates(l[{) ‘ >

A1]l of the fluoroantimonat

are prepared by mixing either

with ap appropriate quantity of a fluoride
1-12

Sb203 in aqueous HF or SbF

. salt such as NaF, Caf

3

, or a suitakle amine or ammonium salt, etc.
2

The stoichiometry of the reaction can vary, producing a number of dif-
ferent types of anions. Equation 1.1 outlines an example.of a fluoro-
antimonate which can be preparedrfrom a 1:2 mixture of SbF3‘and an ap-

-

propriate fluoride.salt. The ratio 1:2 is the highest ratio reported



V-4

SHE. + 2KF - 2K+[SbF§'] . (1.1)

for the antimony(III) fluoroanions. Binuclear anions, [SbZFS'], can

be prepared in a similar fashion, that is, from a stoichiometric mi x-
F 13

i

ture of Sb203 and [Co(NH3)6]F3 in aqueous H .
Mixed antimony(III) chloride fluoride anions have recently been

prepared by substituting the fluoride salt of the previous reactions

Wwith a similar chloride salt. 2*18 "

Complex anions including [SbC]F3"].
[Sb2C1F6'], and [SbC13F§'] are known, with structural information avajﬂ-
2 i /
able only for the complex anion, [SbC]FBJ.]7 /
/

(i1) Structuras of the Fluoroantimonates(lIl)

The geometry about the an%1mony atom of‘the fluoride, SbF3,]8

aﬁd the flurcanions of antimony(III) is profound]y influenced by the
5s "lone pair" of electrons. Recent crystallographic evidence6’7’]0’]l
for a number of the antimony fluoroanions has suggested that the most
prevalent geometry is AX.E. This is especially true of SbF, and complex
anions where the ratio of SbF3-MF is.]es; than 1:1.5, where M represents
alkali metal, thallium, ammonium, or hydrazinium cat1ops. The only ex-
ception known is the Sb] site of K[Sb2F7] which has the geometry AX4E.8
In each of the anions mentioned above which have a geometry AXGE, three .
of the Sb-F bonds aré longer than the other three, and the F-Sb-F' angles
about the longer Sb-F bonds are greater than 90°, presumably providing
space for the lone pair, E. The geometries of all tpe known fluoroanions
are listed in Table 1.1. When the §pF3~MF ratio 1s 1:2 or 1:1.5 the

11,12,14

geometry 1is AX5E (M represents a suitable cation). The stereo-

chemical activity of the "lone pair" of electrons in these anions implies



an involvement of the 5s electrons in the bonding to a considerable degree.

(i1i)  Chloro, Bromo_and lodoantimonates{111)

There are fewer danion salts reported for the chloro, bromo, and
ipdoantimonates than 1n\?Ht case of the fluorcantimonates(Ill}. The

anions prepared from 1:1 and 1:2 molar ratios of SbX, and MX, where MX

3
represents an alkali metal halide, for example, are known for each of
Sbel SbBr_, and Sbl .19'23 They are prepared in much the Same way as

3’ 3 3
the -analogous fluoroantimonates{III). Complex anions can be prepared

, or Sbl
22-24,29

from a 1:3 molar ratio of SbC1?, SbBr and a respective halide

3
salt. They are formulated as [beg_],

3

A binuclear anion, for-
mulated as [szxg'], is also known for each of the antimony halides

r-—
mentioned above, (i.e., X = C1, Br, I)_23,2a 27

"’/A\\\\\(iw Structures of Chloro, Bromo, and lodoantimonates(I11)

According to the V.S:ETP.R. theory of Gi]lespie,28 the geometry

about the central antimony atom of the chloro, bromo, and iodoantimonates{1I1)
should be strongly influenced by the lone pair of electrons. Although

these structural predictions are barne out in practice with zsspect ta

the fluoroantimonates(1I1), this simple theory does not account for the

3-4 29,30 3-4 25,26,27
6 ) Xg ]

near regu]ér oCtahedral structures of the [SbX and [Sb2

(X =C1, Br, I) anions. It appears that in these cases the involvement
of the 5s electrons in the bonding 1s somewhat less than in the [szFg']
anion, for exémp]e. These electrons presumably remain in a spherical

orbital. The chloro, bromo, or iodoantimonates(I11), whose geometries

are known from crystallographic dafa, are summarized in Table 1.,2. The



Mossbauer data reported in this thesis suggest that the geometries
about the antimony atoms of the iodoantimonates(I1l) parallel the analogous
chloro- and bromoantimonates. The [§bC]4'] anion of pyridinium tetra-

chloroantimonate has an octahedral arrangement of six chlorine atoms about

33

the antimony. Two chlorine atoms about-each antimony atom are bridging

and subsequently have longer Sb-Ci bonds. The C1-Sb-C1® angles about
these bonds are slightly greater than 90°. The beonetries about the

antimony of [SbBr4'] and [Sbla'] are probably simlar to the tetrachloro-

by .
antimonate(I1l) anion. The geometry about the antimony atom of [SbCl; ] e

2=~

is AX.L, as in the case of [SbF5 ], and a similar geometry is expected for

5
the bromideﬂﬁnd jodide anions.

)

C. ANTIMONY(V) HAEIDES

() Antimony(V) Chloride Fluorides

The known geometries about each antimony of the chloride fluoride
-molecules are listed in Table 1.3. The molecules contain antimony in
three distinct geometries, Ax4, AXS.and AXG’ where X = C1 or F.

At the outset of the work presented in this thesis, many antimon

. . . . . . 34,35-40
chloride fluoride molécules had been reported in the literature,

but they were very poorly characterized. SbC]4F had been reported as a

cis-fluoride bridged tetramerIQ] The other chloride fluoride molecules,

SbC13F2, SbC12F3, SbC'lF4

rangement, like the analogous phosphorous chloride f]uorides.42 However,

»were assumed to have a trigonal bipyramidal ar-

at that time, soﬁ£ doubt had been expressed about these structures. For

]gF n.m.r. studies strongly suggested the presence of a fluorine

example,
bridged polymer for SbC]2F3.43 During the completion of the work reported
“

- RN

o



1n this thesis., the structure of SbC}.F. was determined and was reportéd

2 3
to contain an [SbC1A+] cation and an [Sb2C12F9'] amon.44 More recently,
another compound was prepared which also contained the [SbC]af] cation
45

in the molecule, Sb.,C1,F These are the only tetrahedral antimony(V)"

374 11" )
halidé species identified ™n the solid state.

(ii)  Antimony(V) Chloride Fluoride Anions
Antimony(V) halides, for example, SbF5 and SbC]s, are strong
halide ron acceptors forming octahedrally coordinated anions such as

[SbFG"},47 and [SbC]6_J,48 respectively. A number of octehedrally co-

'
50

- . ‘ - =
ordinated chloride fluoride anions such as [SbC]SF ],4? [SbC14F2 ],
) 51 have been reported. Only the [SbC14F2—] anion has

50

and [SbC,F,

been characterized to any great extent.

(iii)  Antimony(V) Chloride and Fluoride Adducts and Complex Anions
) The pentafluoride and pentachloride of antimony are both highly

reactive liquids, hydro]ysiné rapidly in air. In the solid state, SbC15

has been reported to have a trigonal bipyramidal geometry‘.46 Jthers

™

have suggested that SbCl5 undergoes a phase change at lower temperature

. )
to [SbC]4 ][SbC16 ], or to a dimeric structure in which two octahedra

53,54

have an edge in common. Antimony pentafiuoride in the solid state

52 >

is a cis-fluorine bridged tetramer. "The geometry about the ant{mony

in this molecule is AY6 (Y = F). SbC'l5 and SbF5 are easily intercalated

into grapm‘te,55 and this media appeared to provide an excellent means
121

for recording their Sb Mossbauer spectra. Mossbauer spectra of frozen

. 5 .
samples of SbFS and SbC]5 have been reported previously in the literature.56’J7



r

As pointed out earlier, antimony pentafluoride 1s a strong fluoride

jon acceptor and will react with other halides such as SbF3 And AqF3

forming.a number of adducts. The structure of the 1:1 adduct AsF3-SbF5

n s i
suggests some contribution froin the ionic formulation [AsF2 }[SbF6 ].58

A completely ionic structure would result in a regular octahedral co-

ordination about the antimony-atom similar to the analogous [M+][Sbr6']

salts.47 A number of adducts of SbF5 and SbF

59-63

3 hdve been reported in the

literature. Antimony pgntaf]uoride in the presence of antimony
trifluoride and fluoride anions form the complex anion, [Sb3F]4'], in
conjunction with a number of mixed selenium-tellurium polyatomic cations.64

Antimony pentafluoride also reacts with SO, forming a 1:1 adduct65 which

2
has a pseudo-octahedral coordination about the antimony, that 1s, five-

fluorine atoms and one oxygen atom.65

D. MOSSBAULR CFFECT
(v} Theory

Emission or absorption of a low energy gamma-ray photon with no
Iosshof energy due to recoil of the nucleus and with no thermal broadening

-~ .

is known as the Mossbauer effect. It was discovered in 1957 by Rudolph

67

L. Mossbauer  ~ and since that time has had a significant influence on

the field of chemistry. Its use to chemistry arises from its ability .
to detect slight variations in the energy of interaction between .the
nucleus and the extranuclear electrons. This is brought about by its
production of monochromatic radiation with a narrowly defined energy
spectrum whiéﬁ is qseduto resolve exceedingly small energy différencés.

For a hypothetical situation where a nucleus is not rigidiy ‘



S~

. - ) ) 7

L

bound in a lattice, § nuclear transition from the excite& state, Ee,'to

the ground state, Eg, by the emission of‘a gamma-ray of energy,vEy, would
result in the nucleus recoiling in one directton. The conservation of
momentum requires that this recoil is équal.and oppastte to the momentum
of the gamma-ray emitted in the opposite direci}on., The gamma-ray energy,
Ey, would not equal the total eneréy of the transition,.E0 (equation 1.2),

" due to the recoil energy.

E = E -E ... (1.2)

For a system at rest, the recoil energy, E,, at the time of the ‘transi-

tion can be given by68

2
2 £
o A{h)” . 0 ‘
Eq 2 )sz 7z (1.3)
' eff eff”

where m e is the effective mass of the recoiling system, Eq is the
recoil energy, and € is the velocity of light. -The gamma-ray energy,
EY, then equals " Iy
E =E -E, ... . (1.4)

4

Tpe recof] energy is also involved in the absorbing system in a similar
manner. The total energy%lost in the emission-absorption systew is then
ZER and the energy required for resonance absorption is EY + ZER,

The gamma-ray is a156 deficient in energy by a thermal or Doppler
energy,68 which is dependent on the thermal motion of the nucleus. A héan

value, ED, can be defined by

D~ "~y 2 ' (1.5)



N
\]

where fy s the mean kineti( edergy per transTations} degree of freedom.

" The statistica1‘dlstf1bﬁt1on in energy of the em}tted'ganma-ray 15 dis-
placed by -ER and broadened by.ED 1nto;a Ga?s§1an-disfﬁ1but1on of width
ZED. The distributioh for absorption has the same shape.'ﬁﬂuc]ear'rgsonant
absorption will only haye a signif1ant prob$b1lity,jf the:thé eneréy
distributions overlap strongly.

For nuclei bound in a sé]ld, the coupling between the aioms of
the crjsﬁa] lattice must be considered. For the nucleus, the hécd11 mo -
mentum is transferred to the centre qf mass of the whole crystal.. The
effective mass of equations (1.3) and (1.5) can-be‘very'large and the
energy lost to recoil and to'Dopp1er broédening may be negligible. 1In
these cases, the entire-crystal recoils rather than ihé single nucleus.
Hence, both the recoil energy and the Doppler broadening-become very
small and much less ,than the line w{dth at ha]f%maximum, '.  The energy

distribution is then di.ctated by the Heisenberg uncertainty principle

defined by

] = (1.6)

Rl

where 1 is -the ]ifef?me of the excited state, and h = {(2=h} is P]ank's
constant. - | . . | .

“The recoil energy.is similar iﬁ magnitude to.the 1httice'bibra—
'tioﬁ energy and.sincé the Debye theory of sb]ids70 requj}es that ltattice
vibrations are éuantizéd, the recoil eneggj cannot be trahsferred,in an
arbitrary manner to the lattice, The fraction of emission; which do not

excite the lattice vibrations, and where recoiless gammd-ray emissions

-



occur, are described as the recoiless free fraction, f. It is possible

to relate the recoiless free fraction to the vwbrationdl'probéFties of

the crystal 1att1’ce7o'7]’72 by the equation
£ Zx%.

f = expl-—L—7p - 1.7y -
(hCy©

whére,'xz- 15 the mgan-sqhare vibrational amplitude of the nucleus 1n

the direction of the gamma-ray emission. f is large, for small mean-square
disp]a&€ﬁents and for gma]] gamma-ray énérgies.‘ The mean-square vjbrd-‘/
tiongl amplitude of the nucleus is dependent on the temperature and hegée;

t

the .recoiless.free fraction is inversely proportional to the temperature.

‘The precise form of the temperature dependence is discussed e]sewhere.73

(i) Isomer Shift
The "isomer shift results from the electrostat%c interactijon be-

tween the charge distribution of the nucleus and the electrons, which |
have a finite-probability of being found in the vicinity of ihe nucleus.

This interaction Fesu1ts in slight relative shifts of the ground and
*excited nucléar energy levels with.va}ying :??Ztron density.. Although
fhe'{nteraction betﬁeen the nucleus and the e]ectrosta@i& envirohnment
cannot be méasured‘directly, it is, however, possible to cahpére the
energy difference§ between two nuc]e}, which are the absorber anq the
source in the Mossbauer experiment. A Doppler QeIocity is supé]ied to
the source to observe ;ésonance, since the shifts may be different {n
the ;du%ce and the absorber: This. comparison is referred 'to as the isome;

shift and is represented by the eqdaiion74

~

L5 = 6 = A 2l (R (1 (0] ] ¥ - v (0)

|2
S source

) (1.8)
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" where R represents the radius of the nucleus, and AR represents the change
of the nucleus during its transition from the excited state to the ground

state. lws(O)lz is the non-relativistic Schrédinger wavefunction at r = 0
and represents the s-electron density at the nucieus, A ﬁegative é%means
éhat the nucleus swells on de-excitation. The isomer shift, &, is then a
product of a chemical term, i.e., the electron density, and a .nuclear term, '
5%Zé2R?(Q%). The latter is constant for a particular nucleus and hence
isomer shifts can be related directly to changes in electron density about
the nucleus.

The term, in(O)l2 in the above equation, represents the occupied
s orbitals in the antimony atom in this thesis. [ws(q)lz'includes con-
tributions from both the core s—e]ect;ons as well as the valence electrons,
The values of [4»(0)[2 for the p, d,and f e]e;trons are zero and consequently
these orbitals have no direct effect on the isomer shift; however, they
serve to shield the s electrons from the ﬁycleus, wh1éh.ultimate1y affects
the isomer shift. The é%-term for the ]ZJSb nucteus js negative, wh1}h
implies that an increase in s electron density results in a'more ﬁegative
isomer shift. For this reasén. the ' isomer shifts of compounds-of anti-
mony(I11) are much more neégtive thaﬁ those.of compound§ of antimony (V)
because of the presence of the 5s electrons in the former. In.;he anti-
mony(1I1) compounds, the 1sbmer shift varies with the involvement of the .
Ss g]ectrons'fn the bohqing, and the'eleétroneg$t1vity of the 11daﬁd§
bonded to th;‘antimony. The variations in the isomer shift of antimony(V)
compounds are related to thanges.jn the electronegativity of the lidands.

Of course, any changes in the electron density of the p, d/and f orbitals



will also result in a change in s-electron density at the nucleus. Con-

sequently, the isomer shift is a measure of the overal] electronic environ-

121,

ment of the Sb Mossbauer nucleus.

The isomer shift is temperature dependent upon two factors; one
is known as the second- order Doppler shift, wh1ch is a consequence of the

temperature dependence of the lattice vibration term, <X2>. This.results

in a small cnange in the gamma-ray energy‘of the form74
2. - .
ot = X2 g (1.9)
Yoot Y o ‘

Since C2 1s'considerab1y greater tnan <X2>, this term is very small.

The second-etder Doppler shift will be essentially zero for a series

of similar compounds recorded at the same temperature, since <X2> will

be essentially constant. The second temperature dependent effect arﬁses
from chemical or physical changes in the system jtself, such as, a phase :

change in the crysta] without a subsequent chemical change

(i 11) Quadrupole Sp]1tt1ng,’

Another way in which nuclear energy Ievels interact with the chemi-
cal environment is via the nuclear electric quadrupole moment. Nuc]ei
which have a nuclear spin.numper,'l, greater than 1/2 have a non-spheri-
cal nuclear charge distribution: The magnitude of th%s eharge distribu-

tion is governed by Q, the nuclear quadrupoie moment . 121

Sb has an oblate
. charge distribution about the spin axis, hence Q is negative. The dis-
torted nucleus interacts with the extranuclear electric field gradient,

e.f.g.; giving rise to a splitting of the nuclear energy levels. The
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nuclear quadrupole coupling Hamiltonian for a nucleus of spin [ may be
75

expressed as
\ .
H ——78!117{31 12 e I, + 1)) | (1.10)

Q@ 41(2I+] 2'+ - A

where VZZ 1s the electrostatic potential in the direction of the principle

axis and n, the asymmetry parameter, is given by .

Voo = V
=-—-—-——<XXV YYquf]) . (]”)
4 .
iZ is the sp%n operator and f+ and f_ are the‘shift operators. For axial
symmetry, n-= 0, the [ = 2 g-ground state is split inte three degenerate

levels, and the excited state, [ = ¢ %3 is.split into four degenerate

levels, as out{iﬁed in'?igure 1.1, The relative energtes of the degenerate

4 N eQV " ReQv
levels are included in the-Figure where A = ———Zz-and B = ZZ 76

a0 & The
relative energies of the transitions between*the ground and the excited
state are then determ1ned by the quadrupo]e moment of the ground state
(-0. 28 0.1 barn) 77 and the ratio of the quadrupole moments of the ex~

Q
cited and ground states, R = 695-; 1.34 + 0.01.78

The intensities of the
transitions are in the ratios gf the squares of the Clebsch-Gordan coef-
ficients of each transition.’”” The se]ecfion rules restrict the number
of lines tonejght when n = 0, the energies of which are the differences

'between thase of.thé ground and the excited states.

_ If the electrostatic fiéfd-is not axjally symmetric about the
principle axis.‘n # 0, then all 12‘transitions between the excited state

and the ground state are allowed because the quantum numbers, which de-

termine the nuclear spin states, are no longer app11cab1e and the states

1
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. Axially Symmetric Electric Field Gradient.
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are mixed. If n > 0, the ratios of the intensities of all the Tines are

modified. Some of the trans1t1ons may be acc1denta]1y degenerate. Examp]es

121

of simulated Sb Mossbauer ‘spectra reported by Donaldson g___l_ or

the cases whére 6 = 0 mm/sec, n = 0, and eQVZZL= 4,%6,and 10 mm/sec are
shown in Figure .1,2. The bars indicate the intensities and positions of
the individual peaks. The spectra were convoluted with Lorentzian 1ine-

shapes assuming a natural line width of 2.1"mw/sec at half peak height.
The sign of eQVZZ can be obtained from the spectra, since it is reversed

if high and low energy regions of the spectra are interc%anged. A simulated

-

spectrum with the & = 0, eQV,, = 10 mn/sec, and with n =1 is also shown.

121

in'Figure 1.2. Tﬁe‘quadrupole spectra of Sb therefore contains 1nfor-

. N }
mation not only on the sign and magnitude of the quadrupole splitting,

'eQVZZ’ and indirectly the nature of the electric field gradient, but also

.on the size of the asymmetry parameter, n. " -

" (iv) Line gdth '

As mentioned previously, the natura] line width is given from the
uncertainty principle. The ideal source would em1t rad1at1on w1th a
Lorentzian distribution of energy and, assuming an 1dea1]y thin absorber,

the resonant absorption would have ‘a line width at Ha]f maximum, rexp’

which is 2r However, in pract1ce the 1ine-shape departs from the

nat’
s1mple Lorentz1an, and 1t is se]dom possible to observe resonance lines
as narrow as 2T .. due to several poss1b1e broadening effects suqh as; |
noﬁ-homoéeneity'of chemical environments of the resonant atoms in the
source and/or absorber, géometric effects, thermal effects, the presence

‘of hyperfine structure due to extranuclear field effects, and finite



121 b

-

Figure 1.2, Simulated

Mossbauer spectra:

(a) eQVZZ = 10, mm/sec n ;Wﬁ,

(b) eQVZ? = 10 mn/sec n = 0,
| (c)‘eQVZZ = 6 mn/sec n =0,
© () eQVZZ = 4 mm/sec n =

0.

{Reproduced from‘Reference 76) .-

Velocity mm

15



source and absorber thickness effects.

‘Z]Sb Mossbauer, the hyperfine interactions are

In the case of
-small compared to the resonance 1ine width and, as a result, the 1nd1v1dua]
hyperfine components are not separable. Thus, phe absorption spectra

appear as a8 single broad envelope, the shape of which is pr1marf1y dependent
| on the magnitude and.sign of the quadrupole interaction, as 1qd1catéd'
earlier. Therefore, the indtvidual line positions can be fitted to a

80

"sum of Lorentzian lines with suitable constraints - using an jterative

technique.
The intensities of the different hyperfine transitions in a

quadrupo]é spectrum of a powder sample have been reported to vary, in’

some instances, from thosé prescribed by the Clebsch-Gordan coefficients.

78 reported deviations in ihé intensities of certain hyper-

Stévens and Ruby

fine components and attributed this effect to the presence of the Goldanski{i-

Karyagin effect,gl which %s the non-angularly depéndent asymmetry 1n‘the

hyperfine components due to anisotropy of the recoiless free fraction,

.tMore recently, this asymmetry has been attributed to absarber thickness

effects.ao’82 ’
Although, for very thin absorbers, the absorption envelope can

be represented as a summation of Lorentzian lines, this fs not valid in

samples of finite thickness because of'saturation e?feéts on the absorp-

tion intensity. The trénsmission 1ntegra1,80 which has peen_shown to be

83,84

useful to dea]—wiih this problem, is given by

S 17 __(r/2)éE
I(v) =1 {1 - =
0= L= ] - [E+ (vE /C)1% + (1/2)°
(1.12)
AT, (r/2 .
X exp[-) KA 5 .) 2]} :
k (E ~;EK) + (1/2)

k]
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and can be used in the fitting procedure replacing the summgtion of Lorentzian
formulation. 'ﬁo is a scaling parameter to 1ncfude background effect:

.I(v) 1s the absorption intensity at a Doppler shift from the emitted

gamma-ray energy EO: 21 is the full Qidth at half maximum of the resonance’

at zero thickness: [, is the energy, and AK the fractional ideal 1nten-

K
sity of the Kth hyperfine line: TA is the effective absorber thickness

(which is a dimensionless parameter).

E.  PURPOSE
The purpose of the work presented in this thesis. was to extend
the knowledge of the structures and chemistry of antimony(I1I) and

antimony{(V) halides.

f

An extensive study by ]%]Sb Mossbauer spectroscopy was under-

“taken to examine the electronic environment about the antimony atom in
vérious antimony(I11) complexes and complex anions. These complexes
were examined with particular reference to the stereochem{cai activity
of the 5s électrons\;nd consequently some conclusions may be drawn con-
cerning their 1n‘81vement in the bonding.

| At the outset of this work, very 1itt1evinformation was available
on the structures and the chemistry of antimony(V) chloride fluoride com-
pounds,ASbC]sz_x (x =1, 2, ..., 5); most of these compounds had been
previously suggested in the literature, but very poorly characterized.
Therefore, attempts were made to prepare and charactérize,all of these
compounds and other 5ossib]e intermedigte species, such a§'Sb3C1]]F4.

Also, preparations of the analogous series of anions, [SbC1ng_x3

(x =1, 2, ceas 6); were attempted. An extensive study was undertaken



to study the structures and the electronic environments about each anti-

mony atom of these series.

Mossbauer spectroscopy was used to examine the electron density
and electric field gradients about the antimony atom in a number of.

antimony (V) adducts in order to obtain more information about the nature

of the bonding in these systems:.

o

18
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_CHAPTLR TWO

EXPERIMENTAL

A. GENERAL PREPARATIVE TECHNIQUES

(1) Vacuum Systei . . N

The majority of the.preparative work bresented here was per-

formed using a pyrex vacuum system. The vacuum line was divided into

a highvacuum a11-pjrex section and a greaseless pyrex section with

“n

té?]on stopcbcks. Both sections were access1b1e to a rotary pump and*

a two-stage mercury d1ffus1on pump . Connectwons were” made to the high-

vacuum section by 9 mm I.D. ball joints and connect1ons were made to

the teflon stopcocks by 1/4“ O.D. pyrex fitted by a straight Swagelock

@

union or a teflon valve-with Swagelock fittings. : '

(i1)  Dry Atmosphere-System

A]ﬁ of the samples,lﬁhiqq hydrolyze in air, were handied in‘a
dry-nitregen filled Labconco glove-box fitted with an external constant-
circﬁlation 1iquid nitrogen drying syétem *Phe §1ove—b6x was filled
with "extra-dry ‘nitrogen”, supplied by Spec1a1ty Gases. An'evaEUab1e

port provided access to the glove- box

(ii1) Reaction Vessels: ' .

-

e ’
' where it was necessary for samp]es to be prepared in the absence

of air, or in liquid SO2 as a.solvent, a vessel of the kind shown in

~

Figure 2.1.a was used. A vessel, shown in F1gure 2 1.b, was used for
reactions where reactants were ref]uxed for a long period of t1me fhe

stopcocks used in both vessels were either 10 mm I.D, pyrex or teflpn

.

- 22 -
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» " Figure 2.1. Reaction Vessels for Preparations.in Liquid SQZ'

’

a = yessel for Room Temperature Reactions
b

v

= Reflux Vessel

N
v
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as described ear]wer.Bs The'Vesse1s were carefully dried by repeated
flamings on the highvacuum system before use. The reactions 1nvolving
chlorine were performed in a pyrex vessel, which was inserted into a

150 ml stainless steel bomb. The pyrex ve;se1 was neated in an ovén and
I stored in a dry atmosphere for several daygxbefore use. The stainless
steel bomb was pumped bn thg vacuum 1ine for several days. The bomb wds
equipped with a 0-2000 psié stainiess steel gauge and a 1OOQ psig blow-

out valve. The input connector was 1/4" 0.D. stainless steel.

L
B. EXPERIMENTAL TECHNIQUES AND APPARATUS

(i) Mossbauer Spectrometer

The Mossbauer spectra were recorded using an Austin Science

. e~
Assoc1ates (A.S.AY) model S3 drive system and an A.S.A. model K3 linear
motor. Constant acceleration motion was used and the sense of the ac-

ce}erat1on was controlled by a multichannel analyzer operating in the .

1,
"\

mq}t1sca]ar mode. A tr1apgglar wgvgfqrm motion was used. The ve1oq\\¥
and hence the gamma-ray energys varied linearly with time. Either a
P1P 400 Victoreen multichannel analyzer or & Northern-900 series multi-
channel analyzer wepe emp]oyed Both systems were comprised of a pre-
amp/amplifier, s1ngle channel analyzer, analog-to-digital converter, a
complete core membry packaﬁe, readout drives aqd a cathode ray tgbe

<

\display. The Northern-QDO‘series mul tichannel analyzer was used in con-

Junction with a Northern-458 dual input multichannel éca]ing.contno]]er.
The externa] address advance was produced by an Austin Science Associates
TU IOOA crystal controlled t1me base generator powered by an Ortec Mode]

401A power amplifier. The block diagram, Fig*re 2.2, illustrates the




Figure 2.2. Schematic of the Mosshauer Spectrometer used to record

]leb Mosshauer Spectra.
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elements ‘of the MosSbauer spectrameter,

The gamma-ray source was a 0.5 mCi Balz]

Sn(Sb)O3 emitter supplied
by the New England Nuclear Corporation and the single channel analyzer
was set on the escépe peak 6f thé 37.15 keV gamma-ray. The detector was
a Xé-CO2 filled propor?iona] coﬁntér and the_desired energy w&s selected
by adjusting the upper an%j]ower inpug.;o]ﬁage of. the single channel
qﬁhlyzeru The signal frém thé s1rg]e channel analyzer was amplified,
counted, and stored in the core‘memory. l

.. The Mdssbauer spectra’ consisted of é plot of count rate vs.
velocity. The constant acceleration moti;h has opposite signs in alter-

nate halves of the memory. As a resu]t. a mirror image appears in the

memary ha]ves, with one spectrum being counted during acceleration and

the other duri deceleration of the drive.

Data wdre recorded onto a te]etypewriter, T/T 33, which included

a typewr1ter and a paper tape punch. The data were then transferred to

computer cards for process1ng

The drive velocity was ca]ibrated after each spectrum using

either Co in Pd supplied by the New Eng]and Nuclear Corporation and a

. standard iron foil, or by using the Austin Science Associates’iaser ab-

sdlute vg]ocity calibrator equipped with a Mepro]ogic Neon Laser supplied

. by Edmund Scientific. The laser ébso]btg;)eloc1ty ca??B?a{gr was used

in conjunction with the Northern-458 dual 1hput multichannel écaiing con-
troller. When ca]ibrating; ty; mu]Eiscal1ng spectra were recdr&ed for
equal lengths of time: a velocify which:represents the number of fringes
produced by the interferometer; and a 50‘KHz crystal o#ci]]ator. Tﬁé ~

crystal oscillator brbyided a measurement of the live time per channel.
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AT isomer .shifts were recorded with respect to InSb at the same sample

temperature as zero isomer shift.

Spectra were'recordedhwith the source at room temperature and
the absorber cooled to either 77°K or 4°K with a model LT-3-110 Liquid
Helium tfansfer Refrigeraﬁor from Air Products and Chemicals Intorporated,
Figure 2.3, wh{ch was equipped with a model 3610 Temperature Controi]er.
The temperature was c6ntiﬁUous{y monifored‘with a chromel vs. gold ‘
‘(6.07% atomic Fe) thermocouple. The sample was mounFed int5 a copper

holder with a window. of cross-section 2.5 cm2

which was securely fastened
into the copper-ho]der of the cryotip. The sample was covered by a
vacuum shroud as shown in Figure 2.4. The shroud was furnished wi th
beryl1lium windows for gaﬁma~ray irradiation and ports for 1ntr0duction..
of volatile samples. The solid samples contained 8-10 mg/cr;m2 of anti;
mony and were finely powdered, mixed with Apiezon grease and packed into
the copper samp]é holder. Any samples which reacted with Aﬁiezop grease
were finely powdered and compressed between two teflon’'discs coated with
a thin f%]m of hatacarbon grease or oil. The liquid samples were dis-
tilled through thelports‘onto the cold copper holder fitted with a thin
aluminum disc. Typical specfra wé}g recorded for 40-50 hours and when
folded gave 70,000-80,000 counts per channel. !

| A number of fitting routines were applied to'the data points.
Qhen the data werehfi%ted to a single Lgrentzian, a program using an
1ter$tive least sguares'méthod8§ was used to find the best parameteré.

" Data, computer fitted to eight or more lines, were calculated using the

8

program originating from. Shenoy and Dunlap 7 which basically took multi-
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\\zjgure 2.4. Schematic of Sample Holder and €Cryo-Tip Assembly used on

- Low Temperature Transfer Refrigerator.
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channel Eodnting data, folded it if necessary, and found the best para-
meters to fit the data to an appropriate fynction. Two functions were
used throughout this work. In the majority of cases, the absorbers wére
suitably thin powders and apprgpriate sums of Lorehtzians were evaluated.
h]]yspectra were first calculated assuming axial synmetry,uize., n =0,

and non-zero quadrupole splitting. The relative intensities of\the eight \\:t>

allowed transitions werg the appropriate combinations of C]ébsch-Gordan

coeff1cients88 which were expressed as constraints. The ratio of the
Q ’ »
nuclear quadruypole moments, R =_G§5-= 1.,34.8g was used in the calculations.
r

. g
The parameters were varied for the best least-squares fit.

//

-

For spectra which gave poor fits for n = 0, a function was used

90

which allowed n to vary. For n # 0 the selection rule, am = z]l 0, no .

19n§er applies and intensity ratios were calculated for all possible

88

transitions using combinations of Clebsch-Gordan coefficients. A least-

squares minimization routine was used to find the best value for the
i
parameters.

-

A number of spectra were not suitably fitted with the sum of

»

Lorentzian functions. This may have been due to sample Ehickness broadening.

9 which accounted for broadening

A function devised by T.E. Cranshaw,
due to absorber thickness, based on the transmission integral developed
" by M. Celja Dibar Ure and P.A. F]inn,92 was employed.” For spectra with

n# 0, a fitting routine briefly outlined by Shenoy and Friedt,83 wa

3
incorporated into the transmission integral which allowed for n and eQVZZ.
as varjables. The transmissioﬁ integral calculatgd a spectrum allowing
for the finite thickness of the sample.

In addition to the usual goodness of fit criterion, xz, the

=
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misfit criterion of Rub&m8

was employed in some of the fitting routines.
In each Tablg of Mﬁgsbauer D;td, the .2l1s presented as a f}dctlon of

{he deygrees of freedom with a value close to one representing an acceptable
" computer fitted spectrum. The misfit 1s represented as M, with a value

< 0.1 indicating an acceptably fitted spectrum.

til) Laser Raman Spectrqméggg

hThe instrumentation has been descr{bed prc_:violmly.g3 For tempera-
ture variations, a cylindrical py;ex dewar was mounted perpendicular to
the scattered beam. The appropriate temperéﬁure was controlled by passing
a continuous stream of air into the dewar. The air was warmed or cooled
to the desirea temperature before entering the dewar.  The température of
the sample wasfrecorded using a copper-constantan thermocoupie.

‘ Samples were prepared.in eitHer a 5 mmn 0.0. medium-walled polished
glass nJ"QQ' tube g]aés blown to a ]/4” pyrex tube, or a mé]ting point
tube. Melting point fubes were previously heated under vacuum and stored
in'a glove-box. The samples were added,to the melting point tubes in the
glove-box and gealed befére recording the spectrum. N.m.r. tubes were
flame-dried under vacuum and the samples were,introdqcea in the g]ové—box.
The n.m.r. tubes were seated with a Swagelock union and a -teflon 1/4" plug.
Liquid.samp]es were prepared in a simi]a} fashion &xcept thét they were
sealed of f under vacgym béfore the spe¢tra were recorded.

The Raman,sﬁéctra occasioﬁgily contaiﬁed lines due‘to the glass
éahp]e tube. These lines occurred at 235(18), 246(6) broad, 333(100) cm_].
. In this work the glass lines were subtracted from the spectra in the
tables, but are shown in the.figures. ff.

g'

'
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(111)  Mass Spectrometer

The spectra were recorded on an A.E.[: MS30 double bea&; dnuplé
focusing mass spectrometer. PFK was admitted into beam 11" via a.
gas(}gﬁuid probe to serve as a chemical mass marker, reéqrded simul-
taneously, but not interferring with the system under investigation.

A con§isteht1y stréng ion current was achieved with the electron voltaye
kep£ at 20 ‘ev and the sample kemperature at 50-60°C.

The samples were placed in previously dried melting point tubes
and:a dry nichrome wire was 1Bserted into the tube to spread a thin layer
of sample onto the walls of thé tube. A1l this work was perfprmed in the‘
glove-box. The sample tubes were sealed and sgbsequently opened inside 5_
dry-bag which eng&psed the inlet porﬁ. The section of the tube cohtaining
the sample was insérted into the sample chamber using a direct insertion

probe and the chamber was subsequently evacuated. Spectra were recorded

" to approxfmate]y.lzoo m/e.

C(iv) ‘Chemica) Analysis

Analytical determinations of antimony(III) in the antimony (I11)

complexes were performed using the standard jodine titration described

94 Antimony(V), fluorine, and chlorine analyses were performed

»
by Mikroanalytisches Laboratorium.?> '

C. P OF STARTING MATERIALS

(1) Antimony Pentafluoride

in Vogel.

. Antimony pentafluoride (Ozark-Mahoning) was doubly distilled

in an all-pyrex apparatus described previously.96 ‘The fraction boiling

at'142-143°C Was collected. A'Ehjrd distillation was performed using the

2



33 .

vacuum line and the dwst111ate was collected in a pyrexqglask which was

stored in the g1ove-box for subsequent use in the dry atmosphere

7\(1i) Antwm%%& Pentachloride

T

Ant1no\§“pentach1or1de (J.7. Baker Co. Reagent) Was dlstllled
1ditial1y'under reduced pressure. The fraction boiling at 110°C was
co]]ected The distillate was then transferred to the vacuum l1ne where
1t was d1st111ed from a 21°C trap and collected at 0°C. The collettion
“trap had "2 small necked flask glass-blown onto the bottom and the pure

ss SBCI was isolated by‘sealing'off this flask. The flask was wrapped

) W1th“alyminum foil to restrict the light and stored in the glove-box

until required.

(iii) Niobium Pentafiuoride

Niobium pentafluoride (Ozark-Mahoning) was sublimed at 20°C
under vacuum and stored in the dry Box until required. The sample

purity was checked by Raman spectroscopy.gy' : - ‘i

{iv)  -Antimony Trihalides

‘ Antimony'trif1uoride (A1fa Inorganics) was sublimed at 319°C
under vaguum and stored in q'dry nitrogen atmospheré until required.
The purity of the’samp]e was checked by Raman spectroscopy.gg ‘

Antimony trichloride (Allied ChemicaT) wasgsublimed at 50°C
undéer vacuum and stored in the g]ove;pox untid.required:
Antimﬁ? tribromtde (Alfa Inorginics) was sublimed at 200°C '
under vacuum and stored in the glove- box until requ1red
. Antimony triiodide (A1fa InorganTcs) was used w1thoutY;urther

‘purification.
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(v) Arsenic(V) and (111) Fluorides

Arsenic pentafluoride (Ozark Mahoning Co.) was used without
further purificationl
Arsenic.trjf1uoride (Alfa Inorganics) was distilled under vacuum

and stored in a stoppered vessel.over sodium fluoride.

(vi) Alkali Heta] Halides

A1l alkali fluoride and chloride sglts used were reagent-grade.
and were placed in a platinum crucible and dried by'heating to 300°C
for 2-3 days under vacuum. The dry salts were stored in the dry nitrogen
atmosphere of the g]ove;box:

Sodium fluoride wasYobtéine& from Shawinigan Chemical Co.,
' sodium chloride and potassium fluoride from B.D.H. Chemical Co., caesium
- fluoride from K & K Laboratories Ltd., and potassium bromide from J.T.

Baker Co. . - .

a

(vii) Alkalj Metal Carbonates -

Caesium carbonate (Ventron Alfa Products), and sodium and potas-

sium carbonates (J.T. Baker Chemical Co.) were used without further puri- "

fication.

(viii) Halogens. | - : y
Iodiﬁe*(FiScher Scientific Co.) was freshly sublimed beforgyuse.
‘Bromine (McArthuf'Chemical Co.) was ysed*without further purifi-
~cation. |

Chlorine (Matheson Co.) was purified by passing the gas through

~a drying sysfem described in Figure 2.5. The_system waé_initia]ly flushed

f
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out with dry nitrogen and then chlorine. The stopcock (A) was then closed
and liquid chlorine was, collected in the collect%op flask immersed in a
dry-ice acetone slush bath. The liquid chlorine was then degdssed several
times on the vacuum line and finally trap-to-trap disti]]ed'thfough~a"
vessel cooled in a methylene chloride slush bath (796.7°C)5qnd‘into a
vessel cooled in anm n-pentane slush bath (-130°C). The pure pale yellow

chlorine was .then stored in a glass vessel at -78°C. The presence of

moisture was checked by infrared spectfoscopy.

(ix) Solvents

Sulfur dioxide (Matheson Co.) was drieﬁ and ’stored~over‘P‘05
before use. When requirgd, it was distilled into the reaction ves§e1.

Aqueous hydrofluoric acid (J.T. Baker Chemical Co., 48%), analy-
tical reagent hydrochlorié ac}d (Mallinckrodt, 3?%), hydrobromic acid
(Fisher Scientific, 48.1%), and hydroiodic acid (J.T.  Baker, 50.3%) were
used without further.purificat%on. _

Graphite (Fischer Scientifié Co., Gra&e #38) was dried by heating
to 300°C under vacuum for three days. The dry gray pqwder‘was then

stored in the glove-box until used.

(x)  Antimony(II1) Oxide ) . o

>

Sb203 was supplied by General Chemical Ca. (Analytical Reageni)

and was used without further purification.

(xi) Indium Antimbnide
Pure 1nd1um antimonide (99.99%), sapp11ed by Alfa Inorganicgs,

was finely .ground, made into a paste with apiezon grease and pressed
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into a copper ring between two discs of plastic (teflon) for a standard

zero isomer shift.

{(xii) Antimony Metal

Pure antimony‘metal (United Mineral and Chemical Corp., 99.9999 )
was u§ed_withou£ further purification. The metal was finely ground and
a Mossbauer samplie was prepared as an apiezon grease paste with 8-10 mg

of antimony per cm2 of sample holder,.

(xiii) - Amines
. The majority of the amines used in the preparations were supplied

by Eastman Organic. Chemical Co. and were used without further purification.

D. PREPARATION OF FLUOROANTIMONATES(III)

() IsbFEio, [, 7312 [5b:F 51 Hell, [$bF&™), and [SbCIF; 14/
The salts conta1n1ng the fluoroantimonate anions [Sb5F]9], [SbaF];],

[Sb3F]6),_HGNZ[SDFg_],and [SbC]Fé] were prepared and supplied by Robert

" Fourcade and Guy Mascherpa. 10 A1l of these compounds have been characterized

by chem1ca1 ana]ys1s, infrared and*Raman spectroscopy, and X-ray crystal-

1ography,6 ,7,10, 15,17 -

E (ii) MQLSch1> where M = Na or K
The sodiqmll and potassi'um5 salts were prepared by first dis-

solving Sb20 in a minimum amount of aqueous HF and slowly adding Na CO3

3 2

or: K2C03 to this hot solution. More HF was added to dissolve the solid

material formed. The solution was left to digést on a steam bath, and

eventually evaporated to dryness. The products were recrystaj1ized tHreg
\ : : ' -



times from watér at 100°C.

[Na,[SbF.]. Calc: Sb, 46.34; found: b, 46.59.)
[KZ[Sb%SJ: Calc: Sb, 41.28; found: Sb, 41.43.)

(ii1)  Na[Sbf,]
This salt was prepared earlier by 8. Della Valle.?
£. PREPARATIONJOF CHLORO, BROMO, Aﬁb TODOANTIMONATES(-ITT)

(i) [34N|leX1], where X = Cl1, Br, I, and R = CZBS or C4ﬁg

The chloro, bromo and iodoantimonates(II1I1) were prepared by

3 4

mixing stoiéhiometric amounts of SbX. and R,NX in solutions of HX
20 ’

as described by Ahlijah and GonsteTn. The products were characterized
by. their melting points, and Raman spectroscopy.
[[(c ? 5 4N][SbC14]: m.p., 149-151°; major Raman bands, 330(s), 294{(m).]-

[E{n- C4ﬂ9)4N][SbBr4): m.p., ]11;113°§ major Raman bands, 220(s), 180(m).]

(i1) ££555NH|l5bC]4l
This compound was prepared by the same procedure as Hescriged

by Ahlijah and Goldstein.Z’

The white product was characterized by its
melting pbint and Raman spectroscopy..

[LCgHgNHITSBCT, s m.p., 174-176°; .major Raman bands,: 331(s), 300(m).]

(iii) |gncl 2NH2[|Sb11]_
" This compound was prépared by the method outlined by Whealy and

Blackstock 23

Sb203 dlssolved in a m1n1mum amount of HI was added tor
(n- Can) NH d1sso]ved in a minimum amount of HI resulting in the forma-
tion of a yellow precipitate. The prec1p1tate was washed with 1sopropan01

and d1ethy1 -ether and recrysta]11zed from a 1:1 acetone 1sopropano] so]ut1on
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It was characterized by chemical analysis and its melting point.

[[(n-C4H9) NH2][SbI4]: m.p., 125.5-127°; calc., Sb, 16.03; found, Sb, 15.74"}]

(1) [n-Cyig 1fso1,)

’ A similar procedure was used to prepare this compound.23 The
yellow product was characterized Sy chemical analysis and its melting
pdint. _
[[n—C4H9NH3j3[SbIS]: calc., Sb, 13.45; found, Sb, 13.45; m.p. - 210%C

(deéomposftion).] ' ‘

(V) [Co(tiny)  JEsbyFy]

This compound was prepared and supplied by Moffat and Milne.13

The sample was charactérized by chemical analysis and X-ray crystallo-

’graphy.zg

(vi) ‘ £§3[Sb2§9], where X = C1, Br and I

The ch]oroZ]OO bromo and 10do10] compounds were prepared by

mixing stoichiometric amounts of SbX3 and C52C03 in concentrated HX

solution. The mixtures were stirred for 18-20 hours and the precipitates

were separated:and washed with diethyl-ether. = The products were éharacter{zéd
by chemical analysis. ‘

[Cs,[SbiC1]: calc., Sb, 25.33; found, Sb, 25.62.]

[Cs,[Sb,Bry]: calc., Sb, 17.89; found, Sb, 17.82.1

[Cs3[5b219]: ca]c.; Sb, "13.65; foqnd, Sb,.l3T54.]

(vi1)  [i<C HgNH 1,Sb C1g]

A stoichioﬁetrjc amount of SbC]3 dissolved in concentrated HCI

P
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was mixed with 1-butylamine dissolved in concentrated HC1. A vigorous
reaction resulted in the formation of a white product. Diethyl-ether
"was added to d1ssolve the precipitate and the vessel was left overn1ght
. on a steam bath The product was identified oy chemical analysis.

[Li-CyHghigy[s,C1g): - catc., Sb, 31.02; found, Sb, 30.86.]

373
(i) [egh N [Sb e Tor,

The compound was prepared by addition of pyridine to a solution

of SbBr dissolved in concentrated HBr as outlined by Porter and Jacobson 19

The product melted at 219-220°C wh1ch was the same as the 11terature value.

(ix) - [(CH3) N1,[Sb,Br, ]Br,
| \
This compound was prepared by the method described by Hubbard

and Jacobson26 which involved the reaction of Sb8r3 and (CH3)4

’ (10:1). The red product which Had,

beén previously characterized by X-ray crysta]]ography26 was stored

NBr dis-

solved in concentrated’HBFEWith Br

over H25Q4 with a partial pressure of Brz,

() [E-CyH N, ),[5h, 151

The proceduré described by Whealy and B]apkstock23

was used.
The product debomposed before melting and was characterized by chemical
aoalysis.

[[i-C4H9NH3]3[Sb219]: Aca]c., Sb,’15.14; found, Sb, 14.91.]

F. PREPARATION OF ANTIMONY(V) CHLORIDE FLUORIDES

(1) Sbel,F

In a typical experiment, SbCl. was reacted with an excess of AsF3..37



- The mixture was refluxéd for 30 minutes at 70-80°C. When the excess
AsF3land the AsCl3 produced by the reaction were removed, a colour]es;
oil remained. Dry 502 {(~ 20 mls) was condensed into the vessel and a
sb]id precipitate was produced by rapidly distilling the SOZ at a re-
_duced temperature frem the reaction vessel. The solid product was
vacuum sublimed at 40°C. The sublimate was a pale‘yellow powder which
melted at 80-81.5°C. The sample was identified by its Raman spectrum97
and by chemical analysis.

[SbC1,F: calc., Sb, 43.065 F, 6.72; C1, 50.22; found, Sb, 43.92;
F, 7.14; C1, 42.42.) -

(1) Sb(313F2 _

0.719 gms of SbClAF were-added to one side of the reaction vessel,
shown in Figure 2.1.a, which had been preyiously dried on the vacuum iine.
0.206 gms of SbF5 were added to the other side of the reaction vessel. A1l
manipulations were perfofied in the glove-box. SO was distilled onto the
SbF5 at -196°C. A1l the SbF5 dissolved when the vessel was warmed to room

temperature. The solution of SbF_ in SO was then added to the SbCl,F

5
which sTowly dissolved and the resu]tant solution was stirred overnight.
A solid, which resulted on evaporation of the 502, was washed with SO
dried, then vacuum su§%1med at 40°C to yield-a wh1te powder melting at
62-64°C. A quantity,gf the prodqct was sealed in an evacuated quartz
capi]lar} tube. Sing]e‘crystéls were prepared by sublimation following

- -~ ~application of a temperature gradient. The product was characterized

by X—ray crystallography and Raman spectroscopy (Chapter Five).
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(111) Sbytlyy 95Fy 25 ‘

. In another attempted preparation of SbF2C13, 6.73 gms of SbF5
and 6 ml of SbC]S.were added to opposite sides of the ;éme reaction
vessel. This yielded a reaction mixture ratio of SbC]SISbF5 of slightly
greater than 3/2. All manipulations, except the weighings, were carried
out in the glove-box, SO2 was condensed onto the S’bF5 at -196°C and,
when allowed to warm, the SbF5 dissolved completely. The Sbe/SO2 50 lu-
tion was slowly added to the SbC]5 and the mixture Qas stirred overnight.
A white precipitate, partially soluble in 502, appearéd. This precipi-
tate was isolated and washed with 502' The white powder was dried and
vacuum sublimed at 20°C. Single crystals were prepared by subliming
the material in a quartz capillary tuée. The sublimate melted at 64-63°C.
The ana]&tica] data were as follows: found: Sb, 45.71%; F, 11.57%;
Cl, 41.11%. '
[Sb3C19F61 catc., Sb, 45.73;.C1, 40.00; F, 14.27.

Sb3C] F calc., Sb, 44.80; C1, 43.54; F, 11.65.

10'5°

Sb3C1]]F4: calc., Sb, 43.91; C1, 46.95; F, 9.14.]

ngPtrbn activation analysis yielded an antimony:chlorine ratio of 1:3.04.
(v)  shCLE, » |
A reaction first studied by Kolditz and Leith38 was used to pre-

pare SbCI,F.. The SbF, was transferred to a reaction vessel in the

b
glove-box. The reaction vessel was then placed in a stainless steel
bomb, previously dried on the vacuum line. An excess of pure chiorine

“was added and the bomb was heatsd to 110-120°C for two hours with oc-

casional shaking. The o0ily product slowly crystallized at room temperature.

’

@



The crystalline material was sublimed at 50°C yielding a white solid
which\me11ed at 49-53"C. A portion of the sublimed material was sealed
in a quartz capillary and singlg crystals were grown by applicatjon of
a temperature gradient.
[SbC]2F3: calc., Sb, 48.75; F, 22.82; C1, 28.43; found, Sb, 49.89;

F, 21.71; CT: 26.35.] »

Neutron activation analysis gave a Sb:C1 ratio of 1:2.0.

(V) . prc 4 .I-l '

A weighed amount of SbC14F (0:656 gms) was transferred to-a

dry reaction vessel in the glove-box. A stoichiometric amount of SbF5

43

was added to the other half of the reaction vessel :in the g]ove—box. (’

A-method similar to that outlined earlier for Sb613F2 was employed. Al
the SbCqu appeared to have reacted after several m1nutes. Hhen 502 Was
distilled from the reaction vessel, the resultant white powder was ‘sub-
limed at 80°C. The sublimate melted at 81-82°C.

[[Sb,CT,Fyqt calc.,. Sb, 51.00; F, 29.18; C1, 19.83; found, Sb. 50.38;

F, 28.92; C1, 20.90.)]

(vi) Attempted preparat1on of SbCIF

1
Two separate attempts were made to prepare SbC]Fa, both of which

3
were carr1ed out in liquid SOZ' The f4rst reaction used a stoichiometric

mixture of SbF; and SHCI, which produced a white product when the 50, was

removed by distillation, daman analysis of the white solid showed signi-

ficant bands at 6Bl cm-], 643 cm'] and 1085 cm-] which suggested the

-502 (Chapter Seven), indicating that SbF

5

presence of ShF 5

When the SbF5 wﬂ% washed out of the white product, the Raman and Méssbauer'

was in excess.
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4

spectra, and the .melting point indicated that the remaining product was

Sb3C14F]]. A second attempt involving a stoichiometric mixture of

5
descrigkd, Sb3C14F]] is preferentially formed along with the excess §bFH.‘

SbC]aF and SbF, gave the same result. 1t ‘appears that, in the SO? System

(vii) SbC]4F-MF_5 (M*=‘Sb, As, Nb) ' ’

SbC]4F Was‘:eacted with three Lewis acids in an attempt t& pre-
pare 1:1 adducts. SbQI4F (% 1.0 gms) was added to g previously dried re-
action vessel in.a glove-box.- A stoichiometric amount of the apprdbriqté
Lewis acid was added. The acid was first dissolved in SO2 and this solu-
;ioﬁ was addgd to the SbC14F., The reaction wés left stirring overnight.
SOE was distilled from the vessel and the resul tant white products were
washed several times and dried. The SbF5 and NbF5 wére weighed out during
additions in a glove-box, but thé AsF5 was added on a caligratéd vacuum
line and distilled onto the weighed SbCI4F. -The melting zoint of the
adducts SbCI4F'-SbF5 andﬁS'bC'14F-NbF5 were 48-52°C and 55-57°C: respectively.
The adddtt, SbC14F-AsF5, decomposed before melting.' The compoundF‘were
examined by Raman and Mossbauer spectroscopy (Chapter Five).

G. PREPARATION OF CHLORIDE FLUORIDE ANTIMONATES(V)

(i) -~ M[Sbtis]) Qhere M= Na or K o T .
The sodium and potassium hexachloride salts were prepared by
reacting sto%chiometric mixtures of SbCl5 with the appropriate alkali
metal chloride in 502. The mixture was al]oyed to stir at room tempera-
ture for twelve hours. The soluble product was separated, washed with

502, and dried. The resultant white solid was characterized by Raman

épectroscop_y.48

.
\—/’ . -~
FIEN
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(1i) Nd.LS‘PS.]_,;F ‘0.1
The sodium salt was prepared by reacting MaF with a stoichiometric

amount of SbC]aF. A1l manipulations were carried out in the‘giove—boxq

4

except for the weighings. The SbC14F was dissolved in SO, and the solu-

2

tion was added to the NaF. The product was soluble in 502 and Was iso-

]aEed by first filtering off any unreacted NaF and then removing the

SO2 bty distillation. The white powder which remained was w§shed with

502 ?nd the. sample was pumped to d;yness. A small dimpurity of Na[SBCls]
was often found in the sample as was demonstr&fed from its characteristic

Raman spectrum, Vi = 331 cm'1.~ It was usua11§ not possible to separate

Ve

“all the Nq[SbC16] from the sample, but most was‘removed by extraction

wi;h 802.

(111)  Na[SBCI,F,]
50

This salt was prepared by the method of Miller et al.” 1in which

SbF, was reacted with NaCl-in 1iquid SO, at -10°C to -15°C. - After SbF

2
had dissolved in the 802, a stoichiometric amount of NaCl was added -and

LY

a white precipitate formed immediately. ‘The mixture was allowéd to stir

5

for 24 hours. The white precipitate was removed and washed several times.

102

This precipitate was later identifed as Na[SbFé] by Raman and Mossbauer

103

' spectroscoby. When SO2 was distilled from the remaining solution, a

white precipitate which was soluble in S0, remained, This product was

( 2 .
washed several times with small amounts of SQ2 and subsequently dried.
The precipitate was deduced to be a mixture of Na[SbC]éF] and Na[SbC14F2]

from the Raman and Mdssbauer spectra (Chapter Six).
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(iv) M{SbF61J where M = K or Cs
. . The he;afluoroantimonates of Sbtassium_énd‘caesium were prepared
by.reaction.of SbF5 and a stoichiometric amount_of the appropriate
%iuofide in liquid 502. The white insoluble product was filtered,
was gd severa]_times with 802, and dried. The samp]es were char-
102

acterized by Raman spectroscopy: . .

-

(v) ~ Attempted Preparations of Na[SbCl5F|, NaISQQléE3]4§nd Na[SbCiF5],

Stoichiometric mixtures of the appropriate antimony ch1qgﬁde
. . \1"
fluoride and the alkali metal salt in liquid SO2 resulted in a mixture
of the salts identified earlier. None of the above salts could be

obtained by the method prescribed.

H. PREPARATION OF ANTIMONY(V) CHLORIDE AND FLUORIDE ADBUCTS AitD - -

corp@x ANIONS

(i) SbF ;- S0,

This complex was prepared by the method previously described by

Péacock et al.%®

- The product was soluble in 502 and it was isolated
by removing the excesé 502 by distijlationi The white crystalline pro-
duct was then sublimed” to a side arﬁ, Figure 2.6, and the product was
dried by remoQing the excess S0, at 0°C. Thg white crystalline material

which melted at 65-68°C was then sealed off under a vacuum at 0°C.

V(i) - SbFS-AsF3

The ‘preparation was previously described by Woolf and Greenwood.59

Since the complex decomposed on pumping at room temperature, a similar

procedure 'was used to séparate-the product from the unreacted starting

. N
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TEFLON
STOPCOCK

TEFLON COATED
STIRRING BAR

Figure 2,6, Reaction Vessel used to Prepare SbFy-S0, and SbFy-AsF,

Adducts.
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materials as described in 2.H(i). The excess AsFé was distilled from

the arm of the vessel, Figure—2.6, at 0°C. The white product decompesed

at 36°C. The product was identified by Raman_spectroscopy.60

Ed

(iii) SbF - SbF,

The complex déséribed earlier by Birchall et a 60

et al.

prepared¢ from
. Sb'r'3 and a large extess of SbF5 in 502 was reprepared: The product was
insoluble in liquid SO2 and easily separated, washed, and dried. The

white powder was identified by Raman spectroscopy as Swa-SbF3(A).60

5
(iv) L&Z_EtllL._GSbF 12 _
This compound, supplied by G1]1esp1e et al., was identified by

X-ray crysta11ography 63

(v) . Complexes containing the [Sbofd;J_U§l

Two compounds, [Te Sez][5b3 M][SbF‘6] and [Te3 1/3Se2/3][5b3F]4][SbF6]

e

were supplied by Gillespie et a1.64 These compounds were identified by X-ray

crystallography. -

{vi) SbXslbraphite, where X = F or C].

Both SbF5 and §6C15 were heated in the presence of dfy graphite
1n a sealed pyrex flask as described by La]ancette and Lafontan'ne.55
The produqts were. dry graph1te “Tike powders wh1ch conta1ned 65% and

20% by wé1ght‘SbX A1though the Lewis acids, SbF

5\ 5

and SbCTS, hydrolyze
rapid]y in aijr, the SbXS/graph1te adducts were unaffected on exposure

to. the atmosphere for several hours.



CHAPTER THREE

Y215 MOSSBAUER STUDIES OF FLUOROANTIMONATES(111)

ANy _

A. INTRODUCTION
Fluoroantimonate(IIl) anions are now known for the following

SbF3-MF ratios: 4:1, [Sb4F]3], 3'11.[Sb3F1O]’Y2'1 [Sb2F7],,5.4, [Sbsr]gli

1:1, [SbF;]; and, 1:2, [Sng'], where M represents a variety of alkali

metal, thallium, ammonium, or hydrazinium cations. The structures of

most of these antimony(IIl) salts have been reported in the literature. 12217

1-5

Bystram and coworkers' ~ were the first group to examine the structures

of these f]uqroéntimonates(lll) by X-ray crystaliography. Since these
early investigations, the structures of several more fluoroanions were

e N
‘peported by Ryan g;,gl;g’g’]z "More recently, Mascherpa g;_al.]n’1]

reiexamineq a number of these earlier structures, isolated a number of

new compounds containing more complex anions such as [5b3F153 and

{Sb4F];], and reported their crystal structurés.§’7’]0 Ryan et 89

et al.

discovered that the geometry of the [szf;] anion was dependent upon

the counter jon. Mascherpa g&_al,]5’104’105

conciuded from their jnfra-,

red and Raman investigation that the structure obtained for é given'

SbFazéf ratio was ofFen dependent on the~cation., Representations of

the strqctu}es of somé of thé fluoroanions discussed in this chap%er’

ar; depicted in Figure 3.1, Some of the signi;écant bond lengths and

. bond 5ng1es are-included to mo;e c]ear1y demonstrate the geometries of .

_‘these anions.

| Cnysta1iographfc évidenée has recently been reporééd.for a nﬁmber
"

..49..



Figure 3.1. Structural Representations of the Antimony Environments,

in SbF3 and the Fluoroantimonate(III) Salts.
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of ana]oéous mixed chloride fluoride anions.'0*17

A st?ucturétrepresenté-
tion of the environment of the antimony atom of K[SbC1F3] is presented in
Figure 3-.2.

121Sb Mbssbauer.data have been previously reported for salts of

- - 2-. 99,106
[sb,F>1, [SbF,] and [SbF¢ 1,

and attempts were made to interpret
these results in terms of.known structures. The interbretations of iso-
mer shift data for these‘%iuoroanfimonates(lll) were based on the assump-

tion that, apart from SbF., the ant1npny is six coord1nate or .lower; the

3)
9%!E%%/aetry being described as AX5E or AX4E according to V.S.E.P.R. theory: 28
Recently pub]ished_crysta]]ogrqphic data have prompted this re-examination
of some of the earlier Mossbauer results, and the%investigétion of the -

12]Sb Mossbauer data are also

salts containing cpmplex fluoride aniéns.
presented for a number of [SbCﬂFa] salts. Attempts are made to correlate
the isomer shift and gquadrupole cdup11ng.data for the f1uoroant1monates(111f

“presented in this chapter with available structural data.

B. RESULTS AND DISCUSSION -

The MBssbéuer data for these f]uoroanfimonétes(lll)‘are 1isted
in Tab]e 3 1. This Table 1nc1udés data for thé new fluoroanions and .
chlor1de f1uor1de anions recorded at 4°K. 1In addition, this Table con-
tainé datq for SbF3, M[SbF4;. M[Sb257], and M[SbFS], wpich havefgl}eady

106,77 together with our data for Sbfs, Na[SbF;], Na,[SbF¢1,

been reported,
and K,[SbF.]. Examinatton of these results reveals a general increase
fn isomer shift from [sb,F,] through to [SHF2], the latter having the

most positive isomer shift. Within this series ‘there are exceptions to



Fiqure 3.2. Structural Representation gf the Antimony [nvironment in

KSBCIF 5. -
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this trend. These are discussed. in more detajl in relation to the spgcific

structure of tht fluoroanion.

The antimony atom in SbF. is surrounded by six. fluorine atoms,

3
three, of whicﬁ are at 1.92 R and three at 2.64 R 18 formiﬁh a distorted
octahedraj arréngement. The three nearest fluorine atom neighbours have
mean F-Sb-F' angles of 87.3°. Edwards]8 suggested that the disgértion
from ocgahedra3 coordination can be correlated with the presence of a
lone pair of electrons on- antimony occupying a seventh coordination site.
This environment has been described as AX6E, a monocapped octahedron
(3.3.1),28 and is shown in Figure 3.]. o

In the recently reported crysté]lographic data6-].2 for the fluoro-
antimonates(I111), strong evidence was presented which-ﬁnd{cated that

the AXGE, monocapped octahedral, configuration is the predominant geometry

in these fluoroanions. ' It can be seen from Figdre 3.1 that only two of -
. S~

these fluorine salts contain anions with a geometry o?her than AX6E._ The -
[Sngf] anioﬁ provides an excellent example of)a distdftea octahedral
arréngement involving a lone pair and five bond pairs, or AXSE geometry.
In addition, éne antimony site of K[Sb2F7] has\distorted AX4E geometry
with four f]uorines, and a lone pair which oécupies the equatgria1 posi-
tion of the trigonal bipyramid. | -

A1l of the anions_&épicted in Table 3.1 involve a stereochemically
active lone pair of electrons implying participation of the Sé,electrons
in the bonding. The jsomer.shift of the Sb(IIT) complexes is strongly
influenced by these electrons. Since thg é%'term in thé jsomer shift -

expression (Chapter One) is fegative, an increase in isomer shift indicates
. " ol . _ ]

v 3
)

¥
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A decrease in s electron density about this nucTéJg. This decrease may
result from two effects. Firstly, the 5s electrons can be effectively
removed from the vicinity of the nucleus by increased participation in
the Sb-X bonds. However, the resultant change in isomer shifg.to a more
positive value occurs concurrently with an increasingly distorted anti-
mony envif§nment. This distortion, resulting from the p;esence of a
lone pair, produces a quadrupole split spectrum. Secondly, the.s e?éctron
density at the nucleus is reduced when shielded by p or d electrons. withq
- an increase in strength of an Sb-X bond comprised of p and/or d orb%ta]s,
and a subsequent shortening of the bond, the s electrons become more _
shie]dep. If the Sb-X bonds about a particular antimony nucleus ate un-
equal, a distorted electronic environment is generatea, resulting in a
‘quadrupole split spectrum. The quadrupole coupling constant resulting
from this type of distortion is generally smaller than that resulting
_from the participation of the 5s electrons in the bonding. The magni-
tudes of both the isomer shift and quadrupole splitting parameters of
all the compoundg‘presented in Table 3.1 are consisteqt with a stereo--
chemically ;ctive 5s electron pair. _
Th? quddrupole coupling constants for all of the salts listed
in Table 3.1 are large and positive. Since Q for }2]Sb is negative,
the sign of VZZ must also be ﬁegative implying a concentration of charge

§1ong the symmetry axis. Since the lone pair provides a dominant nega-

N

tive contribution to the principle component of the electric field
gradient tensor, the direction would be through the lane pair. This

-

.is clearly consistent with the proposed geometries of the various ions

*»
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shéwn in Figure 3.1. Only for the Sb

¥

site in K[Sb2F7] sh?u]d eQVZZ

¢

1
be negative.

.

=  Some of the spectra listed in Table 3.1 were fitted to an eight

line pattern using the Cranshaw transmissioniintegfal.function,91

modified to inc]udé n as a variable. If the axis of maximum electron
density in these antimony(III) fluorides includes the stereochémically

active lone pa1r an n value greater than zero results from an asynmetry

Yyx T Yy,
about this ax1s That‘1s, (——17—~——~) does. not equal zero,. where V
77

represents the component of the electric field in the x, y or z direction.

Comparing the isomer shift for structurally ré]ated\compoundsf

f

one notes a general increase to more positive values as the.ratio of

SbF3;F_ approaches 1:1. Hence, the s clectron density at the antimony

.decreases as the negatige charge per antimony atom approaches one.

Presumably, this 1ncrease 1n negative charge per antimony brings about
an expansion of the orbital wave function and results in the observed
deCﬁease in s electron density at the nyc]eus: As the negative charge :
perfgb increases, one also notes that one secondary Sb--;F bond becomes

quite long under the influence of the lone pair. At the same time, one

of the secondary bond lengths decreases. At [Sng—], ‘the lone pair has -

expanded to such a degree that one fluorine is completely displated.

The 5s electrans are now shareq almost equél]y,between five fluorines,

_rather than six, and the M2[SbF5] salts have the lowgst s elzfzron
a

density at the antimony nucleus. A similar trend is observe

AR 119

Sn(II) fluoride study, although the =z term for Sn is positive and a

decrease in s electron density resulted in a decrease in isomer shift,

i.e., to morg negative values.
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. The stereochemjstries about the antimony atom in [Sb4F]5] 6 and-
in SbF3 18 are very similar (Figure 3.1) except tha% in SbF3 all the
fluorines are involved in symmetric Sb-F-Sb' bridgés, whereas 1n [Sb4F]§]
there 1s one purely terminal Sb-F bond and Aﬁothe} f}uorihe is tetrahed-
rally coordinated by four antimony atoms. The latter Sb-F Bond }ength
{s 2.51 A. Since there is Tittle change in isomer shift between SbF

3
and [Sb4F]§], it seems reasonable to infer that the differences in bond

Tength, i.e., one shorter secondary bond and one longer secondary bond,

>

are self-compensating. The third secondary bond is essentially unchanged,

- One must conclude that the small changes observed for these secondary

. b =
Sb---f bonds, that is, the fluorines supplying largely.p-electrons ¥

have no overall effegt on the s electron density at the antimony nucleus.
Thg lower 5s electron density for the caesium salt could be a result of
the differing size of the cation. Similar changes in isomer shift have

been noted ‘previously for Sn(II) fluoride'07

systems, as a yesult of dif-
fering cation-anion interactions. The smaller quadrﬁpo]g‘coupling con-
stants noted for [Sb4F]§] compared'to SbF3, ére possibly the result of
a positive contribution by sz(lattice) resultiné from the asymmetric
distribution éf cations about each antimony. sz(fon) is negative in
each of these cases. | ‘ _ ) .
‘The crystal structure of Na[SbBF]OJ has been reported.7 In the
anion of this salt, the negative charge of one [F ] ion is shared by .

three SbF3 units sas compared to four SbF3 units in the [Sb4F]5]‘an10n,

" and hence a reduction in 5s electron density because of the jncreased

negative charge per antimony seems plausible, However, the fsomer shift
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values of tﬁe ammonium and lha111um salts are essentially unchanged from
K[SbaF]3]. Thg sogium salt, on the other hand, has a more negative iso-
mer shifé, i.e., a higher s-electron density. An examination of fiqure
3.1 reveals that the environment about each antimony in the ammonium
salt'rESémb]es that in K[Sb4F13]. Infrared and Raman evidence]5 in-
dicates Fhat the antimony atoms in T][Sb3F1O] also have similar environ-
meht§. It would appear that the expected increase in isomer shift due
to the ‘ingreased negative charge per'antimony is nullified by changes

. [
in the bond lengths. The sodium salt, however, has one very long Sb-F ,/

bond which wiltl contr%bute 1itt1e.to shielding the 5s e]ecfrons from tHe
anﬁimony nucleus. - Since the other Sb-F Secpndhry bonds 1'n'Na[S't>3F]0 s
are.only slightly shorter than those in the [T1+],.or [NHZ] salts, y%e /
resultant 5s electron density is increa%ed Qnd the isomer shift deéreased.
The quadrupole coupling consfants_%n the [Sp3F16] salts are s]igﬁ%}y
larger than the breviou§1y mentioned [Sb4F]5] salts, sgggestingjthat the
electronic environments aboq} the ént%monx nuclei are more asyﬁmetric.

Some data reported earlier by Donaldson et gl;,]os for a number

" of salts containing the [szF;] anion, are included in Table 3.1. The

isomer-shift difference Bétween K[Sb2F7] and [NH4+] and [T1+] salts 1is
. 107

‘greater than can be exp1§fhed by interionic interactions, Tp begin

with, tperé are gross structural differencés between the potassium and
the caesium sélts. In the ]atier, there is only one antimony site and
its isomer shift and quadrupole coupling values are in the range expecfed
for the'geometry represented in Figure 3.1, t;at is, an anion with near

AX6E geometry with an increased negative charge per antimony compared to

~
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'the'previdbsly-discussed anions. In K[Sb2F7], there-are two Sb sites,

ohe of which has the AXGE geometry and-the other the AX4£ geometry.

-

The former site should have an isomer shift value similar to that in '
Cs[Sb2F7]. The latter site, hoWeQer,‘should have a more positive isomer
shift A cToser examination of Flgure 3.1 indicates that. eQVZZ :

these two s1tes should be of opposite sign. Ne1ther'of the earlier
worker‘sgg’106 were able to resolve the. two sites. These faets would
probably result in the anomalous data reported for K[Sp2F7],' Infrared

105

data, for the [szF;]~sa1ts suggests the presence of three structural

types: 'K[Sb2F7]; Cs[§b2F7]; and, NHQ[Sb2F7], Rb[Sb2F7], and T][Sb2F7].

The latter three salts appear to be structurally similar according to the

. - v . .
infrared data, but slightly different from those of the caesium ar potas-

sium salts. Mascherpa ef al. ]05

suggest*that-tn the case of the {NHZ],
[§b+], and [T1 ] salts, the [Sb2F7] \anion has a less symmetric Sb—F-SblI
bridge than in the case of Cs[SB . J, but more symmeiric than that in‘
K{Sb2F7]. The Mssbauer isomer sh1ft and quadrupo]e coup11ng constant

data :for [NH J[Sb ] 1nc1uded in Table 3.1 suggest that the geometry ~—
about the ant1mony is not a great deal different than that in Cs[Sb2F7]

but it is; however, substant1a11y d1fferent from the geometry reported

for .the potass1um salt.

The Sb Mossbauer parameters reported for [NH ] [Sb.F,4] are
4-4

519
consistent with an AX6E geometry about each, antimony The isomer shift

value is more‘pos1t1ve ‘than that repentgd for SbF and K[Sb This

13]
is probab]y the result of the 1ncreased charge per antwmony nuc]gus

As well, the quadrupo]e coup11ng constant is comparable to the othqr -
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fluoroanions which have been shown to contain a stereoch§m1Cal]y active

* Tlone pair. - , ~

The isomer shift data reported in this work for Na[SbF, ] dis-

agree with the value reported earlier by Donaldson et.al. ]06

The reason
' for this is unclear and the data should be re-examined. However; despite
the fact that the sodium and potassium salts';ave quite different structures
(Figure 3.1), Donaldson gtﬁal.]os reported 1dent1ca1'hossbauer‘parameters.
It is not obv1ous from an examination of Figure 3.1 that the s electron
_ density about the antimony nuclei of the sodium and potassium salts should
be dffferent. However, the shorter secondary bonds of both sites of the
potass1um salt may result in more ; and d e]ectron density at the antimony
nucleus and a subsequent decrease in s electron density. ' This difference
is not expected to be large since the average secondary and primary bond
\\\\Jengths are near]y the same in the two cases. #hile Mascherpa et al. 104
. conc]uded from an infrared and Raman~investigat1on, that the structures
'of the ammonium and potassium salts are similar, but d%fferent to that
of the caesium salt; the comparable isomer shift data reported in‘Tab]e
3.1 suggests that these structural variations .do .not substa tia]ly alter
the e]ectrostatic environment about the antimony nucleus
For the [SbF2 ] salts there are large differences in, Mossbauer
parameters from the sodium to the hydra21n1um salts.and d1screpancies
‘ between the current work and those reported by . Dona]dson et _]L}OG All

of these salts are isostructural except for the sodfum - sa]t,5 10\1] 12

i

but all have AXSE geometry The sodium salt has been reported by
N | '

MaSCherpa ‘et a] to be.s]tght19 distorted from a regular square pyramid.

. ' ~
. .
-
.
. v
.

LS
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This distortion was attributed to Lgtion~anion interactions and presui-

ably alters the s electron density at the antimony ducTeus, producing

.3 more negative jsomer shift than recorded Qor the potassium, caesium,.

and ammonium salts. The current work gives similar values for the quad-

‘- rupole coupling constants for Na [SbF ] and K [SbF ] iqicontrést to the

previous workers.106 who reported eQVZz va]ues that are of oppos1te
sign for these two salts. The Mossbauer spectrum of NaZ[SbF ], reported
here, is shown in Figure 3.3.° If the quadrupote coupling constant were

negative, es suggested b&‘ﬁ%na1dson'et gl;g]os the distorted absorption

band would tail off to positive ve]ocities rather than:td negative velo-
cities as shown in Figure 3 3 A more negat1ve isomer Shlft is observed
for the hydraz1n1um satt and th1s _suggests a h1gher S. e]ectron density
at the ant1mony nucleus th:; found for the other salts Presumab1y,_

this is the result of'a reduction of the double negative'qharge_on the

anion by a strong hydrogen-bonded interaction with the hydrazinium

dication.

»

The magnitudes of the quadrupole coupling constants for the

" compounds reported here are all approXimetely-i8.mm/sec and the relatively

small variations are probab]y due to the minor structural thanges in-
d1cated in F1gure 3.1, most of wh1ch have been discussed prev1ous]y

Although x2 s good for the present computer fitting procedure, the

108

miéfit criterion indicates that the spectra are not as good as they'

,appear. A vaiue for M < 0.1 indicates.that the data from the fitted

spécétrum-are extremely reliqblel_ The parameter most affected by poor

.\data is eQVZZ and, hence, a large error hes been placed on the quadrupole

/
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coupling values. ‘
 Most of the spectra were fitted to'an - value of zero. Of the

data listed in Table 3.1, only that for thé SbF, and [NH ][Sb3F]0] salt
d1d the goodness of f1t cr1ter1a appear s1gn1f1cant1y better if » was t
greater_than.zero: The qusbauer_spectrum of SbF, fitted with an n value
greater-than zero is shown 1% Figure 3.4, This spectrum is fitted using
" the Cranshaw transmissian'integralgl whicﬁ allowed for the finite thickness
of tﬁe sample. The parameters obtained from tbis analysfs were not
identical to these reported earlier by Ruby et'al. 77 Presumably these
d1fferences ar1se from the d1fferent f1tt1ng routines employed. 1If,
as ment1oned earlier, the symmetry axis is through the 1one palr orb1ta1
in SbF3, a finite ? YaLue 1mp}1es asymmetry_about this axis. This asym—'
metry is'not obvious from Figure 3.1Tsince the symmetry axis appears

“to be Coincident with’tﬁe C axis ofzthe'anion. Although a finite n

value was1a1so fatted for [NH ][Sb 1. 1t ds difficult to relate this

3 ]0
valuelto any asymmetry in the anion since all the angles and bond lengths
of this comp]ex are not'kmowni The asymmetry parameters of Na[Sb3F]0]
"and T1[Sb3F]O] are 0.16 and 0. 14, . respect1ve1y These parameters also
1nfer asymmetry about the pr1nc1p1e axis. The n values for the remainder
of the.sajts listed in Table 3.1 are zero except for [NH4][SSSF]9].
Untortunately,'po structural data is available for thas compodnd.

~In each of the sa1ts listed in Tab]e.3.1, which haye an anion
with AXGE geometry; the primary Sb-F pdnas form a regular pyramidal
arrangement with F-SS—F{ angles. of approximately 86° anq Sb-F bonds of

1.94 A: "These bonds together with 4 lone pair of electrons are usually
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.bel1eved ;o form a regular tetrahedron. The secondary Sb---F bond
‘ . Tengths Sf a number of the anions represénted in-Figure 3.1 a}e, however,
variable ‘depending upon "the particular qnion. As well, the F---Sb—QJF'
bond angles within an anipp are not al] thé same and these differences'
vary ,'from‘anjon to:anjon. One would expect that the complfxes with
the least symmetry about the principle axis would have the h;gher n va?ue:
This, however,‘isrnof observed indicating that these distortions are not -
entirely re§ponsiblé for the mgasurab]g aé&mﬁétry in the X;Y plane. For
examp1é, SbF3, which appears to have the more regular AX6E arrangement
of secondary Sb--=F bonds ébout the symmétry axis, has the lakgest_n.
vajue of the antimony(III) fluoride system reported in Table 3 1.
Closer examination of Figure 3.1 reveals that the AX6E geometry
in SbF

is indeed distorted. The F—--Sb---F‘ angles 1n SbF, are 126°,

3 3
1126°,.and 106°. -The secondary Sb---F bonds form a distorted pyramid.
compressed along one side and tilted with respect to the 63 axis of
the priﬁary bonds. This deformat1oﬁ aT1oys Sufficient space for the
~ione pair to be situated»abbie the pyrahﬁd formed b& the primary bo;ds,
but dfsplaced from the C3 axis throuéﬂ.this pyramid. This'distértion:
" from'a regular tetrahedron is pﬁesumab]y the origin of the largé asym-
_fmetry parameter. The large 'n value for [NH ][Sb3F]0] indicates a simi-
lar distorted arrangement of Sb---F secondary bonds. n =0 for K[Sb 3].
“indicating no asymmetry 1n the x,y p]ani/ In K[Sb4F]3] the secondary _'
bonds‘are~of unequal lengths, although .the angles between them averape

116°, As wélI.‘the'pyramid formed by these bonds 1s,s{tuated overAtha}
formed by the primary Sb-F bonds such that the C, axis for each are
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coincident. The distortion observed for SbF3 is not present in this

case; there is sufficient space for the lohe pair such that a regular -

tetrahedron of three primary bonds and:a lone pair resufts,’and, 1n effect,

] 5 .
no asymmetry is present about the z-axis. In the case of Na[Sb

3 1OJ

the angles subtended by the secondary Sb---F bonds of 2.38 A and 2.60 A
*is 119° and the third Sb---F bond 1is much 1onger This distortion pre-
sumab]y resu1ts in a distorted tetrahedron and accounts for the.asyﬁhetry
parameter'of 02}6.' A sini]ar effecf‘probab1y occurs in Ti[SbBFlbjl

the remaining salts which have n = 0, the lone pair of electrons must

be situated such that no asymmétrj drises about the principle axis. This

is more easily achfeved in these salts because of one long Sb---F bond
(Fignre'B.])z -
The sa1ts containing an [SbC]Fé]_anion were prepared by Mascherpa
. 17 '
tal.

Thesé.workers determined the structures of two of these;z'

10 and K[SbF C]] to ascertain whether the an1on con-

Na[SbClﬁBJJH 0,
sisted of a d1screte [SbC]F ] 1on, or- as [SbC]F ] , a br1dged polymer
The former anion would be expected to have AX4E geometry, wh11e the
"“latter, by analogoy tQ the [SbF ] iony wou]d have’ the AXcE geometry.

The Mossbauer spectra were recorded for al] of these sa]ts The dis-
crete ion would have a 1oﬁe pa1r {n the equatorial pos1t1on of the tri-
gonal b1pyham1d and hence}be expected to have a negative eQVZZ The
large positive quadrupo]e'coup11ng constant found for each’ [SbC]F ]
'sa]t c]early 1nd?cates that the d1screte ion was not présent. The iso-

mer shift values reported for these salts were very similar to those -

. reported for SbF3 and [SB4F]5],rsuggesting a similar antimony environment.

r

. ! ' ° ‘

M
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The large quadrupo]e coup11ng constants were 1nd1cat1ve of an anion s1m1—
lar to that of [Sb 3] where the 55 electrans are ;ubstant1a]]y involved
1n.the bonding. The isomer sh1ftcva1ues for K[SbC%F3] and [NHAJ[SbC1E3]
are almost eéua], while that of the hydrated sodium salt is more negat{ve.
JThiE difference may be attributable to a hydrogen bonded 1nteraction‘be—"
tween the anion in Na[SbC]F;]-HZO énd the/water’molecule. This type of
interaction may result in théfch]orine or fluorine being less effective
at withd;awing e]ectroﬁ density and, as a result, *leaving the antimony
‘nucleué with a higher 55 e]ectrQﬁ density.
o The structure of K[SbC1F3] 17 was found to have three fluorines
af_1.94 A, ] 95 A and ] 96- A, and three ch]or1nes at 3.09 A 3.11 A
and 3.16 A The F Sb F!' ang]es were 1ess than 90° (82.2°, 85.6°, 87.9°)
wh11e-the C1-Sb- C] angles Were 110.4°, 112.8°, and 110.5° with the lone
pair presumab]y situated between the Sb-Cl bonds as shown in Figure 3.2.
Crystal]ogrgphic evidence]0 indicates ‘that Na[SbC1F3]4H20 is not "iso-
strqcturaﬁ with the other [SbC1F§] sp{ts. The'comp]gte Crysta]:sthucture
has not been repérted in.the literature. These structqrés are consiskgnt

with the Méssbauer,data reported in Table 3.1.
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CHAPTER FOUR ‘
]2]Sb MOSSBAUER STUDIES OF CHLORO, BROMO, AND IODOANTIMONATES{III)
A.  INTRODUCTION - . | |
. The geometries about the central antimony atoms of the fluore-i
_ antimonates(II[) dischssed 3n Chapter Thred are strongly ihf]uenced by
thd 1one pa1r of eTectrons, as predicted by the V.S.E.P.R. theory of
G111esp1e 28 Structuha1 predictions, based upon this simple theory,'
are genera11y reiiab]e %6r the antimony(I11} fluoride compléxes,. but
less so for the antimony(III) ch]or1de, bromide, and 1od1de cqmplexes.
The stractures of some of theSe compounds, for example, [NH4]2[Sb Br]zj
and [Co( NH3)63[SbC1 ] 28 have been reported in the 11terature The 5s
e]ectrons in these ‘cases do not appear to dlstort the octahedra] geometry .
.about the ant1mony atom, and in both of these examp]es the X M-X' ahgles .
are v 90° There 1s, however,cs1gn1fﬁcant lengthening of the M-X bonds.
Al of the Sb- C1 bonds in [Co(NH3)6][SbC16] 29 (2.643 A) are significantly

109

Tonger than those irf SbC] (2.36 A) This phenomenon is also observed

in the [TeBr ] and [Ted’ ] an1ons,]]0-wh1ch have been shown to con-
A

tain stereochemrca]]y inactive lone pa1rs,'i e‘, the anions have regular

* octahedral geomefries As mentioned in the prev10us chapter when the
5s electrons are stereochem1cally 1nact1ve, they do not appear to parti-

cipate directly in the bond1ng, but rema1n spher1ca11y d1str1buted about

the antimony nuc]eus 'This has a marked effect on- the chem1ca1 isomer

shift of the antimony nucteus pro ueing 1arge'negative values.  On the

- BRY



other hand, particibatioh of the 5s electrons in.the bonding scheme
results in a distort@J geometry about antimony, a quadrupole split

spectrum, and an isomer shift in the opposite direction

121

~ Donaldson et 91;76 have recent]y reported ,Sb Mossbauer

&

data “for a number-of antimony(ltlo salts. They concluded that the
6.8 mn/sec quadrupole coupling constant they observed for [Co(NH, J[SbClG}

was the resu1t of distortion from regular.octahedral geometry, althouqh

SR

ear11er work had concluded that the sb(111) env1ronment was regular.

cho%d1ng to the X-ray crysta]lographlc data of Schroeder .and Jacobson,29
- D

the Sb(III) environment is 1ndeed regu]ar and hence the quadrupole couplung
-should be zero. Furthermore, the~NaC1 like structure of this sa1t in-

dicates that there should be no. contr1but1on to the quadrupole spT1tt1ng

76

parametgr from the 1att1ce The results of Donaldson et al. a]so in-"

$

"dicated that the.Sb(III) site in the correspondlng brom1de was d1storted

Later d1scussuons in this chapter will indicate that this conclusion,

'

based on such.a small value of the quadrupole coupling constant (4.5 mm/sec) ,

1215h Mgssbauer data

is dubious. Donaloeon et gl;]os have reported
also for some [tbzxg'] and [Sin] saT:s, where X = C1, Br or 1. Some

of these sa]ts have been re‘examined'becduse of inconsistencieé in the
11terature ‘and also to ensure that any .structural conc1us1ons drawn,
'part1cu1ar]y from small vaTues of quadrupole coup11ng constants, be based

on well-established. data. 121

Sb Mossbauer data for Cs[szxg] and M[SbX4]
(X =20C1, Br, I) together with* new data'for a number of salts inc]uding
[Co{( NH3)Gj[Sb J"and [n C H NH3] [SbIS] are presented in TabTe 4.1.

Some of. the data recorded by Donaldson et al. 76, ]06 are a]so 1nc1uded

¢
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—_The results are discussed in terms of (nown and Hkely structures. .
ST T~
_B. RESULTS AND DISCUSSIONS R . BN

- In a large number of the complexes studied the estimated eQVié
value is small. For situations where-eQVZZ 2 10.mm/seo,h£he spectrum
has a marked asymmetry\TFigure 4.1). Such a spectrum can be fitted. to

a sum\Bf Lorentzians and a re1iab1e;quadrupd1e coupling consiant cal;
culated. where'gQVZZ is v 6 mm/sec or less,‘thé asymmetry is nof obvious
kﬁigure 4.2.5)'un1ess the isomer shift of the sample is approximately
equai to that of the soungg'matef%a1 so that re1atéve1y s1ow'swge?‘velo—

cities cdn be employed. However, ‘a11 of the Sb(II1) spectra re-.

W 0
o

parted in this chapter have isomer shifts ranging from -15 to -19 mm/sec
relative to the source. These spectra approximate more to a s{ng1e
Lorentzian, as can be seen from Figure 4.2, and make the abstraction of

i

meaningful data very difficult. Clearly, the peak maximum cannot be

_taken as the isomer shift in cases wheye“there is a finite quadrupole

intéraction.76 The error incurred would be smatler if a single Lorentzia
fit were used instead of the peak maximum, since the Lorenﬁzian fit would
be weighted to more positive or negative velocities, depending upon the

sign of the eQV,,. Where there is a large sp}itting, a'single fit would

N

be greatly inferior to one of eight lines. Table 4.1 contains data AN

which have been fitte& to a single Lorentzian as well as to a sum of

eight Lorentzians., ;

Examination of Table 4.1 reveals-the expected discrepancies

between data fitted by these two procedures, particularly, where there

is-a large eQVZi value. The spectrum of [Co(NH3)6][Sb2F9] can only be

73

n



Figure 4.1. 121

Sb Mﬁssbguér Spectra of [Co(NH3)6]{Sb2F9] using
(a) Eight-Line Quadrupole Split Pattern, and
(b) Single-Line Lorentzian Pattern. .

(o, experimental counts; +, computed counts-.)

¥
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\

realistically fitted to the eight line pattern since the line width

from the single Lorentzian fit (5.3 mm/sec) is more than‘doub]e the
natural l1ine width (2.1 mm/sec), whn]e the 1ine width calculated from

the eight 1jne'fit is a more reaiistic 2.9 mm/sec. A visual examina-

tion of_the spectrum of [Co(NH3)6][Sb2F9] (Figune 4.1) shows that it

is clearly asymmetric. The spectrum of L 5HSNH][SbC14] (Figure 4.2.a) -

is also asymmetric having an unacceptably high tine width when a single
line is employed, whereas the eight line fitted spectrum gives a-fairly
1ar§e quadrupole coupling constant. However, the isomer shifts calculated
by the two fitting pnocedunee are not appreciab1y different. A visual
examination of Figure 4.2.a reveals a sl1ght1y asymmetric spectrum. For
all the other compounds listed in Table 4. 1, the isomer shifts computed |
by the two metho{ls do not differ by more than + 0.1'mm/sec, 1nd1cat1ng
tnaF the presence df a small quadrupole coupling constant is not in
practice reflecte '1n the Ea1cu1ated isomer shift values, particularly

ét the high transducer velocities emb]oyed There appears to be a cor-
relat1on, however between the d1fference 1n the 11ne width computed by |
each method and the calculated quadrupole coupling constants The greater
the difference in line widths, the 1arger the coup11ng constant A com-
parison of the data obtained by.both fitting procedures was made in

order to dran reliable structural conclusions. Ihe large sweep velocities

121

employed for recording Sb épectra appear to cause large errors in

the quadrupole splitting parameters, probably ~ + 2 mm/sec.
The quadrupole coupling constants reported here are in reasonable

76,106

agreement with those reported by Dona]dson et al., but the isomer

shift data are often much different’(Table 4.1). The isomer shift re-
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poéted by Brill g;_gl;1]2 for [CH3NH3]3[SbZBr9], -8.20 mm/sec, is very
close to that of [CHgNH]g[Sb,BrgBr, given in Table 4.1. This Tends
some support to the isome} shift data reported here. Ffor the compounds
[(C4H9)4N][Sb14], [(n—Cqu)ZNHZ][Sbid], and Cs3[szBr9], tLe computer
program gave irreproducib]g results for the cquadrupole coupling constants. ¢
Although the' quadrupole coupling constants calculated in each o; these
cases were found to be small, the sigﬁ was not reproducible. Because.of
this, and taking into account the line width criterion discﬁssed earlier,
it was concluded that eQV,, was negligible in these cases.

In each of the series, [sbx;]‘ and [szxg’], where X = C1, Br,-
or I, the isomer shift values become more positive from the chloride to
the iodidé (Tabte 4.1). 1If the Sb-X bond has some s cﬁaracter, then an
increase in ligand e]gctronegativity should result in an increase in isp-
_mer shift. On the'oéher hand;‘if the halogen-antimony bonds have high
p or d character, the coﬁverse is true sidce‘p and d electrons, tend 'to
shield the s e]ectrbns. When the 53 e]eétro:; participate in the Sb-X
'bonds, a Sterepchemical]y active lone pair resylté. This produces a
disto}t;d Sb environment which results in a significant éuédrupoTé ‘
Qp]itting. If the,inérease in the quadrupole coupling constants were
_ att;ﬁbutap1e to 1ﬁcneased stereochemical acfivity of thé 5s electrons,
then one would have expected an isomer shift trend to mo?e positivé'
values. Clear}y, this is not the case, as the s electron density at
" the antimony increases on going from the iodide salts to those containing

the more electronegative chldride. It follows, that the Sb-X bands must

be largely composed of p and/or d electrons, since removal of these
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lowers the shielding of the s‘e1ectr6ns remaining. Con§equen£iy, the
isomer shift values are more hegative. The incrgaséd eQVZZ alues from

I to C} can be attributed to increasing lattice contributigns with
detreasing anionic size. One might expect these trends .o be continued

in the isostructural fluoride salts. 'However, the analogou; fluorides

have much more positive isomer shifts and larger quadrupole coupling
constants. In these cases, the dominant factor affecting the s electron
densi;y at antimony appears to bevthelincreased involvement of the 5%
“electrons in the bonding. As well, because of the increased "g characte;"_
in the SB—X bonds, an increase %n electronegativity of the ha]ide results
in a‘furéher decrease in s electron denéit} at the nu&leus. Taken together
these facts account for the much more positive isomer shift of the fluoride
anions. X ' >

In the [Sin] séries, where X =1, Br, or [§ only the stru;ture

13 In .

'of pyridinium tetrachloroantimonate(IIT) has been deterﬁined.
this séft@ the aqions are linked by halogen Bridges to form an infinite = °
éhain. Two chlorine atoms of éach [SbCli];are bridged to neighbouring
antihon&'afoms resulting in an octahedral aF?angement of six‘chlorines
about each anfimony; two at 2.38 K, two at 2.630 3, and two.af.3:126 R.

Donaldson et al. o0

considered that the two longest Sb—é] d{stances
were non-bonding andﬂthey discussed their Mossbauer daﬁa %n terms of a
trigonaf bipyramidal (tbp) arrangement of four chliorines and a lone
‘pair aboﬁt the antimony atom. 'Th1§ would_exp]gih the rather. ldrge

eQV,, value they found for [CSHSNH][SbC14]L This explanation appears’

' ]
unrealistic since even the longest Sb-Cl distances are.0.9 A less than 3



the sun of the van-der Waals radii,

" Like Dona]dson et al.

114 suggesting,; s1gh1ficant bonding

1nteyﬁction A tbp arrangement of four ha1ogens and a lone pair would
plaé; excess e]ectron density in the x y plane and reSUIt in a negat1ve

value for the eQVZZ Posit1ve values are found in all cases except one.
N

The X-ray results 3 indicate that the Sb environment provides insufficient

sﬁace to accomodate a loca‘ized lone pair of e1ectrons in contrast to that found
in the [SbF ] compounds d scussed in the previous chapter. Therefore,

it seems reasonable to infer that the 5s electron pair remains essentially

in a spherical non-SBn ing orbital. However, the quadrupole coup11£g

constants calculated for [C5H5NH][3bC14] andi[(§2H5)4N][SbC14] are signi-
ficant. These quadrypole coupling constants may arise in two ways.

Firstly, when the bgnd lengths are unequa]r a-distorted environmen; re-

sults producing a guadrupole coub11ng constant. Secondly, a dgadrupo]é
cqup]ipg conséan: may result from a contribution by sz(laﬁtice) due
to the cations{ The Mﬁsébéﬁér.data'suggest that the structure of‘

[(C )4N][SbC ] is comparable to that determined by Jacobson et al. .1]?
hawever, :they 1mp1y a s]1ght]y more d1storted environment- about the

antimony than that of the latter chloride salt.-

The Mossbauer parameters of the remainder of the [begj complexas -
can Be explained using a similar structural model to that of thé'ch]oﬁide,
1.e.}As1x halbgens about the antimony witﬁ the Sb(III) having a stereo-
chemica]]& inactive pair of 5s electrons. This is contrary to the-sf}uc-'
tures proposed by Ah11jah and Goldstein, 20 who conc]uded from 1nfrared'
and» Raman data that each of thQ/complexes from the iodide through to the
chloride contain a trigenal bipyramida] arrangeuent of e]ectroh pairs |

]06 they ‘concluded that the two 1ongest of«the six



Sb—x distances about -the antimony have 1little covalent character. The
eQVZZ values for the bromide-and 1odide salts are also small. This is
confirmed from.the line width criterion developed at the beginning of

this chapter. The small eQV,, values are also consistent with the stereo-
chemically inactive pair of 5s electrons.

The structures of two compounds containing the [SbQBrg'] anion
25,26

Py

have been reported. The- anion 1n each compound has approximate]y

3h symmetry, i.e., composed of two distorted octahedra shar1ng a face. ‘
The distortion involves the 1engthen1ng of the three bridging antimony-
bromine bonds in each octahedron. Since the Sh-Sb distance in these
structures is less than the sum of the van der Waals radii, the localiza-
t16n of the lone bair 1n orbitals directed toward one another seems un-
reasonéble Consequently, it was conc]uded that the lone pair is not

. localized 1n any particular d1rect1on ~and rena1ns in a spherical arrange-
.ment about the antimony atom. The average Sb-Br bond. distances, 2.6 A

and 3.OQX for the terminal and bridging bonds; respectively,are as a
result longer than the SbABr bonds of SbBr3 (2.51 A) 115 [NH ]4[Sb(III)Br6]-
[sb(V)Brg] %0 and.[CcH NHI,[Sb(111)Br, Hsb(V)Brgl, '1© have been shown

to contain a similar hexabromoantimonate(II1) anion. This spherical ar-
rangemeﬁt of 5s electrons explains the large negative 1somer‘sh1ftlﬁhta

reported for [(CH N]3[§szr9]Br2 and [CSHSNH]S[szBrngrZ. The isomer

| ‘ 34
shift of Cs3[SbZBr9] is comparable to those of the above compounds, sug-

" gesting a similar structure. )

The quadrupole coupling coqstanﬁ computed for LCSHSNH35[SbZBr9]Br2
is relatively small, but apparently significant from';he lipe width cri-

"terion. Presumab]y. this is because there are three short and three’iong
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bonds. The Mossbauer .data for [(CH.),N] [Sb'Br ]Br suggest that the anion

3)4
is less distorted than 1n the previously mentioned compound Unfortunately,
the standard deviation in the bond distances are such that no definite
conclusions can be made from the crystailographic data in this regard.
fﬁ% quadrupole coupling constant calculated for Cs3[SbZBr9] was essentially

zero suggesting that the co-ordination about the antimony is regular. This

interpretation is confirmed by the 1ine width criterion. Although Donaldson
106

et al.

reported a small quadrupole coupling constant for Cs3[5b28r9]
and interpreted it in terms of distortions from regular octahedral geometry,
they. also concluded that the 5s electrons in this compound are not involved

in the bonding.

]Z]Sb Mossbauer data of the compounds containing [szlg ]

The
reported in Table 4.1 imply a regular structure for the anions similar
to that reported for the analogous bromide. The spectrum of [szlg-],
shown in Figure 4.2b, can be fitted to a single Lorentzian as indicated
in Table 4.1 from the isomer sﬂift and eQVZZ data.

Pf1auﬁ and\Jacobson27 }eported'that Cs3[Sb2C19] contains three
bridging chlorines forming an anion similar to thaf reported for the cor-
responding [Sb28r3_] anijons. 25,26 Both 653[Sb Cl ] and [nC4H9NH3]3[Sb2C19]
have h1gh1y negatlve 1somer sh1ft values and sma11 but significant, quad-
rupole coup11ng constants. The negat1ve isomer shifts indicate_ a high
s electron density about the nucleus, which in turn suggest that as in
the bromide and jodide salts, the 5s elgctrons are ﬁot involved to any
great extent in the bonding. The quadrupole coupling constants computed

for‘each compound are again relatively small and probably arise from

either pnequal Sb-C1 bond lengths or from lattice contributions. ‘Un-



fortunately, this distortion cannot be confirmed since the complete
crysfa] structure has never been reported. 7

The geometry about the antimony atoms in the nonafluoride 1s much
djfferent than the other [szxg'] anions, where X = C1, Br or 1. Jacobson
and-Schroeder showed that the [szFg_] anion consisted of two octahedra
éharing a corner, with each octanedron composed of four terminal fluorines,
one bridging fluorine, and a 1oneﬂpa1r of electrons (Figure 4.3): The
;f1uorine bridge was reported to be asymmetric and hence the atoms)have
slightly different antimony environments which cannot be distinguished
by Mossbauer spéctroscopy. The parameters quoted in Table 4.1 for this
coépound were obtained by fitting the spectrum to one antimony site. This .

structure explains the much higher isomer shift reported for the fluoride

and the much more distorted electron environment producing the large quad-

R

- e Y

rupole coupling constant. e LT et T

- e - ——

°~

The structures of two compounds, [NH4]2[SbC15] 3 andﬂKZ[SbC15ﬂ.32

" which contain the [SbC]é-] anion have been reported in the literature.

In each, the geometry about the Sb(III) was AXSE, i.e., a lone pair occupying
the s%xtﬁ ‘coordination site. The.structure of [NH4]2[SbC15]"was determined
by photographic techniques. In this struifure, the four Sb-C1 bond dis-
tances on the base of the square pyramid were 2.6 R and the axial Sb-C]

bond length was 2.3 ;. A later Crystal structure of the potassium salt
displayed a distorted square pyramidal configuration about antimony in

which the axial Sb-C1 bond {2.385 X) is shorter than the mean basal Sb-C)
bonds. Two of qhé basal Sb-C1 bonds are'approximate]y the same length,

at 2.622 A and 2.625 A, with the other two bond lengths, 2.799 A and

.
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Figure 4.3. Structural Representation of the [SbZFg_] Anion of [Co(NH3)6][Sb2F9].

| J
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2.509 ;. In both cases there 1s sufficient room to accoﬁ&dateya lone
pair of electrons in/f;:\>1xth coordination.site of the octahedron.
This dinvolvement of the 5s elgctrons in the bonding would result in 4
much h1gher isomer sh1ft than for the [SbCl -] anion and an asymmetric

‘ 121

environment about the ant1mony nucleus. The Sb Mossbauer of

[NH4JZ[SbC15] Was recoéded earlier by Birchall et ].,]H but the quad-

rupole coepling constant was never determined. However, the isomer Shift
(-6.7 mm/sec) was indeed higher than expected for a Sb(111) chloride com-
p]ex and the tine width calculated from a single Lorentzian fit was much
broader than the natural 1ine width, suggesting some quadrupole inter-
action. A similar isomer shift and quadrupole coupling gonstant would

32

- be expected for ghe KZSbC15 wh1ch also conta1ns a stereochemically

active ]one pair. .
The ]Z]Sb Mossbauer data of [nC H NH3]3[Sb15] is presented 1n
""Table 4.1. The isomer shift (-8.09 mm/sec) does not vary substantially
from thoee‘of the [szlg—] and [Sbli]~anions‘and the quadrupole coupling
constant is very small. These Mossbauer parameters imply. that the 5s
electrons are not as stereochemically ective as in the chloride complexes.
In the series [SbF5]2'; [Sbg1g'], and [Sblé-], the isomer shift’decreeses
and the electric field becomes more symmetric. LThis decrease in jsomer
shift, i.e., to more negative va]ues, represents an increase in s electron
.density at that nucleus. Assum1ng the geometry about the [SblS ] anion
is similar to that of the. [SbF "3 and [SbC] "] anions, i.e., assuming'5s

electron involvement in the bonding, these trends are easily explicable

in terms of the electronegativities of the ha1ogeﬁs. As the electronegativity .
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of the halogen aécreases, the eTectroH density about the antimony nucleus
increases and the isomer shi%t decreases. in addition, as-the electro-
negativity of the hé1ogens decrease, the electron density withdrawn from
the x y plane compared with that along the z axis decreases. Conventionally,
the tone pair of electrons are in the z dirgction. Hence, when this.dis-
parity is redﬁced, a small quadrupole coupling constant is expected.

It has been noted in Sb and Sn compounds that the chemical isomer

}OZ’]}] Where there 1s

shift of an ion is jnfluenced by thé counter ijon.
interaction betyeen a polarizing cation and a ligand attached to a Mossbauer -
nucleus, the effective electronegativity of the ligaﬁd is changed resulting ,
in a different isomer shift. The isomer shift of the [Sngg—].wons having

a cation with an active hydrogen, i.e., [R3N—H], are moré positive than

those that do_not have this feature. It is suggested that this is in-
dicative of hydrogen bonding between the N-H and the halogen of the anion,
which results in a smaller withdrawal of p- or d-electron density from tﬁe
antimony nué]eus, an increase in shielding, and hence a reduction in s

electron density. This effect is not.as noticeable in the [Sin] salts.

-
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CHAPTER FIVE

THE ANTIMONY(V) CHLORIDE FLUORIDES; THEIR PREPARATION AND CHARACTERIZATION

(A) INTRODUCTION

'Antiﬁony(v).ch1or1de fluorides have been of considerable interest

34

as Lewis acids ever since the early work of Swartz. The synthesis of

—~

the first antimony(V) chloride fluoride, reported by Swartz in 1895, in-

volved the reaction of SbF. and SbCl5 with an excess of chlorine gas,

3
producing a compound which was identified by the elemental analysis as

32

SbC1,F Other antimony(V) chloride fluorides were prepared by Ruff et
a1.35 ‘

.in 1909. They reacted appropriate mixtures of SbF5 and SbC]5 to

/give a series of crystalline compounds — (SbFy) (SBCI), (SBFg),(SbCI,),, -

~-- (SbF;j)(SbC]s)3 — which were identified by elemental analysis.

37

The synthesis of SbC1,F was first reported by Kolditz®/ in 1957,

4

who prepared it from a reaction of SbC]5 and AsF_ as outlined in equation

3
5.1. In 1965, Dehnicke and we1d1ein40 claimed, on the basis of Raman data,

3SbCl, .+ AsF. - 35bC1,F + AsCl

5 3 4 g5:1)~

3

that SbC]4F contained a tetrahedral [SbC]Z] cation in the solid state.
A later X-ray crystallographic analysis carried out by Preiss.a] however,
demonstrated'that SbC14F was a cis-fluorine bridged tetramer. The Raman

data published by Beattie et a1.97 in 1969 were interpreted in terms of
this structure.

. - : .
The preparation of SbC’le3 was first reported by Henne et al.36

- 88 -
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1n 1947. This compound, allegedly prepared from reaction 5.2, was never

SbF, + C1, > 1007C, SBCTF, “ o (5.2)

"isolatéd, but the mixture was used as a fluorinating agent. In 1961,
ko]ditz and Leith38 repeated this preparatior and isolated a material
melting at 68°C, which they identified by the elemental analysis ‘as

SbC12F3 They also concluded from conductivity measurements that this

compound had an ionic formu]at1on, i.e., [SbC1 ][SbF J. In a later Raman
and infrared study by Dehn1cke and We1d1e1n,39 it was concluded that

SbC12F3 had a trigonal bipyramidal geometry. However, in an ensuing

19

paper, Muetterties et a1.43 suggested, from the “F n.m.r. spectrum of

a supercoo]ed mixture of SbCl and chlorine, and by comparison with®

2 3

. . +
5 that SbC12F3 did not consist of [SbC14]

and [SbFé] ions, or have bipyramidal geometn»\_but was present primarily

the chemical properties of SbF

as an associated species with a six-coordinate antimony atom having
bridged chlorine or fluorine atoms.

. .
In 1966, the cqmpOund presumed to be SbCI1F

4
Davies.”7 It was prepared from a mixture of Sbf and SbC]5 in the ap-

propriate proportions. Unfortunately, the product w;% neither isolated

was reported by

nor characterized. _ \

More recently, since the beginning of this worﬁ, Dove and Ali 18
investigated a nqmber of antimony(V) chloride fluorides'and claimed to
have prepéred'SbC14F, SbC13F2, and SbC12F3 by the solvo]&s%s of.SbCIé
in:anhydrous HF. The melting poipts were reported to be 83°, 68% and
54?C, respective]y.‘ The existenée oflsubgtantiating analytical, Ramaﬁ,

and- infrared data was inferred, but never published. In 1972, Preiss44



90

ied out the X-ray crystallographic analysis of SbCl » prepared by

23 ,

Kolditz and Leith's2 method. He concluded that SbC1,F, was fonic having
$, - :

[SbC14J cations and [SbZClZFg] anfons. It is difficult to confirm whether

this compound is identical to that published earlier,3%38

since neither
the meiting point nor any spectroscopic data were reported. Although
Raman data were presented in Preiss' paper,44they were simply a reassign-

39

ment of that presented earlier by Dehnicke and Weidlein. In the same

year, M111§r et a];ﬁﬁ.%eporped the preparatioh of a compound identified
as {SbClZ]tﬁb}F1;], from a preliminary X-ray structural analysis, This
compound w§s prepared from a 3:7.un]e ratio of SbC]s and SbF5. However,
the melting point range of 12°C, reported for the bulk material, suggests
that the pronct was impure, ﬁ fully refined.structure has never been
published. Very recently, further results on the solvolystiiof SbC]5

ne In this paper, the

in anhydrous HF were published py Dove and Ali.
preparations of the compounds SbC1,F, SbC14F,, and ShC1,F, were again re-
ported, but they were only identified by their elemental analyses.

In the 1ight of these inconsistencies in the 1T£eratu}e, an in-
vestiéat1on was undertaken to prepare and characterize .a numSer of
antimony(V) chloride fluorides. _bhéragter1zation was achieved using
Mﬁssbaue;'and Raman spéctroscopieé, X-ray crystal1pgrqphy, and mass spec-
tronnpry. The results of these investigations are’reported and discussed
" in this chapter together with, the ana1yt1ca1 data.‘ In addition, this
chapter includes a study of some coﬁp1ex cdmpounds formed from the Eeaction

of Sb014F with the fo]lpwing fluoride-ion accepfbrs; Ast, SbF5; and

NbF.. Kolditz et al.5)!

5 prepared the complex [AsClZ][Sng] in 1962 by
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reacting "SbC12F3" with-AsFé. An alternative preparative method for
this'complex is presented here. -In addition, an alternate preparative
method is presented for [SbC]Z][Sb2C12F§]. Evidence for a new adduct,

SbC]dF'(NbFS)x (where x = 1 or 2) is also reported.

(B) RESULTS AND DISCUSSION

(i) Preparation and Chemical Properties

a. SbC11£ _ -
‘ SbC14F is a pale yellow solid at room temperature. The reaction

conditions used in this work were the same as those used earlier by

38

Kolditz and Leith. That is, the reaction was carried out at 70°C for

one hour. In some instances, however, where the mole ratio of SbC]S:AsF3
was greater than 1:1, and when the femperature was greater than 70°C,

further fluorination occurred and a mixture of SbC1,F and an antimony(V)

4
chloride fluoride with a higher F:C1 ratio were produced. Because of

the difficulties encountered when analysing this hygroscopic material,

the purity of the SbCl,F was best monitored using the Raman and the

4
melting point data.

5
yellow product was produced from this reaction and identified as a mixture

-SbF3 can also be used as a fluorinating agent for SbCl A pale

of SbC]3 and SbC14F by Raman spectroscopy. Unfortunately, siqce the sub-
limination temperatures of these produéts were almost identica]; they
were not easily separate&. . ‘

The SbC14F pfonceP by the first procedure was usually an oil

which crystallized in 1iqu§d 502. Isolation and subsequent sublimation

gave pure SbC14F (m.p. 79-§1°C), remarkéb]y akin to that reported in 1909

]
1
4
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’

by Ruff3> for the product (SbFg) (SbC15) 5 m.p. 81°C. Kolditz and Leith®%
1 .

had earlier reported the melting point of SbC1,f as 83°C.

b SbsClyg 7584 25

A compound produced from a mixture of SbC 'and SBF& in the ratio
of slightly greater than 3:2 in liquid SO2 was shown from crysta11ograph1c
studies (see later) to have the formulation Sb3(31]0 75 4 25

crystalline product melts at 64-69°C and sub11mes at 20°C under vacuum.’

.This white
The elemental analysis of the bulk material, reported in Chapter If,,in—fﬁ
dicates that the product has a Sb:Cl1:F mole ratio of 1:3.3:2.6. Since

the crystal used. fn the structure determinatiop consis ted of'a 3:1 m1x;

" “turé of Sb C1]1 4 and Sb C]IO 5 1t is reasonable to suppose that these

two compounds are present in the bulk mater1a]ﬁ but not necessar1]y in,

this ratio. This type of mixture is comparable with the melt1ng point

. data: In this cpse, a great deal of emphasis cannot be'attributeo 0

the analytical data since the errors involved in éna]&sing this extren
hygroscopic material are large. However,-the analysis does indjcate the

ratios of Sb:C1:F in the bulk material.

C. SbC13E~
The product‘SbC}3F2, prepared from the reaction of SbC14F and

SbF5 in liquid 502, sublimes at 40°C under vacuum and the resultant white
crystalline so1id5me1ts at 62-63°C. This material was formulated as
SbCl F2 from the#spectroscopy dlscussed 1ater in this chapter. The

melting po1nt of th1s compound is identical to that reported for ($bF5)2—

Sbc1‘3‘”5§ Ruff 62 C. Dove and Ali have claimed a melting po1nt of «

EX-S

7
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68°C,n8 but later reported a va]ue of 55-60°C 19 for this material.

d. SbC1,Fg
SbC]2F3 is a pale yellow crystalline material prepared by the
method of Ko]d1tz3? outlined in equation 5.1. The unit cell parameters
obt;ined from crystals of this compound are identical to those reported
by Preiss44 (seEtion 5.82), who formulated the compound as [SbCﬂZ][Sb2C12F§].

~ A pure sample cohld only be obtained if pure SbF, and C12 gas were used,

3
as described in Chapter Two. The product prepared in this work melts

at 49-53°C. Initial preparations, carried out using these reactants be-
fore exiénggQé‘purification, resulted in a material which appeared, from
Raman and Mossbauer Data, to be an antimony(V) ch1oride‘f1uoride

whose ¥e1ting point was 68°C. Ear]ier,worker§38’§g

had rgported that
the melting point of SbC]2F3 was 68°C, but the current work suggests that
this product was not the same-material as that prepared here. A later

preparation by Ali amd‘Dové’”8

yielded a material melting at 54°C which
agrees more favourably with our data. When [SbC]Z][Sb2C1éF§] is melted

in a sealed capillary, it forms a highiy viscous liquid which, on cooling
very slowly, recrystallizes. This suggests the presence;%f a polymeric
species in the 1iquid form. In some instances, the sample never recrystql—
lized, suggesting that some decompositionlat its melting point had éccurred.
Either of these factors could contribute to the large melting point range
observed for this compound. At slightly higher temperatures (65-70°C),

the sample decomposes. This decomposifion was discovered when attempting

to grow single crystals in a sealed tube in a temperature gradient. The

o
resultant crystal was tetragonal with unit cell dimensions a = 12.87 A,

1
’
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C - 7.84 A,and . 90", which are 1dentical to that of SbCI,F reported
qarlier by Preiss.A] This decomposition reaction also produced a clear
viscous liquid whose principle Raman bands at 665 cm-1 and 720 cm']
resembled those of SbF5,97 suggesting that the decomposition can be re-

presented by equation 5.3.
-—d g £
SbC]2F3r— SbF5 + SbC14F (5.3)

38. The reverse of

A similar reaction was noted by KoTditz and Leith.
equation 5.3 appears to be a probable alternate method of preparation‘

for SbC1,.F, and is discussed in a later section.

23
e. [SbC]J;][Sbe_ﬁ_l ‘

The material identified. as [SbClZ][Sb2F1;] and prepared from the

reaction of a 4:1 mixture of’SbFS:Sbm5 is a whife solid at room tempera-

ture. An alternate preparative method is illustrated in equation 5.4.

50
+ -
SbC1,F + 2SbF 2, [SbC1,3[Sb,F,1] (5.4)

20°C
In both cases, a product melting at 80-82°C is isolated. This material
seems to correspond to (SbF5)3(SbC15) (m.p. 81°C) reported by Ruff.35

In additidn, when the ratiocof SbFS:SbC14F in equation 5.4 is increased,

+ - + -
the products are [SbClq][szF]]] and Sb§5-§02. The product [SbC]4][Sb2F]]]

is, therefore, not further fluorinated and the excess SbF5 reacts with

SO2 to produce the SbF5~SO2 adduct. This adduct was identified as an

iﬁpurity in [SQ%TZ][SbZF]{] by the_pregence of its characteristic Raman

bands. SbF5-502 is discussed in more detail in Chapter Seven.

N

s

N
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[AsC1, 1[SF7]
[AsC]Z][SbF;], prepared from the reaction of SbcidF and ASFS,
is a solid at room temperature but appears to decompose at its melting
point. The Raman spectrum off this compound contains bands that can be

120 (section 5.B4). In an attempt to

attributed to the’[AsClZ] cation
prepare the [SbC]Z] analogue, using the reverse of the reaction described
by gquation 5.3, a sample of [SbC]Z][Sb a1 ng was obta1ned This material
was identified by Raman spectroscopy and melting point data. Similar
reactions involving inCreased quantities of Sbés, with respect to the
quantity of Sb014F, were discussed earlier n this section. Unlike AsF5
and SbFS, which undergo halogen exchange with SbC14F ta'produce the

[MC]Z] (M = As, or Sb) cation, NbF5 reacts with SbC14F to form a molecular
adduct (m.p. 55°C). This adduct has not been completely characterized,
but appears,.from the Raman and M6ssbaue} data, to be a molecular adduct

of the form SbC14F'(NbF5)x, where x = 1, or 2.

(ii) X-Ray Crystallography

2. 5650144 7584 25

The collectian of the preliminary data, the solution and the re-

finement of the structure were carried out by Dr. D. R.. S1im of this
department. Sb CI]O 75 4 25 is monoclinic with a = 12. 359(6) A, b=

16.480(10) A, c = 9.387(3) A 8 = 103.96(5)°; V = 1856 A Z=4,0,

-3

2.96 g cm 7, and F.W. = 827.5. The structure was refined in space group

P2]/n to a final agreemeni index R, of 0.113 for 2415 independent re-

2
flections. One Sb-C1 bond appeared shorter than the remainder, hence

the occupational parameters of this site were varied and the refinement
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terminated when the site contained approximately 75% C1 and 25% F,

Figure 5.1 shows the configuration of Sb3C1 , while

10.7574.25
Table 5.1 lists the interatomic Aistances and angles. The projection
of the structure down the c axis'is shown in Figure 5.2. Information
on the X-ray intensity measurements and information on the solution and
refinement of the structure are published elsewhere.]Z]
As can be seen from Figure 5.1, each aﬁtimony atom has a dis-
torted octahedral configuration of chlorine and fluorine atoms. Sb(})
has two cis-fluorines bridging to the other two antimony atoms of the
trimer, plus four terminal chlorine atoms. Sb(2) has a similar arrange-
ment except that one of the chlorine sites consists of 75% chlorine and
25% fluorine, while Sb(3) has one terminal fluorine atom and two bridging
fluorine atoms in cis-positions and three mutually cis-terminal ch]o;ines.
Examination of Table 5.1 indicates that the mean Sb-C1 distance
"is v 2.26 K, which is comparable to the corresponding distances found
4 Sb3C19F40,]22 and [SbC]Z]FSbZF}{],45
and 2.23 R, respectively. However, this comparison is ltess meaningful

in SbC14F, of 2.29 A, 2.26 A,
for the latter compound since it has not been refined to a satisfactory
level. The mean bond lengths are longer than the corresponding mean found
in [SbC]Z][Sb2C12F;],44 218 A, In this compound, one might have expected
to find two Sb-C1 distances, one for the cation and another for the anion,
somewhat larger. This was not observed. The cis C1-Sb-C1' angles in

f . ’ 0 ° . - -
Sb3c1]o.75F4.25, which vary from 24.2° to 102.4°, are intermediate be
tween the 90° angle expected for octahedral coordination and the tetra-

hedral angle achieved in the [SbC]Z] cation.44 This suggests that there



Figure 5.1. View of the Sb3CI]0'75F4.25 Structure.
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Figure 5.2. Projection of the Unit Cell of Sb3(31m.75F4_25 Down the ¢ Axis

{Circles of Increasing Size Represent Sb, Cl, and F, -respectively.)
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is some contribution to the structure from the [SbC]Z] cationic spec1es.f

The Sb-F terminal bond length, 1.87 A, is somewhat shorter than

; 122
those found 1in SE3C]9F40

1.94 A and 1.92 A, respectively. The Sb-F terminal bond Tengths in the

and Sbt]3F2 (discussed later in this section),

[SbZC]zFé] anion vary over a wide range, 1.83-1.99 A,

‘ The bridge betweén Sb(é) and Sb(3) is symmetric (mean Sb-F = 2.08 ;),
whereas those between Sb(1) an&dﬁb(z), and Sb(1) andISb(B) are asymmetric
(mean 2.08 R). These\bridgind fluorines complete the distorted octahedral
coordination about each antimony atom. The mean bridge distance is com-

122 1

parable to the corresponding means in Sb,C1,F,0 and Sb614F,4 at

3794

2.07 Z and 2.12 R, respectively, all of which are longer than that in fhe
[Sb,C1,Fg] anion (2.00 A).*

The Sb{C1F) bond length has approximately the value expected for
a site consisting of 75% chlorine and 25% fluorine. This analysis means
~ that the crystal can be considered to be a mixture of $b301]]f4 and
Sb3C1]OF5. One site has four chlorines and two cis—bridging‘f]porines
~as 1n‘Sb014F 4 and the other sites have three chlorines, one terminal
fTuor1ne.and two cis-bridging flyor1nes as in Sbbl3F2 (see later). Two
of the former and one of the latter units constitute the trimer Sb3C1]]F4
and the converse is true for Sb,Cl Fs. The relative orientation of the
terminal Fluorines in Sb3b]]0F5 is the same as fh9§e in SbC13F2.

The Sb3F3 trimer is considerably distorted with a mean F-Sb-F'
angle of 79.4° and a mean Sb-F-Sb' angle of 158.2°. These are in sharp
contrast to the corresponding 0-Sb-0' and Sb-O;SB' angles of. the trimeric

3-. 123 o o '
anioq [Sbs0,4F7, ~.0f 101° and 130°, respecy1ve1y. §b3C]10'75F4.25
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presumably forms a less efficiently packed entity and the large chlorine
atoms would tend to reduce the F-SB~F' angles énd hence increase the

Sb-F-Sb' angles. It is interesting to compare these angles with the

corresponding angles in SbC14F “

78° and 164°, respectively, Packing considerations are probably dominant

and SbC13F2, i.e., 82.7° and 173°, and

since in these compounds there is an attempt to form an approximate cubic
close packed array. Also, the constraints in, going from a trimer to a

tetramer must be_ﬁonsidered.

b. SbCl,F,

The cnysta]1ographic work on this compound was performed by Dr. D.

f

R. Slim of this department. SbC14F, s tetragonal with a = 12.81(1) A, ¢

7.28(1) A, U = 1194.6 A%, 2 = 8, D_ = 2.96 g >, and FW = 266.1, space

5).]24"The structure was refined toaa final agreement

.group I4 {No 79 C

index R2 = 0.073 for 265 independent reflections. The structure consists

of cis~fluorine bridged tetramers with each antimony having a distorted-

; ocfahedra] arrangement of_three fluorines and three chlorines. The geo-

metry about each antimony s given in Figure 5.3. Figure 5.4 cﬁntains

a projection of the structure of SbC]3F2 down the ¢ axis of the unit

cell and.the interatomic distances and angles are lised in Table 5.2.

fhe details of the solution and the refinement of the structure are

" pubiished e]sewhere.lzs. A
The terminal fYuorine is cis to the two bridging fluorines and hence

the three chlorine atoms are each trans to a fluorine atom, as shown in

F!Qure 5.3. Af] of the terminal fluorines are situated on the same side

of thé.plane.formed by the antimony and bridging fluorine atoms.



Figure 5.3. The Octahedral Coordination of Light Atoms about Antimony
with Bond Lengths and Selected Bond Angles.
(@®sb, OCI, OF.)
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Figure 5.4. Projection of the Structure of SbC1.F

is. £
3F5 along the ¢ Axis.

(@Sb, OCl, O F).
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The mean Sb-C1 bond Tength 2 27 A, is comparable to the cor-
respond1ng mean 2.26 A in both Sb3C1]O 75 4 ’5 and Sb3C19F40 122 These
bond lengths were discussed earlier in this section.

The Sb-F terminal bond Tength, 1.92 Z, is sfmi?ar to that found
in Sb3C19F4O 1.94 A,'%2 and the mean Sb-F terminal bond of the [Sb,Cl,r7)
anion, 1.94 A, of [SbC]Z][Sb2C12Fé],f4 however, it is longer than that
in the [SbZF];] anion of [SbCIZ][SbZF];],45 1.87 A. [t must be noted
that the errors in the bond lengths in [SbC1}I[Sb,C1,Fg) 4 and [sbC1; )-
[szF]{] 45 are large. All of these Sb-F bond lengths for’ the compounds
which contaiﬁ chlorine atoms are longer than thoEe found for the [SbZF]{]
ion in-[?]OZ][SbZ?]{],]Zs mean 1.82 K, and for thg‘[SbFé] ion of [C1F;]-
[SbFé],]27 meaﬁ 1.86 3. These observed ipcreases in }engtb may be at-
tributed to tﬁg presence of the relatively buiky chlorine atbms, allowing
a shift in electrons toward the more e1ectronegative f)uo;ine atoms.

The Sb-F bridging bond length, 2.07 K, is also longer than that

Q -
found in [C10+][Sb 126 2.01 A, but is similar to the mean value

Flnds 2
found in SbyC1)y JcFy o and Sb,C14F,0 '%2 of 2.07 and 2.08 A, respectively.
In the SbC14F tetramer4] a similar lengthening of the bridge bonds is
observed but here the fluorine bridge is asymmetric with Sb-F &% tances
. of 2.05 K and 2.18 R. It should be noted, however, that the errors re-
ported for SbC14F are large.

The SbCl3F3 octahedra show considerable angular distortion as
illustrated in Figure 5.3. Two of the C1-Sb-C1' angles are opened up-

from the 90° angle expected for an octahedral arrangement to approximately

102°, whereas, the third angle, C1(2)-Sb-C1(3), is 91°. In addition,
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Canl of the C1-Sb-F angles are 90° except for C](Z)—Sb—F(i), which is 101°,

The average F-Sb-F' angles are 79°. This distortion is thought to be

due to the presence of the large chlorines which tend to close down the

F-Sb-F' angles. . As a result, the C1-Sb-Cl' angles are opened up, i.e.,
the average C1-Sb-C1' angle is 98°.

In the Sb4F4 tetramer, the reduction of thesf(1)-Sb-F(1)' angle

has a considerable influence on the Sb-F(1)-Sb' angle. In SbC13F2, the

N .

former angle is 795 compafed to 82.f° in SbC1,F, while ‘the corresponding

4

'and1és at the bridging fluorine are 164° and 173°, respectively, for

o

these two compounds. This tetramer also resembles that of SbFS,]28 where

two different Sb—F;Sb' angles are found, namely 170° and_]h1°. In the

latter compound, it was suggested that these different angles were a con-

-~

sequence of the structure consisting of a mixture of cubic and hexagonal

128 If this analogy can be continued

close-packed arrays of* fluorine atoms.
to the chloride fluoride structures, it suggests that both SbC13F2 and
SbC14F consist of approximate cubic close-packed arrays of halogen atoms.
One w0u1d'ex§ect distortions from thé ideal close-packed arrangeménts in
these casés since all the halogens ére not the same size. SbClaF contains
a higher percentage of c1ose—packgd atoms of the same size than does
SbC]3F2, hence, one would anticipate that the latter structare should de-
viate more from the cubic close-packed arrangement than SbC]qF. Th{s
deviation is reflected in the smaller Sb-F-Sb' angles in Sb(?13F2 than

in SbC1,F .
129,130

Comparisans with the NbCl4F and TaC14F structures bear

out these generalizations. For'examp1e, the F-Nb~-F' angle is 81°, i.e.,



cussing the chemistry of .this material.
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between that of SbC]3F2 and SbC14F and the Nb-F-Nb' angle'is 171° again
between the values for the two antimony'chloride fluorides, wheeeas, the
FTTaiF' angle is close to 90° and the bridging angle has opened up to
180°. Therefore, both of these molecules, NbC1 F and {ecl F, can be

considered to have a cubic c]ose packed array.

G IS0

'The cell dimensions of a pryetal,of this compound were measured
by Dr. D. R. Slim of th&s depertment. They were identical to those found
by Preissf,44 who had concluded that SbC12F3 is ifonic, consisting of a
tetrahedral [SbC14] cation and a [SbZC{Zng anion. The bond lengths and '
bond angles of this compound have been recalculated using Preiss’ " atomic

| R
44 In this subsequent analysis, four additional interactians

coordinefes.
between the entimony atom of the cation and fluorine atoms of neighpodring
anions were observed. These had prev19usly been fgnored by Preiss. = Ad-

wittedly. these interactions are weak, but should be cons idered when dis-

The interatomic bond ]engths.and bond angles of the [SbC1Z] cations
are listed in Table 5.3. This Table 1ncludes the longer Sb-F interact1ons

_ment1oned above. The geometry of the cation is depicted in Figure 5 5

" and the packing diagram in Figure 5.6.

The specific bond. lengths and bond angles have‘Béeﬂ discussed by

Preiss and the Sb- Cl bond ]engths were compared earlier in this chapter -

‘with those of Sb3C1]o 75 4 25 and SbCl 3Fp In each of these cases, the

Sb C1 bond Tengths were 1onger than the mean Sb~C1 bond Iength of the

— ﬁ : /‘
A ° .
, i

|



Figure 5.5. A View of the Antimony Environment 1n the Cation of

[snc1;][5b2c1£F;], (The F Numbering Refers to the Anion.)



193




. Figure 5.6, Projgection of the dmt Cel) of [Sbt12]f5b?ﬁl

¢ Aris {Lrrcles of Increasing Size Represent Sb, (15 ond

o

?F;} down the

I, respectively.)
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!

+ ' J
[SbC1,] cation discussed here. Presumably, this is the result of the
4 . .

’

tetrahedral coordination in the latter case, as opposed to the octéhedruT
coordination in the two former chloride fluorides. That is, as } result

of fewer halogens about the antimony, the Sb-Cl1 bond length 1s ‘shorter.

» 45

The average Sb-C1 bond length of [SbC]Z][Sb ], 2.22 A, is essentially

2
the same as that“of [SbC1,I{Sb,C1,F5], 2.18 A. %% This is, to be expected
) . Ve

since the structures are comparable, although the errpf% in each case

are relatively large.

The mean Sb---F bond length of the-catign, 3.06 A, is considerably

£

longer than any Sb-F bonds in SbC1,F"" SbaClyy 4cF) o

1.87 A, and 1.92 A, suggesting a weak although significant interaction

32

PR

i (5]
,or SbCi F,, 1.94 A,

between the cation and the neighbouring anions, since the sum of the

c. ° 131
van der Waal radii is 3.55 A.

As indicated in Figure 5.6, the [SbCl,]
cation is situated in the unit cell such that fluorine atoms from adjacent
[Sb2C12F§] an19ns form a tetrahedron of fluorine atoms perpendicular to
the faces of the [SbC1Z] tetrahedron giving én overall eight coordiration
about the antimony. This-cation is situated such that two antimony atoms
of the anion and the antimony atom of the cation form a trimeric arrange-
ment similar ta that found for Sb3C1]O.75F4'25.

It appears that in the trimeric species; the SbCil4 unit is tpe
dominant structural component. In both of the compounds discussed earlier,

Sb,C1,,F, and Sb,C1 FS’ the SbC1, unit was cis—f]uoriﬁe bridged: to two

37711°4 3710 4
more highly fluorinated antimony atoms to form a trimer. In the case of

[SbC123[5b2C12F§] the SbC]4 unit is also cis-fluorine bridged to a

Sb2C12F9‘unit forming d& trimer. In the latter case, the number of fluorines



v

involved in the trimer was substantially greater, thus increasing the
basi?ity of the SBZCIZF9 fragment, resulting in a more ionic structure.
However, an ionized form of the [SbC]Z] cation 1s nog\gﬁg;gnF in the
5b3Cl”F4 or Sb3C1mF5 species, because of the lower basicity of the
Sb2C17F4 and SbZCIGFS fragments, respectively. This hypothests might
be further substantiated if the intermediate compound Sb3618F7 cou]J be

prepared end characterized. That is, this compound would likely be

114

. Is
partially ionized because of the increased basicity of the Sb2614F7 unit -

compared to.those of Sb2017F4 and Sb2C16F5. However, this compound could

not be prepared although several attempts were made. The preliminary

145

structure reported for [SbC]Z][Sb indicates that this compound

2F11
is ionized as in [SbC]Z][Sb2C12F;].44 The shortest SbCl,---F bond length
in [SbC]Z][SbZF];] is 3.0 K and the increased number of fluorines in this
compound are bonded such that the SbCI4 unit is preserved. As mentioned
in section 5.8(i), a still more highly fluorinated species cou]d“not be
prepared inspite of several attempts to fluorinate SbC]aF with greater
than 2:1 mole ratios of SbF. to ShC]QF. Hence, the SbC}4 unit is again

5
preserved.

The Qtructure found for [SbC]Z]tszéleé] is consistent with its
chemical nature. for example, [SbClZ][Sb2C12F;] is low melting and as a
liquid, resembles the h%gh]y viscous SbF5. Perhaps this implies a more
polymeric nature for the molten state. The fact that an interaction is
found between the cation and the anion in the solid state is, therefore,

not surprising,
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(111) Mossbauer Spectroscopy

121

The results obtained from an analyais of the '“'Sb ,Mdssbauer

spectra of the SbC]s_xe compounds are listed in Table 5.4. é}bﬁs Table

121

also includes the ~ Sb Mossbauer data for [AsC]Z][Sng] and-the SbCl,F:

4

(NbF x = 1,2) adduct,

&)y
The isomer shift values for all of these compounds are positive,
ranging from +4.4 mm/sec for the [SbC1Z] site of [SbC]Z][Sb2C12F§] and
[Sme][szF]p to +10.96 mn/sec for the [SbFg] anion of [AsCl ][SbF,].
In each of these compounds, the Sb(V) electronic copfiguration.can be
considered to be 5s°. The isomer shift, which represents the s electron
density at the antimony nucleus, is dependent upon this configuration modi-
fied by, the covalent interactions with the chlorine and fluorine ligands.

‘ \}hp quadrupole coupling constants in these compounds are all
positive, éxcept for SbC15. A finite quadrupole coupling indicates a
finite electric field gradient about the antimony nucleus ariging’either
from the presence of non-equivalent 1ligands ébout this$nucleus or an
asymmetric distribution of electron density. The absolute value of this
éuadrupo]e interaction (eQVZZ) decreases as these 1igands become more
equivalent, i.e., the covalent interaction between the 1igands and the
éﬁffﬁgny“nueJaus_b;come more alike. A positive quadrupole coupling con-
stant is expected when tﬁé:eTectron population jn the z directioq of the
antimony atgm {s higher than that in the x or y directions. When the
reverse is true, the electric field gradient tensor is positive, and,
since Q 1is negative, the quadrupole coupling constant is negative.

The most common coordination geometry about the antimony in, the

-
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antimony(V) chloride fluorides is a distorted octahedron. Lxceptions to

.

this are SbClS. which has been shown by Ohlberg46 to have a trigonal
bipyramidal structure at 243°K. and the [SbC]Q] cation ot [SbCl;J[SD,Clzﬁé] a4
and [SbClZ]tszF];],as which has tetrahedral geometry. However, doubt

-has been cast in the literature over the structure of SbCls at lower

: . i ”
temperatures, i.e., an ionic form, [SbC]Z][SbClé], has been sugqeeted.lB“‘l33

The Mossbauer data for SbCl. at 4°K, presented here, indicates a single

5
antimony site and the negative quadrupole coupling constant 15 consistent

with the structure proposed by 0hlberg.46 This rules out [SbClZ]{SbC]é] .

at the low temperature phase since the experihental spectrum cannot be

fitted to the two antimony sites expected for this formulation, especially

i

since the isomer shift of an [SbCl;] cation is now known (Table 5.4).

121

The Sb Mossbauer spectrum of SbC14F, shown in Figure 5.7, was

-

fitted to a single antimony site. The spectrum was best fitted using

91,134

the transmission integral function and a variable asymmetry para-

meter, SbC14F is a tetramer with cis-fluorine bridges completing an

octahedral arrangement about each antimony.a}

Presumably, the quadrupole
coupling constant results from the presence of two ligands of differing
electronegativity s{tuated about each antimony in such a way as to pro-
duce an electric field gradient. Since Q is negative, a positive quad-
rupole coupling constant results from a negative electric field gradient
and the concentratjon of charge along the symmetry axis. An n value of
0.71 indicates an asymmetry about this axis. This is not a surprising

result in view of the crystallographic evidence,4] although the n value

does seem rather large. .
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fhe ]Z]Sb Mossbauer spectrum of SbC]3F2 contaiﬁs one antimony

site. From the'data presented in Table 5.4, it appears that this site

has a less distorted environment than that %ound in the previously men-
tioned case. SbCI3F2 has been shown earlier to have a tetrdmeric.structure
stiilar to that of SbC1,F with three chlorines, a terminal fluorine and

two cis-bridging fluorines about each antimony. _The positive quadrupole
coupling constant and large n value indicate that the environment ahout
each antimony in this compound is very distorted. This distortion is to

be expected from the arrangement o% halogen "atoms about the antimony,
?igure 5.3. .

The 121

Sb Mossbauer spectrum for Sb3(:110.75F4-25 c&u]d not be
fitted to a single site and a good fit was obtained only when two antimony
siées were éonsidered. The subsequent crystallographic work indicated

that there were indeed two antimony siﬁes in this compound. Thé ]Z]Sb
Mossbauer pafameters of ane of these sites ;hould resemble that‘of sbC1,fF,
while those of the other site should be similar to the parameters reported

in Table 5.4 for SbC13F However, from an examination of Table 5.4, it

5
is‘evident that the isomer shift of the (SQC]4F-l—F) site df this trimer
%s leis positive than that of thé corresponding site in SbC14F. This
indicates that the s electron density about the‘antimony site of the
trimer is greater than that of the tetramer. The isomer shift for the
(SbC13F2-~-F)'site is greater,tﬁan that of the corresbonding site af the
SbC13F2 tetramer, signifying a Tower s-.electron density about the ant}-

mony of the former compound. Clearly, this compound does not contain an

[SbC]Z] cation as is the case in the other trimeric chloride fluorides.



_,HGWever, the isomer shift of the (SbCl,F---F) site, altﬁ!bgh more pos1t1ve

4
than that of [SbC14] is ]o&er than that of the analogous site-in SbC]4F
This perhaps implies some contr1bution from the 1onized forms, for examp]e.
[SbC14][Sb ] and [SbC14][Sb Cl F. ] . Such contr1but10ns are not im-
mediately obvious from the crystallographic data discussed earlier, How-
ever, it should ne noted that the F-SB?Fi angle of the bridging fluorines
F (86.7°).%

is smaller' (78.6°) than that of SbCl In addition, the anti~

4

mony fluorine (Sb(Z)C] ---F,) bridging bonds of the trimer are equdl in

)

length, whereas those of SbC1,F are asymmetr1c The Sb-C1 bonds perpendi-

4
cular to the plane of the trimer are short 2.20 A and 2.24 A compared to
those of the SbC14F, 2.32 Af Presumably, these small variations contri-
bute to_the Tower isomer shift valie found for ohe oé the sites of the
trimer@gpmpared‘to an analogous si@e in the tetramer. The (SbC13F2---F)
site 6f the trimer is not significantly different crysta11o§naphical]y )
from that of SbC13F2. The quadrupqle coupling constanés.fpund:for~
Sb3C1]0.75F4.25 are consistent with tne prbposed structure. the qnad-
rupole coupling constant of the (SbC14F—;—F) site is 1arger_Fhan that of .
the'(SbCI Fo---F) site, Thiskinddcatéé that the former site Has the more
asymmetric environment The'eQV' values of bnth sites of the trimer are
smaller than those of the corresponding tetramers indicating a more .
regular environment. It shauld be pointed out, thever, that it is very

‘diffiéult to analyze two qomp1ex over1apn1ng spectra and extract accurate

. Mossbauer parameters, ‘/ |

“Two of the compounds 1isted in Table 5.4, [Sb€1,1[Sb,C1,Fy] and

[SbClZJ[SbZFl;J} give Mossbauer spectra which clearly show the presence
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. of two different anti&bny sites. These spectra are shown in Figure 5.8.
Both have a narrow resonance at low velocity, 4.4 mn/sec, and a broad
more intense resonance at higher‘velhcity. One of these sites .has a very
symmetrical environmenf,‘whjlg the other has an asymmetric environmgnt.‘
Clearly, the narroﬁ Mossbauer resonance at 4.4 mm/sec is assignabie to
the [SbC]Z] cation in each of the compounds. The [SbZF];J anion of
[SbC]Z][SbQF];] 45 has -an isomer shift value in much'the same region of
the spectrum as SbF5 (Table 5.4). This is nét surprising sjnce in both
compounds the antimony fs-surrounded'b& sig fluorine atoms. The isomer
shift value of the [szk];j anion, however, is lower than that of CS{SDZF]]]-QQ
By rep]ac{ng a terminal fluorine in [SbZF];] by a chlorine to give
[SDZCIZF;] there is a reduction in the isomer' shift. Since chlorine is
less electronegative than fluorine, the withdrawal of electron dens%ty -
- from the antimony would be reduced, s electren density would increase, and
‘the isomer shift value should be less pdéitive. Thg quadrupo]e,coup]ing
constants of the qnions,'[Sb2C12F§] and [SbZF]{], are large, impiying
‘ considerable asymmetry about the antimony nuclei. As'disgussed earlier,
there is. some bridging interaction between the anion and the cation of‘
[SbC]Z][Sb2C12F;].44 This interaction, together with the fact that each
antimony‘df the anion is surrounded by nonequivalent ligands, results in
a large quadrupo]é coupling cénspgnt. A compietely ionic formulation
for [SbC]Z][szF];J 45 is inconsispent with the large quadrupole coupling-
constant reborted.ﬁere for. the anion. For example, the~quadrﬁpo1e coupling

constant of Cs[SbZF]]] is +5.2 mm/sge, constderably smalter than that re-
ported for the anion of [SbC]Z][SbZF]}Jﬂ 14.31 mm/sec. Perhaps,



.

1)

Figure 5.8, Sb Mossbauer ‘at 4°K of;

(a) [Sbc1Z][5b2c12F;J and of
(b). [SbC]Z][SbZF];] each with Two Antimony Sites.
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b

Sb-F-5Sb' interactions ére'presenf be?ween the cation and anion of |
[SbClZ][SbZF];]‘similar to those found for the analogous LSb?c12r5]
analogues resulting in & large quadrupole coupling constant. .However,
this type of interaction cannot be substantiated from the crystq]lograph}u

data since the positional parameters were not reported by Miller et a1.45

" The [SbC1,] cation of [SbC1,1[Sb,C1,F] has o fluorine at each
face of the tetrahedron formed by the chlorines, giving an~over$l] eiqht
coordination about the dntimqnx as depicted in Figure 5.5. In spite of
these Sb--F interactions, the quadrupole.coupling constant is very small
indicating that the coordination about the antimony of the cations is
almost tetrahedral. | .

121

The Sb Mossbauer spectrum of SbF5 at 4°K is similar to that

feported earlier at liquid-nitrogen temperatures.57 X-ray crystallography
has shown that SbF5 is a tetramer in the solid sta\te]28 with each antimony

surrounded by four terminal &nd two bridging fluorines in a distorted octa-

hedral arrangement. A large positive isomer shift results from the

. electronegative fluorines withdrawing electron density from the antimony.

Presumably, the quadrdpo]e coupling arises from the fact that all fluorines

about each antiﬁony are not equivalent, nor are the F-SB-F' angles 90°,]28

and an asymmetr1c electron1c charge distribution resu]ts It should be

..pointed out, however, that the spectrum fitted almost as wel] to a single

Loreptz1an line.
In all of the antimony(V) chloride f]uorides, where the immediate
coord1nat1on about the ant1mony is six, the 1somer sh1ft of the nuc]eus

is con51stent w1th the re1at1ve number of coordinated chlor1ne or f1u0r1ne



124

atoms. This relationship fs graphically depicted {n.Figure 5.9. Anti-
mony pentafluoride, with each antimony atém having six f]uofing neighbours,
- has the most positive 1somer‘sh1ft, 128" the lowesp s electron density
at the antimony nucleus, while SbCl4F with four chlorines and two fluorines
per antimony has the lowest isomer shift. Figure §.§-shows“that such a’
-correlation, i.e., isomer shift vergus AF. coh]d be used to ﬁredict the .
coprdination about ‘the antimony sites in analogous Edmﬁounds and sub-
sequently be of some use in structure determination. . ’

The deyiation of the Sb sites of Sp3C1]0‘75E4.25 from this smooth
. curve have been explained as being due to contributions from jonic struc~
tures,‘for example [SbCIZ][SbZC17F;] and [§BC1Z][ép2C16F;] as described
earlier, The smooth curve was not drawn through the [SbC]é] anion since
the isomer shift of this alkali metal hexaéh1oroant%ﬁonate(V) mighf be ex~-
pected to be somewhat higher than the highly bridged antimony(V) chloride
fluoride, as a rgsu]t of the charge on the anion. .

-The isomer shift of the pﬁtimony in [AsC]Z][Sng] is similar to
théé of the six coordinate antimony(V) fluoride salts (Chapter Six). This
rules out an& possib111ty that the structure bontéins'the more complex

].44 There appears to be a considerable

- , + -
anion found {n [SbCl4][Sb2C12F9 |
contribution to.the structure from the jonic formulation [AsClZ][Sng].
This {is suggested both by the large positive.isomer shift value, which

103 and by the re:

1s. similar to that of the [SbFc] alkali metal salts,
latively small quadrupole coup]ing constant, wﬁibh signifies a near regular
_octahedral geometry. All attempts to prepare the analogous [SbC]Z]

species failed in favour of the now well-characterized [SbC]ZJ[SQZCIZFQJ.
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Figure 5.9. Graphicél‘Representat{ontof the Change in Isomer Shift of

an Antimony Site Surrounded by Six Halogens .as the Ch]orines'are

Replaced by F]uorine;. l(SbéCll]F4 represents one of the Trimers ™

,mqking up Sb3CT1n:75F4.25, and AF.repre;en;s the Change in the Number

of Fluorines about the Antimony Site.)
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The isomer shift of the adduct formed from Nbf"5 and SbC]aF is

included in Table 5.4. According to the correlations developed in

Figure 5.9 between the antimony(V) sites and the isomer shift values,

the antimony(V) site of this adduct has a coprdination‘number of six,
i.e., four near chlorines and possibly two bridgiﬁg fluorines. It is
evident that halogen exchange between the NbF5 and Sbélqﬁ does not occur
in this case, as was observed in the AsFS—SbC14F reaction, since there

is no fo}mation of. the [Sng] anion. Both NbF, and SbF5 are good fluortde
jon acceptors as is evident from the numerous adducts that have been isu-

135,136 forms an adduct with NbF., which has been described

5
as having some contribution from the ionic form, [NbFZ][SbFé],]37-sug—

lated. SbF
gesting that SbF5 is the stfonger fluoride ion acceptor. In ]ight of

the Mossbauer isomer shift value of the NbFS—SbC1 F adduct, it gSeems

4
reasonable to assume that NbF5 is a stronger fluoride ion accepter than
SbC]4F. This follows from the fact that the isomer shift of the antimony

of this adduct is slightly lower than that found for SbC14F, suggesting

a small contribution from the [SpC]Z][(NbFS);] species (x = 1 or 2).

5 138 and SbC14F Ml form cis-bridged tetramers in the salid

Since both NbF
.state and since the NbFS—SbF5 adduct ﬁs a cis-bridged zig-zag endless chain,
it seems reasonable to assume that this adduct contains similar fluorine
bridges. However, the exact structure cannot be predicted. Fram the

data presented in this thesis, the adduct corresponding to one Sbc14F

to two NbF. molecules cannot be ruled out.

5

(iv). Raman Spettroscopy

The Raman spectra of solid 5b3c1]0-75F4‘25 and SbC]3F2 are shown

N\
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in Figure 5.10 and the corresponding Raman frquanies are listed in
Table 5.5, together with the tentative assignments. Due to the complexity
of these systems, assignments are difficult, especially {n the case of

C1,AF

Sb3C1]0.75F4.25, where the bulk material may be any combination of Sb 1075

3
and Sb3C1]]F4. However, tentative assignments are useful in that they

indicate certain characteristic bands which are common to both compounds

and to SbC14F which was previously studied by Beattie et a].QZ‘ The

Raman bands presented in Table 5.5 for Sb014F prepared here, are identical

to those repdrted earlier.?’

32

The éssignments shown for SbC1,F, are made on the basis of a \fjs
‘monomeric unit, SbC13F3, of which four such units compose a tetramer.
: N\

These simple units, if weakly coupled, can be considered to have C3v

symmetry. Howéver,t§1nce these monomeric uniis are relatively strongly
coupled, the‘symmetry is lowered from C3v to Cs. ‘Such a unit shquld have ‘
a total of 15 fundamentakgvibrations, 9A' and GAf, a]i of which are active,
both’1n the Raman and infrared. The bulk solid and single crysial spectra
contain 12 and 15 bands, respectively. This ﬁ1fference may be the result
of the very weak bands being masked “in the base line 66153 of the bulk

material. The band at 648 cm™ !

and 621 cm_] can be tentatively assigned
to antimony fluorine stretching f@equepc{es by analogy to the symmetric
axial antimony f!uor{qg stretching frequency of SbFS, which occurs at

%
197 The bands at 380 cm| can be attributed to the symmetric

.670 cm
equatorial Sb-Cl stretch, while that at 346_cﬁ'] can be assigned to the
symmetri cal a%ial Sb-C1 stretch by an?]ogy to the corresponding bands

in SbC1,F, which occur at 390 and 348 cmd]{ resbective]y. Beattje et a1.%7

attributed the weak band at 365 cm'x 1n_Sb014F (Table 5.5) to the asymmetric



Figure 5.10. Raman Spectra (20°C) of

(A) Solidd Sb3Cl]0'75F4.25 and of

(B) Solid SbC13F2;

The Spectra were recorded in Glass Melting Point Tubes.

(* represents a Base Line Adjustment.) !

*
{
]
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axial Sb-C1 stretch. A similar band is not present for SbCl but the

3
banq at 406 cm'] can probably be assigned to this Sb-Cl asymmetric strefch.
No attempt was made t6 assign the r{ng deformation and bend1nqyumdes as
insufficient information is available on which to base such an analysis.
Héwever,.the bands rep?esenting these modes compare favourdb1y with fhe )

F.%7 The weak bands at 447 cm™' and 490 wn”! were

analogous bands in_SbC]4
assigned to the Sb-F-Sb' bridging modes. A very weak band at 488 Cm_"WG%

also observed in SbCl FQ (Figure 5.10B) and is tentatively assigned to the

3
Sb-F-Sb bridge mode. The vibrational frequencies of the sing]g?brystal
are almost identical to.those of the solid except for the relative in- ¢
tensities (Tab]e 5.5). Because of this c]oge agreement, 1t has been con-
cluded that the crystal which was used for X-ray crysta]lographic_analysis
(section 5B{ii)) is: representative of the bu]k s§mple. |

. @t is more difficult to assign the Raman spectra of the trimer
Sb3C110.75F4.25 on the basis of the monomeric unit, as in the prey?ous
case, since the trimer contains two different sites. For this reasoql
) the tentative assignments are made by drawing an analogy to the spectra
of SbC14F 97 and SbC]3F2. These assignments are supported by the polariza-
tion data of the melt, which are included in Table 5.5. The Raman spectra

of the solid and the melt are essentially identical except that a number

of the bands coalesce on melting. However, it is concluded that Sb.Cl F

4

LN

-

310,75 4.25

has the same cyclic fluorine bridged trimeric structure in the solid and
“the 1iquid although a certain amount of halogen exchange may take place.
Two bands at 351 cm—] and’ 380 cm'] are strongly polarized and hence re-

present totai]y symmetric stretches. The band at 351 cm'] is assigned
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" to the symmetric axjal Sb-Cl stretching frequency This band is very

similar to the ana]ogous band in SbC1 349 cm ) and the band 1n

97

3 2 (
SbC14F (348 cmf]) ass.igned by Beattie et al.

The band at 380 cm—] is attributed to the symmetr1c equatorial Sb-C}

—stretch by analogy to the 394 cm" d band in SbCldF; The band at 659 cm

14

to, the axial Sb- C1 stretch

-1

probably represents an antimony fluorine axial stretching mdde similar

‘to that assigned in SbC1,F,. The only band in the region expected for

the Sb-F-Sb bridge stretching méde is that at 431 cm-], which is lower

-1

than ‘the Correspondihg band in SbC1.F. (488 cm } and SbC14F (446 and

32
e -1, 97 .. o o : S
490 cm ). The Sb-F~Sb ang]e_1s,158.2 in Sb3CI]O‘75f4.25 compared
with 164° and 173° for SbC13F2 and SbC14F, respectively. This may re-

sult 1n‘a lower frequency for this vibration The bands des1gnated as

bend1ng and deformation modes are very s1m11ar to those found in SbCl F

32

: _and SbC1,F, ' but these a551gnments cannot be definite.~

~The Raman spectra of [AsC]4][SbF 1. [SbC14][Sb 2F5], and [SbCﬂZ]
[Sb2 n] are shown 1in F1gure 5.11. The cqrrespond1ng frequencies of
.these compounds are listed 1n Tab1e 5.5 along with ‘those of othér\related
| '_compeunds, ie., tPe1Z][Pcié],14°'[PC]ZJ[SbC]é],‘39 and [AsC1,)AsF; ], !
~together with ass1gnments g ‘ '

The ass1gnments of the norma] modes of [AsClq][SbF } are made on
:the.bas1s of a tetrahedral [A§C14] cation and a slightly distorted octa~
hedral [SbF'] anionl The cation has Td syﬁmetry and a .total of four

fUndamentaTs are expected w1th symmetry des1gnat1on a1, &, and 2t2, all

of whach are Raman ‘active. The band at 415 cm -1 agrees favourably with:

-1 141,

_the band at 422 cm_ ' of [As§14][AsF;] assigned by Weidlein and Dehnicke.
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_on the basis of a-s]ight]y distorted octahedron and the assignmen%s given

. - .' . - + - -
B [SbF6]ea91on in [Xe2F3]£SpF6].

136

The-bands at 496 cm-] and 488 cm_l are assigned to the asymmefric de-

_ generate stretch v3(t2) which corresponds to the band at 500 cm—] in

141

[AsC]z][AsF'] (Table-5'6) This band 1n [AsC14][SbF ] is probabdy

split as a result of some cation-anjon interaction which wou]d Tower \

the symetry. The. ‘bands at 184 and 149 cm | of [AsC]4][SbF ] are at-

tributed.to the - Vg (t ) asymmetric stretch and the vz(e) bend, respect1vely

4

These assignments parallel those made earlier ' for [AsCl4][AsF

5l
The spectrum of the ESng]‘anioh_in [AsC14][SbF6] was assigned \

in Table 5.6 agree favourably with the similarly distorted pctahedral \\
T4z Two ada1tipna1.bends at 390 and 368 cm”'

in the aﬁtimony-ch1or1ne stretching region are probqb]y due to an anti-

moqy(V) chloride fluoride impurity. ff the [SngJ anion were to have Oh

symmetry, only three bands, v](a ), vz(eé) and vs(tzg), would be Raman

19
active. However, since more than three bands are observed, there musé'

* be a lowering of symmetry due to cation-anion-interactions. However,

such an association is not evident from the Mossbauer datd (see earlier).
140 tperyagsberz, '

1nd1cate regu]ar octahedra in each: case, suggesting

The Raman spectra of the anions in [PC]4][PCIG],
and [AsC1,][AsF;] 41

. 1ittle cation- anioﬁ interaction. Th1s is also consistent with regular

tetrahedra] cations in each case.as evidenced by the Raman data.

The Raman spectra of the cations of [SbC]4][Sb2 2F9] and

. [SbClZ][szF]{j are ES§1gned by comparison to that of the [AsC]+] cations.

This similarity 1s 6b§ious from Figure 5.11. The depo]ar1zat1on ratios

.of the bands belonging ‘to the [SbC14] cations are also reported "{n Table 5 6.
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44 39

Preiss ' had reinterpreted the Raman data of'Deﬁnicke and Weidlein

after dete}m1n}ng the structure of [st1Z][Sb2C12F;] in 1972. Preiss at-
tributed a band at 393\cm'] to both the symmetric-Sb-C] stretch of the '

tetrahedral cation and the Sb-Cl stretch expected for the anfon [Sb,C1,Fg].

-~ 1

He assigned the bands at 145 cm- and 445'cm— to asymmetric Sb-t] t,

bands. He was unable to observe the band designated v (e) in Table 5.6

and he made ne attempt to assrgn the Sb-F bands of the [Sb2C12F91
anion The Raman spectra shown in Figure 5.11 and the frequencies of the

) bands 11sted in Table 5.6 are similar to the spectrum reported earlier

for [SbCl 1

2 1[5b,C1,F51.%7  The highly potarized.bands at 388 and 386 cn-

of the spectra reported in Table 5.6 are assigned to the v1(a]) symmetric

stretch, The bands:at 436 and 437 cm”)

of the melts of [SbClZ][Sb2012F5]
and [SbC]Z][SbZF];], fespéctive]y, are assigned to'the v (t ) asymmetric ‘
deéénerate stretch. In the so]1d state, this band is split 1nto two com-
ponents in both compounds, suggesting cation- anion 1nteract10ns wh1ch wou]d
lower .the symmetry of the cations. This reduction is also suggesqu by

the X-ra& cry§;allo§raph1c analysis and the Mﬁssﬁauer data. A similar
splitting is 6bserved for the band des1gﬁated vz(e) in [SbCJZ][SbZF]{].V

-1

124 and 130 cm ', which is also consistent with the catfon-anion inter-

action predicted earitfer for this compound, However, the"corresponding )
band in the [Sb2C12F9] 1on does not show" reso]vable sp]1tting, but this
band is broad. The bands at 144 and 140 cm -1 for [SbC14][Sb2012F9] and
[Sbé]Z][szF]{], respectively, are asfigned to v4(t2), which are ana1ogous

1 for the [AsC1+] cation in the [AéF']

]40

to the bands at 187 and 184 ¢m

and [Sng] compounds. This band in [PC14] Was depolarized, as are

~
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those for' the analogous [SbC1Z] spectra.

As observed in Table 5.6, theré is a general reduction in fre-
quency down the series from [PC1Z] to [SbC]+J} as expected for the %ncrease

in mass. The po]arizat1on ratios of the’ [PC1 ] bands of [PC1 [PC]&] 140

4]
are equal to those observed for [SbC]4]. The bands of the-[PClZ] cations
are not sp11t contrary to that found for the [AsC14] and [SbC] ] cations,
No distortion from tetrahedral geometry occurs for [PC14] and [AsC14]
and as a result, only the expected bands are observed in the spectra of
the assocfated anions. B

The anion bands of [SbC14][Sb2F]]] and [SbC]4][Sb2C12F9] are .not
assigned a]though they are.generally representative of an [M F]]] an1on
as found in [XeF ][Sb ]]] 143 At first sight, there appears to be very “
Tittle difference between the Raman spectra for [SbC]QJ[Sb2F1]] and
[Sbc14][5b ]. however, upon a gloser examination of the spectrum of
the latter, a side band is visible at 392 cm ]. The band is assigned to ]
the Sb-C1 stretch of the anion. This side band 1s more™visible on a -
magni fied portion of the spectrum, Figure 5 12. A simi]ar band was not
observed when the spectrum of [SbC]4J[Sb2F]]J was treated in a simi]ar
fash1on. The depo]arizat‘en rabwos were not recorded for the bands of
" the anion because of their Tow 1ntensity. _

The Raman data of SbCl4F(NbF5)x are listed in Table 5.7 a]ong‘
with the data for SbC1,F and NbF;. A careful examination of this table
reveals a certain’ similarity between the spectrum of SbC1 F(NbF )
both of the parent compounds. Crude tentative assignments are made on

the basis of the parent compounds and are included in Table 5.7. The



Figure 5.12. Enlarged Section of the Raman Spéctrum of Solid

[SbC1,1[Sb,CT,Fo] at 20°C.
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Tdble 5.7. Vibrational Frequencies for SBC1 F(NDE )

a
SbC 1, F

96(7)

113(10

)
124(11)
135(16%

)

202(2)
219(1)

274(2)
348(1100)
365(9)sh

'300(36) sh
398(39)

447(1)
490(1) -

2 Reference 97.

b so1id at 50°C.

where x

SbC]qF(NbF5

98(12)

110(24)
117(24)

139( )sh

147(22)
161(36)

232(3)
260(3)

343(100)

370(20)sh

382(55)

403(12)sh

" 651(1)

705sh

711(6)
740(9)
748sh
761(11)
784(4)

} or ?

- a
NbP5

H

218(w)
232(w)

245( vw)

264(m)

648(m)
664(w)

675(ww)

713(s)
748(w)

766(vs) -

140
Assignments
Lattice Modes
h
L Deformation
' Modes
\‘vaC]
i
e T
vNb-F §\>\
o,
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Raman data-shows clearly that the compound does not contain either an
[SbC1Z] cation as was the case for thF SbCl4F-SbF5 adducts or an [SbFé]
anion. This suggests that NbF5 is a stronger Lewis acid than Aqla, '
which formed [AsC]Z][Sng]. A great deal more work is necessary to com-
pletely. characterize this compound, however, from the data presented
here it seems likely that an adduct simi]ar‘to that suggested in section

5.8{(iii) is present in the solid state, i.e., a fluorine bridged adduct.

&

(v) Mass Spectrometry

The relative abundance of ions with varying numbers of central
nuclei are presented in Table 5.8. A graphic representation of the mono-
meric 10ons 'in the mass spectra of the an?imony(v) chloride fluorides is
given in(Figure 5.13. The intensities of }he dimers are not graphically
represented, but as indicated in Table 5.8x are much less intense than
those of .the monomers. ’For ;imp1icity, the ion clusters observed }n
Figure 5.13 are.represented'as a single peék in Table 5.8. The intensity
of each ion listed in Table 5.8 represents the intensity of the largest
isoiopic peak. The intensity of these peaks, however, éannot be readily
compgreq since the largest peak in an isotopic cluster is not always
'reﬁresentative of the relative abundance. For example, the comparison
of’[SbF;] VS. [SbC]Z] woul'd be distorted by a factor of v 1.5, the biggests
peak of [SbFZ] being 57% of_the total and that of [s‘bm;’] being 38% of
lthe latter. These percentages are determined by calculating t?e peak '
.intensities of each cluster and are normalized such that they édd to J//
100.0. 144

The experiments reported here show that electron impact on the

AN

»
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- = I~Figure 5.13. Mass Spectra of
\*‘:‘ | ,

"N (A) SBCIF

N 4 ’
~ (B . Sb3C}4F]],
. N _;_
. (Cy [SbCh ][Sb2C12F9], and

() [Sbcm[wz 1.

(* Un1dent1f1ed Impurlty )
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neutra] spec1es samp]ed from the vapour, Iead to an abundant concentratlon
of monomer and d1mer ions, whereas ions w1th three or more ‘antimony atoms
are undetected or absent The parent molecule 1ons are no;-observed n
any of the mass spectna recorded nere. Vasite and.F-'al_c'.oner]45 reported
that the highest aggiomerate found fnom the mass spectrometric stodies
of the SbFS'ano EiFS-were [So3F]Z]‘and [Bi3F]Z], respectively:_-They'were.
unable to detect the parent ﬁoWecu]g'ion: The most_fnfense peaks re-
borted for tne.SbF5 and 8&?5 were those cornésponding.to,the [MFf] ion.
The most intense peaks observéd'for the antimony(V) ch]or1de f]uor1de re-
ported here were those. represent1ng the [SbCl F4 ] ions. In fact,-vo?a—
11txzat1on ‘of the ant1mony(v) chloride ;1uor1des y1e]ded most of the
[sbC1 F, 9 jons from [SbCl } through [Sbel, F'Y "and [SbC1,F ] to [SbC1F+].
One except1on to this- general pattern is [SbF 1, wh1ch was not detected
in any of the ant1mony(v) chloride fluorides except for [SoC14][Sb2 ]]]
It may be worth noting{ however, tha£ thfs'compound %s the only one studied
here which contains an antimony nucleus surrounded by six fluorines. _In
addition, J. M. Mi]Jer]44 mentioned that in many-systems, the [Mx;J specfes:
are more abundant for heavier halogens, where M is heayy,-and for f]uorine
when M is a 1ighfer element in a group..

- The spéctra dopicted in Figure 5.13 a]so.contain peoks'which re-
. present the ions [Sbélg] through [SbGlF;}, [Sbéizj through [SbF;] and
_[SbC]+] p]ué téﬁF;], 1t'shoo1d be nointed out that peaks representing.
[SbF;]'were-nbt found in all of the spectra as indicaied in Tab]e'S.é.
In addition, a number of peaks were obgérng'corresponding.to [szx;],

[szx;],'and [szx;] with some peaks down fo_[Sb2X+], where X = chlorine or



*
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fluorine. Vasile and Fa]coner]45 were able to defect all of these ions

with the addition of [Bié?Z] from BiF
' 146

ot
5 but only the [Sb2F9] ion froo

SbF.. However, Lawless in a slightly d1 fferent experiment, observed

5"
+ “

all of the ions from [Sb2F93 to [Sp?], but was unable to detect any ions

with an m/e greater than the dimer ions (m =-mass, € = charge).-"

There were not any metastable 1ons in the spectra. The abséncee.

" “of these ions prevents deta11ed ass1gnment of the fragmentation pathways.

As shown in Figure 5.3, the most intense peaks in the spectrum

. of SbC1,F-and Sb,Cl F4 o5 correspond to ‘the [SbC1,F"] and [SbyF,]

n 3¢110.75%4.25
ions. The most intense.peaks observed for [SbC]QJ[Sb2C12F;] correspond

to the [SbCl,] and [SbCI,F ] fons, while those observed for [SbC1,I[Sb,Fy;]

. cprrespond ‘to the [SbC]3F+].anq [Sb?F;] ion.  The strongest peaks can

reflectt the ratio of chlorine to fluorine atoms in the sample, assuming
completely free ha]ogen exchange. between fragments at' the walls of the

ionization chamber, direct fractur1ng of the complex tetramer or trimer

-

with Tittle exchange or, the mode of vo]at11wzat1on from the solid. As

-

mentioned’ ear11er, the strongest peaks found in the spectrum of [SbC14]
[Sb2C1 Fo } are those correspondlng to the [Sb014] and [SbC] F* ] ions,

whereas the strongest peak in the SbC}4F spectrum was [SbCl Fr ] 1nsp1te
of the 1ncrease&}£at1o af chtor1nes to fluorines 1o this compound. Th1s

o

crude evaTuation suggests that-the'intehsity of the ions of the former

- . '. > }
compound is related to the fragmentation to some extent. HOWever,'it is
worth noting thét'[SbC]+][Sb2 1]], which also contdins an [SbC] ] cation,

does not have an intense peaks in the spectrum wh1ch corresponds to this

'cat1on. This anoma]y may be the resu]t of exchange of gaseous 1ons and

¥
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molecules or as a result of decomposition before volatilization.

The occurrence of dimeric ions is not easily rationalized in

‘ view of the many possible fragmentation patterné, exchange processes and

modes of yé]éti]ization from the solid. The small intensities of -the
peak;'correspAnding to theée ions and the absence of trimer and'tétramer ‘
ibns_shégest'phat ghe triméric and tet%qmé%ic Eridgéd ring stﬁucturgs
known for the grys{alline compounds do not pers}st in the Vapou} phase.

.
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CHAPTER SIX
ANTIMONY(V) CHLORIDE FLUORLOE ANIONS: THEIR PREPARATION AND
' CHARACTERIZATION | -

(A) INTRODUCTION

- Antimony(V) bentgf]uonide and Qentach]oride are.both potent
acceptors forming~[SbX'] anions, where X = chiorine, or fluerine. _A;
few of the a1ka11 metal hexafluoroant1monates(v) have been characterized

using Mossbauer,99 103

Raman and 1nfrared speptroscopy 147 In each of -
these, the Sb(V) atom is surrounded by six fluorine atoms in an octahedral
EOnfiguration. The alkali neté]'hexach]oroantimonates(V) are very similar,-

with chlorine atoms replac¢ing the fluorfnes. Burgard éﬁ_gl;}qg

assigned
;he vibrational spectrum of the anion df K[SbC]GJ;on the basis of -an
octahedra] hexachloroantimonate(V). This anion has beencjdentified in
a number of systems 148,149,48 The on]y Mossbauer spectrum reported for
. these 5$g311 metal hexach]oroant1monate(V) salts is that for the rub1d1am
salt T ' o
Inladdition to phe [Sbfé] and [SbCiéJ anions, a number of n%xed_
chloride f]uorfde anions have'been.reported'in the iiteratune. In 1962,
Kolditz, weisz; and Ca]ov5] reported.that the reaction between SbF and
NaCl in ]1qu1d SO yielded a so]ub]e m1Xed chloride f]uor1de salt,

'Na[SbC12F4], and the difficultly so]ub]e Na[SbF ] (equat1on 6.1). These \
50

materials were identified by elementa]\ana]ys1s. In ]968, Mu]]e et al.
o . -50°C - c g
A ZSbFS + 2NaCl  ———> Na[SbCl,F,] ¥ Na[SbF ] ~(6.1)
. SO -
2 \

Yo

- 149 - .



reported that the same reaction, carried dut at.a slightly higher tempera-

-

ture, yielded a mixture of Na{SbC14F2] and Na[SbF6] as ShQYU by equatinn,'.
6.2. The former salt was soluble in liquid 502 at room temperature.
-15°C

+ 4NaCl —— Na[sbc14F2] + 3NafSbF.] - ' (6.2)
\ s, {

4SbF5

They identified Na[S§C14F2] by e1eﬁenta1 analysis and inferred from_its
infrared spectrum that this salt contained only cisl[SbC14Fé] {ons.
This reaction has been repeated in this work and the resultant products
examined bj Mossbauer and Raman spectroscopy.

In 1970, the salt Na[SbQTSFj, prénqrgd.froﬁ a reaction of Naf
with an excess of SbCly, was repdrted.]so This salt, previously em-~

]Sl'was identified by

ployed as a catalyst for fluorination réactiongy
chemical analysis. No attempts were made to further cﬁaracterize thi;
"compound and spectroscopﬁq data’were not reported.

-In the present work, attempts were.made to breﬁare and féo]até
each of the mixeé chloride f]uoriae'ani}ﬁnny(V).§a]ts from [ébC]é] {;
[Sng].“ In this chapter, we'presenf further Mossbauer and Raman data
of the alkali metal hexa?]uor&- and'hexach]oroaﬁtimonatgs(V). In addi-
tion, we report the preparation an%’spgctroscbpjc characterization of

two of the.mixed chloride f]uoride.%ntimonate(v) anions.

(B) RESULTS AND DISCUSSIQON

(i) Mossbauer Spectroscopy

" The Mdssbauer isomer.shfft'va1ues iisted in-Table 6.1 for the -
¢ X

alkali mefa] hexahé]oahtimohate(vx.anions are all large and positive,

O

This is to be expected since anti@ony in the higher oxidation state has

150
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"no non-bonding electrons. In-addition, the éntimony sites are surrounded

by hiéﬁ]y electronegative ch]orine or fludrine atoms, which. remove s
e]eqiron‘density from the entimony. The data in Table 6.1 haée’been
erranged in order of decreasing %somer éhift or increasing s é]ectroe
density, with the antimony surrounded by six chloniees having the lowest
isomer &%jft. ThisEFreed 13 deqicted.in Figure 6.l,lsh0wing that with
an increase in ihe‘number of fluorines, the isomer shift increases a]onﬁ
a smooth curve, This relationship can be of some use in predict{ng the

Id

ratio of chlorine to fluorine in unknown hexacoordinate antiﬁbny(V)_anion
" . - N 5

In the antimony(V) anions, a finite quadrupole coup]ing‘constqnt

15'1ndicative of an é1eptrﬁc field gredient abogt the antimony nucleus.

-
.

As described eér]ier, the electric field gradient usually results from'

the unequal d1str1but1on of eqectron dens1ty about the antimony atom

as a result of e1ther the d1fferent e1ectronegat1v1t1es of. the ]1gands

surround1ng the antimony, or silight distortions of the anion: from- octa—

: hedra] geometry.

-t

Of the anions studied, the best ehaﬁacterized is the hexafluoro-

antimohaté(V). Each of the [SbF‘] anions -reported in Table 6.1 have

. 1arge positive 1somer shift va1ues as a-result of the Six fluor1nes re-~
- moving, s e]ectron density from the v1c1n1ty of the antlmony nuc\eus

As observed in Tab]e 6 1, the 1somer shift data reported for the sodium

and caesium saTts agree favourab]y with those reported recently by -

103

Devort and Friedt . As expected, the isomer shift values of all.the

a]ka11 metal hexaf]uoroant1monates(v) are 31m11ar
103

.

Devort and Friedt computer fitted all the spectra of the

alkali metal hexafluoroantimonates(V) to single lines of Lorentijah'

7

™

S.
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Figure 6.1. Graphical\Represehtation of the Change:in Isomer Shift of an
‘ Antimony Anionic Site Surrounded by Six Halogens as the Chlorines are replaced’
by Fluorines. (aF Represents the Change in the Number of F]uorinesfabout
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the Antimony Site.) ‘ ' -
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shape. They|concluded frém comparisons of experimentaP line w1 dths

thaf there were no”asyqnmtries in the resonance line shapes. This con-
clusion, however, contradicts the M6;sbauer data for K[Sbro] roportéd‘ .
by Ruby et al. in 1967,77 who reported a slight quadrupole sp]itt{ng.

This quadrupole splitting was subsequently confirmed by Birchall gE.gL;,gg
although they reported a much smaller balue._ In addition, the early

152 As

crystal structure of K[SbFs]'éuggests a distorted octahedron.
shown in Table 6.],'Cs[SbFé] also has a small quadrupole coupling con-
~stant of the same sign and magnitude as-that observed for K[SbFG]. Al-
though this sp11tting is small, it suggests that the octahedron in this
. salt may be slightly distorted like that of K[SbF ].

The isomer shift value reported in Table. 6. 1 for Na[SbC]4 ?] is
les$ positive than that of Na[SbF6] as a resuit of the increased number
of chlorine'atoms abﬁut the antimony nucleus of the former. Since the

AR/R term for-lz}

Sb is negative, this trend reflects the steady augmenta-
tion of § electron density at the antimony nucleus when the Sb-F bonds
are‘replaced by the more covalent Sb-CI bonds (Figure 6.1). This trend

119

is mirrored by the Sn chemical isomer shifts of the [SanYs_:] anions,

123 however, this

ﬂwhere X =2Cl, Br, or I, and Y = F, C1, Br, or I},
t}end is reversed since the aR/R term of ]195h is positive.

| The isoﬁer shift value quoted for Na[SbC]2F4] in Table 6.1 is
more positiJe than that of the Na[SbC] F ] salt. This increase in 1somer
shift results from the decrease in the number of Sb Cl bonds, as op-~

posad to Sb-F bonds, about the ant1m0ny nucleus., Th1s material.is not

well-characterized since it could not be obtained as a pure sample.
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Table 6.1. IZISQ Mossbauer Data of the Antimony (V] Chloride Fluorlde Anions
< /mm eQVZZ/ F/mm - (CHI)Z/deg. ‘
Compound - S i m - Ret,
sec mm sec sec of freedom
Na[SbF] 1n.3% o ---2 3.06  0.19 1.05 '
Na[SbF ] 11.42 - " aee 103
Cs[SbFﬁ] 11.16 +4.57 3.12 0.13 1.10
Cs[SbF6) 11.16, --- --- --- -—- 103
Na[SbC]2F4] 8:73 .. b 3.25 .- 0.93
]
Na[SbC]4F2] 7.54 .. b 3.13 --- 1.05
Na[$bC1¢] 5.77 --- 2 2.00 1.64 1.23
K[SbC1g] 5.71 --- @ 3.09 0.21 1.1
Rb[SHC1,s) 5.8° . --- 2.8 --- . 111
a eQVZZ'values were too small to calculate.
b Lorentzian fit becauseé salts could not be obtained pure.
C

recorded at 80°K.
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In each of the previously mentioned chloride 11uo;ige anti-
monates(V), the isomer shift values were determined for a single line
fit of Lorentzian shape. The Mossbauer spectrum of N&[SbC]aFZ] 15
shown 1n Figure 6.2. This material, obtained from a reaction of SbClaF
and NaCl 1n liquid 502 was never obtained pure. Although these wmpurities
were not obvious from the Mossbauer spectrum (Figure 6.2), the Raman
spectrum contained_bands tdentical to those expected forrNa[bbCIGJ Lnd
possibly also Na[SbC]ZFd]. For.this reason, the quadrupole coup]ihg
constant.was not determined since the peak representing NdLquﬁqFZJ
wouid.be broadened by these impurities and subsequently distort the
value determined from the computer analysis. For example, as shbwn‘1n~
F%gure 6.2, a small impurity of Na[SbC16] would produce anﬁ:;}mnetric

‘

peak tai]ing'off ta the left which would be interpreted as a positive
quadrupole splitting. In all attempts at the reactions described by
_Kolditz et gj;é] (equation 6.1) and Mueller gg,gléso (equation 6.2), a
mixture of chlaoride fluoride anions waé'alway§ produced as 1§dicated by
the Mossbauer sbéctrum. One of the components in this spectrum had an
_isomer shift (s = -7.?4 nnlseé_]) identical to that identified separately
as Na[SbCl4F2] and the other major peak had an isomer shift value be-
tween that of Na[SbF6] and that assigned to Na[SbCquz]. Since the iso-
mey sh{ft of this peak coincided on the smoath curve {Figure 6.1) with_
"an antimony(V) anionic site surrounded by tyo chlorines and four fluorines,
it was assignea to Na[SbC12F4]. Because this material could not be
isolated, it was not_possib]é to extract a re]iabie quadrupole coupling

constant from the spectrum,



>

e ——

]ZISb Miissbau;r/ Spectra of

Figure 6.2,
(a) Solid Na[SbC]G)‘and
(b) Solid Na[SbC,F,] at 4°K.
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//4/ The quadrupole coupling constant is normally a valuable parameter -
for structure e]ugidation; particularly in these cases where the antimony
anions can be present in either, or both of two possible isomeric forms,

2

ie., cis or trans. Parish and Johnson]54 used simple point cﬁérge cal-

“culations to develop an appropri§t§ guide to the magnitude and sign of the
quadrupole coupling constants of{fin(lvk§comgounds in different geometries.
~This same guige should be applicable tolantimony(v)-compounds as well. In
the case qf the trans 1sombY for [SbC]ZF;], the quadrupole coupling constant
should be large and positive‘wﬁereas in fhe case of the c¢is %somer, the mag-
nitude would be smaller and negative. It is 11ke1y‘that this ion would have _'
cis-chlorines, hence a negative quadrupole cou;’1ing constant, and the line
shape should tail off to more positive velocities. The [SbC]aFé] ion would
be expected to have the fluérines trans to one another, reducing the e]éctron
density along the z axis and again giving a neBative coupling constant. Be-
cauge these sa1tSIWere not obtained pu;e it was not possible to determine
ieither the magnﬂ&ydg or the sign of the quadrupole sp]ﬁtting.
- The isomer shift data reported in Table 6.1 for tpe hexachloroanti-
“monates(V) agree favourably with that repdrted for the rubidium salt by
1M )

Birchall et al. In each case, the quadrupole coupling constant was zero

suggesting that the anions have 0h symmetry.

(i1) Raman Spectroscopy

The Raman frequencies and assignments for NaSbC16 are given in
. -

Table 6.2 along with the infrared and Raman frequencies of KSbC]6 reported

148

by Burgard and MacCordick. The Raman frequencies of these‘anions are

identical, and consistent with 0h symmetry.

The Raman frequencies:and assignments of the [SbC14F£] anion are

R '— / A
included in Table 6.3. The band at 332 cm ]'is identical to the v](A )

19



) Pad .
o= - , 8l 2ous4343d
. (M)6l1 T
- (m) L1 . ‘
1655195 aueyd-ul funm Ampmvm,\. A.\ ?.:Nﬁ. -
# , : - (m)eet - ’ -
. Ammtm«, S + (w)osl (M)egL
. . . (w) 681 (4qm)¥81
. (") . (s)98L
6 .
pusq 13-95-4 (3)7n (MA) 192 . : .
: . :
o , ("3)%n (M)062 . (w)ege
‘a3s suefd-ur Piogs (Ply)% (w)21e . . .
B b . i -
(Proas] (Clpte Clyyla (m)zee (S)ovE . : (s)Lee.
. ' ’ nt . -
| | ("t (5)9vy,/ .
. . o P 6z ¢ ! ’ (Usm)gog ' ) .
41 m:mE 40 w:o (29s ( “g)~ . \H | (s7) 08¢ .
| ("4%10as3: - (uswyose . )
-a3s wks *Py-qs (Plyle : (M)625 -
. : b
(%5%100s-510] 745 " g > ()52 . .
. , M%7 0as] - (Yo Poas] uewey uewey ¥l uewey
. S3uBWUB 1 5SY | ¢4V 13asen o 2120y %laasen.
| \ s (| w)e

C 5 %1oasx 40 2243 yyim paueduoy C4¥(gagen pue P(gasen so eardadg (uotiesqin 2tg alqey

- -



~

e

o~ 159

.
haY

S ) \ N |
band of the [SbC16] anions and probably represents an impuity.~, The bands

at 625 and 390 cm-1;IWh1ch varied in jntensity depending hpon the nuﬁﬁbrnqi

~

stages of purification, were assigned to other salt impurities. For example,
the band at 625 cm-] may be due to the presence of the [SbC]ZF;] anion-or
possibly the c15-[SbQ14F2] 1somer which should have a Raman active M asymmetric

Sb-F equatorial stretch, The Raman bands remaining for the anion [SbCin;]

are consistenf with a trans—[SbC14Fé] anion having D, symmetry. Such an ion

4h
will have eleven fundamental modes with symmetry designatiod 2A1g, B]g, 829,
\Eg’ 2A2u’ BZu’ and 3Eu' The A]g, B]g, 829, and Eg modes are Raman active

only, and therefore a maximum of five Raman lines are éxpected for this ion.

Five bands should be observed in the infrared, 2A2u, and 3Eu. We assign the

1

band at 380 cm—] with a shoulder at 368 cm ' to the 63(829) Sb-C]}synmetric

- out-of-plane stretch and the band at 312 cm'] is assigned to the vZ(A]g)
« mode which Eorrespohds to the SbC]4 in-plane stretching mode. In [SbCTé],

1

*the v](A]g)_modeAis at 330-340 cm . The band at 529 cm;] was assigned to

the Vl(A]g) Sb-Fa; symmetric stretch. "The symmetric stretch in the [SbFéj

T~

anion is found at 660 cm-]. Partial substitution of fluorine atoms by chlorine

atoms tend tolweaken the remaining Sb-F bonds, whi]e'the Sb~C1 bonds are
strengthened when ;he‘ch1ori%e atoms are substituted by fluorine atoms. Th{
results in'a ]ower.fﬁequency in the former and a higher frequency in the lTat-y
ter case. The bands at 172 cm ! and 142 cm™' were assigned to the vS(B}é)

Sb-Cl4 in-plane scissor motion. 'These assignments must be considered ten-
. i : :

tative in view of the fact that the mdterial was not pure, and that much -

more work must be done on this system 1n order that the salt can be com-

pletely characterized. /
3

LY

Miellen gg;gl;éo suggested, from an infrared analysis of the

product of SbF. and NaCl, that the resultant §a1t, Na[SbC14F2], had a

€

\

\

-
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cis-configuration. ‘However, in light gﬁ the fact that this material
was-cons%stently found to be a mxture in this work, and siﬁ%e the

two strongest bands in their spectrum coincided with the 1nfrared
spectrum of the [SbC]é] anion, the1r‘interpretat;ons are viewed with
some reservation. The Raman spebtrum of.the product obtained from this

same reaction in this work was not assigned éince the Mossbauer spectrum

consistently indicated that it was a mixture of chloride fluoride salts.

(iii) Attempted Preparation of the [SbCIGF 1, [SbCIF2], and [SbCIF;]
Attempts were made to prepare the alkali metal salts containing
the anions, [SbClSF'], [SbC13F§j, and [SbC]F;],afrom stoﬁchi&ﬁetric
mixtures of antimony pentachloride, an qntimony(v) éh]oride fludride,
or antimony pentafluoride and the appropriate alkali metal chloride or
fluoride. In every case, the resultant Massbauer spectrum indicated that -
a mixture of anioﬁs were pFesént, which were fdentified as [SbC]é] and
[SbCﬂ4E§],'pr [SbC]zF;]. ln“§ome instances, héwévef, the Raman spectrum
was recorded to determine if the mixfure contained the {SbC]é] and
[SbC14Fé] anions, since in these cases the Missbauer specfrhm of the
mixture did not allow a positive identifipation to be made between these

two saits.



'SbF; has been shown to form d number ‘of adducts with SbP

CHAPTER SEVEN . -

ANTIMONY PENTAFLUORIDE AND ANTIMONY PENTACHLORIDE ADDUCTS: THEI#

121

s ¢ .
“ CHARACTERIZATION BY Sb MOSSBAUER SPECTROSCOPY . "

“(A) INTRODUCTION

7&;;:;d compounds of graphite with antimony pentaf]uoridé@and

- i
antimony pentachloride have,recently drawn some attention in the litera-

55,155-157 >
e.

tur In each’of these experimenté, it was reported that the

highly reactive liquids, Sng and SbC]S, did not interact with the graphite.
For example, wide Tine n.m.r. experiments have shown that the graphite

is best viewed'as a solventy which does not radically.affect the chemistry .

157

of the intercalated molecules. In view of these conclusions, this

121

procedure appeared to be an excellent way to obtain the Sb Mossbauer

pdrameﬁgrs of these very reacti™ materials, Mossbauer data for frozén

liquid SbF5 and SbC15 have previously been rePOrted,56457

» . e
80°K with resultant low percentage .absorption. It, therefore, seemed

121

=

advisable to reinvestigate these compounds at 4°K. Sb Mossbauer data
Iz ) ~

are presented for SbF5 and‘_SbC]5 as pﬁ?e frozen’1iquids as well as inter-
J * . /

calated in a graphite Tattice,
Antimony pentafluoride, as a streng Lewis acid, forms a variety ‘

of SbFS-X type adducts, wherg“x répresen%é a donor compound. IH addition,

3 Ruff and
P]ato]58 were the first to report the preparétion'nf these adducts,

which they identified as SbF_.-nSbF

5*nSbF, (n = 2,5 and possibly 3,8 The

- 161 - ‘
)

~

.

4

but only at ' -

A}

La5/TY
¥



Mossbauer and Raman data of "two of these adducts in the solid state,

B
8
o

Sist3 (type’B), were reported by Birchall

Recently, one of these forms (type B) was Shown by X-ray

SbF5 SbF (type A) and SbF
‘et al. 60

;crysta]]ography,6] to have the composition SSbF5-6SbF3 or SbHF43

Since this time, a third form was identified by Edwards and 1m0 as

SbFg+2SbFy and for clarity shall be termed (type C). Very recently,

~G]11espie‘gt_§1;§3 reported the X-ray crystal structure of a 1:1 adduct

[

+

: G111esp1e et al., . and the SbF5 SbF

™

the

of SbF.-SbF. which they claim, from Raman data, to be identical to that

5 3
159

prev10us]y labelled SbF SbF3 ‘(type A). Hewitt et al. ™  obtained two

5
adducts on f]uor1nat1on of antimony metal in a flow system. They in-

L]

ferred from the Raman data, that one was Sb]]F 3 and the other con-

4
ta1ned an [SbZF]]] ion. Since none of the known structures contain

[Sb2F11] ions, the naturevdf this compounds remains untertain and indeed

may represent another SbFS-SbF3 adduct. ]Z]Sb Mﬁssbader spectra at 4°K

are reported in this chapter on the 1:1 SbF5 SbF3 adduct reported by

3 (type A) adduct o

AsF forms a well-defined compWex w1th ant1mony pentafluoride.

3
This compIex was first reported by Noo]f’and Greénwood.59 The structure

was determined by Edwards and S111s and the Raman spectrum of this

material was reported in a 1ater paper by G111esp1e _t,_l,sp SbFS-SOé

‘was first prepared in 1951 by Aynsiey g&_gl. The crystal structure,
reported in 1968 by Moore ggvgl;,sq showed that it was ar”O-donor com-

plex. During the time the work was being ‘'done on this thesis, the Raman

160

spectrum of SbFs-SOé was reported by Byler ahd Shriyer and the M8ss-

bauer spectrum was reported by Carter t 1 161

121

Id

Sb Mossbauer spectra of each of these adducts

[}
+
2
k)
5
%

16

In this chapter we examine



/ -,
Recently, a number of mixed Sb(1Il), Sb(V) anions have been

prepared in conjunction with interchalcogen cations such as [Te25e2+],

64 : - - =
‘and [Te3 35¢y" 7] These mixed anions are formulated as [Sb F]4].

These compounds have also been shown to contaun an [SbF ] anion. We

]Z]Sb Mossbauer spectra of these anions. "

report in this chapter the

(B) RESULTS AND DISCUSSION

(i) SbF. and SbCl,.
5 5

’ ' i ) k)
Both SbFg and SbCl; a Zyrcaméd rapidly into the graphite .

Tattice. 55,155 The Mossbauer ®8rameters of the r?su1t1ng free flowing =

powders are listed in Table 7. 1 .Both’ powders gave spectra which showed
two resonance absorpt1ons The stronger absorpt1on is in the Sb(V

region of the spectrum while a much weaker absorption is present in the (Ei://

Sb(III) region, as is shown in the spectrum for the SbCl_ case in F1gure

5
7.1. Although the Sb(III) absorptlon was present in both of these inter-
calates, none was detected in the spectra.qf the pure compounds. Clearly,
the ﬁentaha1ides do not enter the lattice without some reaction occurrihg,
contrary to what had been reported. 55,155 La]ancette and Lafonta1ne55
found, by an elemental analysis of the intercalates, that the ratio of
'F.Sb was-5.1.‘ From this, they assumed that ‘there was no reactign of the
SbE5 with the graphite. Sihce we have esteb]ished that thehe is reduction
froh Sb(V) to Sb(IIl), it seems reasonable to assume that C-halogen bond
formation takes place on reaction of the SbF5 or SbC]5 with the_graphite.
thus preserving the 5:1 stoichiometry. A siﬁi]ar reduction-oxidation

has beep noted for arsenic pentafluoride intercalated into gr'a'phite.w2



graphite:

. 0,_ ..' T !
e an ’/-
. /v
N "\ .'{"‘
\ /
,\\'-/.
0}
oy
(&)
=
(=8
[
Qo
4
<L
5.
[10]
4
o
Q
[
| 4
[¢3)
[a W
5
O R O B Y A ll.lﬁi S T S T S T T S T T Y
-5 5 10 20
Velocity (mm,sec'])
Figure 7.1. ]ZISb Mossbauer Spectrum at 4°K of SbC15 intercalated 1nto

(a) Each Resonance Fitted to an-Eight-Line Pattern .

(b) Sb{V) Region only fitted to a Single Lorentzian.
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The Mossbauer parameters obtained 1n this work for SbF, and
SbéTS are similar tq those previously repgrted (Table 7.1). Antimony
pentafluoride gave a positive duadrupole éoup]ing constant although, at
first sight, the fitting to a sinqae Lorentzia? Tine was equally as good.
Howevef} according to the arguments developed in Chapter IV regarding
11ne widths, .the reduction in line width Srom the one-l1ine Loréntz‘an
fit to the eight-line fit confirms a finite quadrupole splitting. Such
a splitting would be expected from a slightly distorted octahedral ar-
rangement about the anfimony. The structuré and‘M6ssbauer of SbF5 were
discussed in detail in Chapter V. This quaerpole cobp]ing 15 evident
in the spe;tra of both the intercalated and the frozen liquid SbFS.
Antimony péntach]oride, whgther intercalated orlsub]imed, con§1stent1y
gave a small negative‘eQVZZ value no-matter what the sign of the initial
estimates for the computer fittiﬁg. The slight reduction in the line :
width, when thg spectra are fitted to eight lines, is also observed in &
this case, confirming, the presence of a finite eQVZZ value. This negative
value 1s consistént with the trigonal bipyramidal structure reported by -
0h1berg.46 This ruTeé out the possibility-that SbC}5 exists as [SbClZ]-
[SpClé]. at low tempera%g:e$& as discussed in Chapter V. The two halides, °
when interca]ated, have slightly higher isomer shifts than when sublimed
dfrect]y onto the Héssbauer probe. This suggests that the Lewis acids
may be iQX?]ved in a significant way with the C-X halogen. THe weak ab-

sorptions in the Sb(11l) regiops of the spectra of the intercalated samples

have isomer shifts which are close to those for SbF3 and SbC]3.57 Un-

fartunately, the poor statistics of these resonances dig not allow us

J R Q .

I}
/

% .
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to abstract reliable quadrupole coupling.dataAWhich would confirm these
assignments.

The isomer shift for sublimed SbC]5 agrees quite well with the

7 at 80°K, but there 1s a significant difference between

that found for SbF5 in this work and that reported by Stevens and Bowen®’

at 80°K. Since the earlier workers gave no indication that the SbFf

Titerature value

5
_they used was distilled prior to sample preparation, and since the method

of sample preparation was fairly'crugh, it is possible that their sahp]e

contained impurities (for example, antimony(V) oxyfluorides).: Therefore.

. we believe that our lower value at 10.26 mm/sec is the correct “isomer

b

shift for pure SbFS.
_(i1) SbF.-X Adducts

121 ' N

Sb Mﬁssbeyer spectra of the SpFS;Sb?3 adducts

are presented in Table-7.2 iogether wi th the data of some reldted SbFS—x L

5
Details of the

.adducts. Each of the SbFg-SbF, adducts have two antimony sites. As

explained earlier, the Sb(1I1) sLte-wfth a 5s electron pair woy]d‘1éave

a relatively high.s electron density at the ant{mony nucleus, Qhereas

the Sb(V) site Qith no non-bonding e]ectrons‘would have a much 1bwgr s
electron density. Since the nuclear term, aAR/R, for the"antiﬁbny nucleus

- s negative, the Sb(III) site wfll have a much 1ower isomer shift than

the Sb(V) site. These sites are clearly shown for the 1:1 SbF . SbF 5 adduct in
Figure 7.2. It is also worth noting that éﬁe stereachemically active '

lbne pair in SbF3 in each of these adducts giies rise to a large and—

i

rupole coubling constant. The antimony(V) sites, however, have small .

”
[N

quadrupole coupling constants,
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The Mossbauer parameters for SbF_-SbF. (type A)|reported in

172 (K\
5 3

N i
this work at 4°K are similar to those reported earlier by Birchall et }.60

t
[

for this same compound at 80°K. It may be worth noting} however, that

the quadrupole coupling constant for SbF5~SBF3 (type A) (Table 7.2) is

smaller than that previously reported.60 These Mossbauer parameters have
been discussed previously and will not be repeated here.

The Mossbauer parameters reported for the 1:1 SbFS-SbF3 adduct,

‘ [Sb2F§+][SbFé] are different from those reported for SbF -SbF3 (type A).

5
The .isomer §Rift and gm¥adrupole coupling constant of the Sb(V) site of

both species are essentially identical, -however, the parameters for the

Sb(III) site are quite different. Although the Raman spectra of these

61

two adducts were nearly the same, this difference in the'Méssbauer

sbectra indicates that the two adducts are probably not identical. This
contradiction can probably only be resolved when an X-ray crystal structure

is carried out on the (type A) adduct, i.e., the adduct prepared from SbF
60
2" -

The 1:1 SbF_-SbF, ([SbF4],) adduct has been shown by Gillespie

to contain an [SbZFif],catTon and two slightly different [SbFé] -

3

and SbF. in liquid SO

5
et al,
octahedral anions. As indicated in Table 7.2, these two octahedral anions
are not separately resolved in the Mossbauer spectrum, however, the pre-
sence of these two siéés may account for the slight asymmetry which has
been interpreted by the fitting procedure as a small positive'quadrupo1e
splitting. The [Sb2F§+] cation consists of two Sb(III) sites as shown

in Figure 7.3. The site depicted in Figure 7.3a has three shorter bonﬁs,

and with the lone pair, has pyramidal AX3E coordination similar to that

‘ ¢



s
&7

Figure 7.3. The Two Antimony Sites of the [SbZFif] Cation.
fa) Projection of, the [Sb(])F7] Unit down the ¢ Axis.
(b) Projection of the [Sb(2)F6] Unit down the a Axis.

The Numbers on the Atoms are the Same as Those in Reference 63.
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3 '
found in SbF3, 1.90 A, but the Sb(1)-F(2) and Sb(1)-F(3) bond lengths,

d [+]
found in SbF The Sb(1)-F(1) bond length, 1.88 A, is.similar to that

1.99 and 2.01 A, respectively, are significantly longer due to bridging

- interactions. In addition to the short bonds to F(1), F(2), and F(3),

. [+]
four long contacts to neighbouring fluorines with bond lengths 2.54-2.87 A

are found. This site was regarded by Gillespie g;_a].s] as having an

' AX7E stereochemistr&;with the lone pair between the four long contacts.

The Sb(])F(l)F(Z)F(3)_group is linked by an angular asymmetric fluorine
bridge to” the Sb(2)F(4) group forming the [Sb2F§+j cation. The Sb(2)-F(4)
bond is similar to that found for Sb(1)-F(1). The second Sb(III) site,
shown in Figure 7.3b, has, in addition to the short bond, five short con-
tacts to neighbouring fluorines in the range of 2.10-2.42 K. This site
was regarded as having an AXY5E stereochemistry in the form of a penta-
gonal bipyramid with a lone pair occupying one of the axial positions.

The isomer shift of Both of the Sb(II}) sites of [Sb F2+][SbF ]2 are

more negative than that found for‘SbF3 (Table 7.1). These lower values

‘can be rationalized in terms of placing some positfve charge on’the

Sb(111) sites, resu1t1ng in the contraction of the s orb1ta1s, hence 1n-
creas1ng the s electron density. "This increase produces a shift to more
negative vatues. In oﬁe of the sites ofithis cation, there are‘presumably
three stronq"Sb(III)-F bonds and four wgaker Sb(III)~F-Sb(V) Eqnds. In
the second site, there is one strong Sb(IIT)-F bond and five weakér bridge
bonds. Since the more weakly bound fluorines would be less effect1ve

at removing e]ectron density that the stronger Sb(III)- F bonds, a more

negative isomer shift would be expected for the latter site. However,
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these two'Sb(III) sites are not resolved in the Méssbaﬁer spectrum
(Figure 7.2). This suggests that the s electron density abopt each of
these sites is cé%parab]e, in spite of the fact that the antimony nuclei
have quite different environments. Since the broad asymmetric resonance
at -7.85 ﬁ%/sec is the result of two Sb(IfI) sites w%th'simi1ar.isomer
shift values, the quadrupole coupling constant célcu]ated for this peak
cannot be rea]isticalﬁy interpreted in terms ‘of electric field gradients
at the antimony sites. ‘
The crystal structure of the SbFS-AsF3 a@duct was reported by
Edwards‘§n§ 51]15.58. They showed that the antimony atom wés coordinated
by fluorine.gtoms in a distorted octahedron, with one bond s]{ghtly longer,
1.99'3,«thqn‘th¢ others (mean 1.83 R). The arsenic atom has- two nearest
Vf]uorines at'1.§4 R,“twg intermediate neighboués at 2.01 and 2.39 K,

and two 1ohg éohtacts at 2.73 K. Since the bridging fluorine atom o%

AsF3 was associated more closely with Fhe antimony than the arsenic,

this strﬁcture was described as having some contribution from the ionic
formulatton [AsFZ]ESbF&]._ The lsp MBs;bauer isomer shift is indeeq
consistent with this formulation. The isomer shift of the antfmonyév)

atom resembles that reporéed for the fluorine bri&ged octahedral anijons

of [Sb2F§+][SBFg]2{‘ However, this small distortion in- the octahedron

58 .

observed by'Edwards and Sills™" for SbF5-A5F3 does not result in a mea-

surable quadrupole coupling constant,

The structure of crystalline SbFg+50, was determined by Moore

¢t a1.56

They found that five f]uorine'atomsﬁhnd oﬁe oxygen atom of

the_SQ2 formed an octahedral arrangement which was elongated in the

!

-
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direction of the F-Sb-0 axis. All of the Sb-F bonds webe essentially
equal, 1.85 A, and the Sb-0 bond was 2.13 A The equatorial fluorines
are bent toward the Sb-0 bond, i.e.,. the Sb atom is displaced 0. 14~A
from the plane made by the four equatorial fluorines toward the axial
%1ggr1ne.° The isomer shift value of the agtimony site in this complex
is slightly lower than those reconged for the analogous fluorine bridged
adducts mentioned earlier. This suggests that the oxygen atom is less

\ effective at removing s electron density than. both the Sb(I111)-F-Sb(V)

X%gr As(1II)-F-Sb(V) bridging fluorines mentioned earlier, resulting in a

bigher s electron density at the Sb(V) site. The isomer shift value

recorded in this work is 'sTightly greater than that recorded by Carter
ta 161

et al.

The reason for this is not obv1ous

SbF5-502 consistent]y gave a small negat1ve quadrupole coupling

constant regardiess of the sign of the initial estimates for‘the computer
.%1tt1ng. A negative'quadrupo]e splitting indicates a cgncehtration of
charge in the plane perpend1cu]ar to the principle axis. IFf th%Bpr1nc1p1e_

axis is through the F-Sb-0 bonds, then the negative sign suggests a con-

7/
centration of charge in the plane including the ant1mony and the four

equatorial fluorines.. Although the eQVZZ value is small, it may arise

as a result of the distortions from 0h geometry observed by'Moor et gl_66

Carter et al. 161 also reported that a sma]] quadrupole coupling constant
was present in the spectrum of SbF5-502 Although they reported the
magnitude to be ~ 5.3 mm/sec -for the eQVZZ values for a number of com-

" pounds studied, including SbFs-SOZ, they did noé indicate the sign of

this constant for SbFs-SOZ.
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(i11) [Sb3k§§] Anions
Each of the compounds [TeZSeZJ[Sb 0] and [Te

3.3°%. 7][Sb Fagl
contain two anions namely [Sb3F]4], and [Sng]. The [Sb3F]4] ion consists
of two Sb(V)F6 octahedra 1inked by strong fluorine bridges to an Sb(IIf)F2

group. The Sb(*II) atom has been described by Gillespie et a 64

et al.

as having
the typical AX4E environment. This site also forms four additional weak
Sb-F bonds to other anions., The geometry of this unit is similar to. the
horresponding unit in LA&F;][SbFé]. where the lone pair occupies an

. <
equatorial position of a trigonal bipyramid and bridging fluorines occupy

axial positions, ©oN

In [Te,S ][Sb4F20] the Sb(III) site of the [Sh;F,,] anion has
two short bonds at 1.91 A and two intermediate Sb-F bonds at 2.18 A
This antimony atom also forms two long bonds with other fluorine atoms
at 2.59 R and two still longer ones at 2.94 and 3.07 R, giving an overall
eight coordination. In the case of [Te3.35e0'7][5b4F20], the two short

o

bonds are at 1.89 and 1.91 A, the intermediate Sb-F bonds at 2.25 and
2.19 R, and the two long bond§ are at 2.63’and 2.77 R. In addition,

_this antimony site forms two still longer bonds at 2.92 and 2.88'3. In:
both of these'cases,&the antimony atom is surrounded by eight fluorines
and the overall geomeiry can be described as a distorted monocapped square
gntiprigm with-the loné pair occupying the capped position.

In the [Sb3F];] ion the bridging fluorine atoms were displaced
towards the amtimony (V) atoms . Thus , [Sb3 14] was approximately described
as a [SbF ] ion bonded by fluorine bridges to two [SbF ] fons. In both
compounds, these antimony( V) sites and that of the independent [SbF ]

I4

“anion were s]ight]y distorted from octahedral geometry. In [TeZSez][Sb4 20],
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the mean Sb-F distance at these sites was 1.82 A, whereas the analogous
mean-Sb-F distarice in [Te3'3SeO‘z][Sb4F20] was 1.86’A.

The 121

Sb Mossbauer spectra of these compounds each corftain two
resonances. In both cases, the resonance absorption ét the more positive
velocity is typical of Sb(V) in a six-coordinate environment, such as
[Sng]. In both compounds, the resonance representing these sites appears
to be symmetric. '1% the case of’ETeZSezJ[SbQFZOJ. the quadrupole coupling
constant of the Sb(V) site was found to be very close to zere using the
eight line fit. The Sb(V) site in [Te3’35e0.7][5b4f20] shown in tiqure
7.4 was only fitted to a.single line of Lorentzian shape. The slight

distortion from octahedral geometry discovered by G1llesp1e et le64 for
these anions are not obvious from the data reported here.

The otﬁ%r resonance absorption in each of these spectra occurs
at negative velocities with respect to InSb. In the case of [Te25e2][8b4F20),
this resoﬂance is broad and very asymmetric, which is typical of the very
disto}ted environments found in adducts involving’ébF3. In previous cases,
such as the SbFS-SbFs adducts, this asymmetry .is attributed to the

influence of the stereochemically active 5s electron pair, The involve-

ment of these electrons in the bonding scheme in this case is substantiated

by the magnitude of the jsgmer shift. In thg case of [Te3.3SeO.7][5b4F20],

the Sb(III) resonance appears as a doublet as shown in Figure 7.4. This
adduct was initially fitted to two peaks of Lorentzian shape, one at

-5.14 mm/sec, and the other at -8.76 mm/sec. Such a fitting procedure
would imply the presegze of two antimony(IIl) sites with small or zero
quadrupole coupling constants. Since this 1nterpretation is not compatible

-
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with known Sb(Ill) fluorine environments, this portion of the ;peutrwn
was fjtted using the transmission integra} function and a variable vélue
for the asymmetry ﬁarameter {n). Using this fitting procedure, the

' Sb(IIl) resonance was™fitted to a'single antimony site with a large

.quadrupole coupling constant, as observed for the other [3h3"&l ions
as well as an n value near T.0.._ This fit is 'shown 1n figure /.4a. The

isomer shift value determined for this resonance ‘1s aimilar to that
[2
found for the Sb(III) site of [TeZSez][Sb4F20]. The large quadrupole
. .
coupling constant is consistent with an Sb(IIl) site with a stereochem -
and the other [Sb3F1;] ion (Table 7.2). The large u value indicates

cally active lone paitr as observed. for SbF3, other Sbf

that the Sb(IIl) site has considerable asymmnetry about the princip]}'
'axis. As described earlier, the principle ax1§, in the case of the Sb{lIl)
site, is assumed'to‘be through the stereochemically active lone pair.
Thig conclusion appears to be consistent with the crystal sfructure of
this compound, i.e., the immediate ;nvironment of the Sb(II1) site aﬁl

pears to be more asymmetric than the analogous site in [TGZSQZJEquFzg]-

-
Y
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CHAPTER EIGHT
(A) SUMMARY

The antimony-121 Mossbauer parameters reported in this thesis
for the compiex enions derived from SbF3 are consistent with the known

stereochemistries of these anions. These data showed that in each case

.-

the 5s electrons are involved in the bonding scheme conformable with the
presence of a stereochemically active lone pair. The predominant geo-

métry of these anions is descr1bed as AXGE, i.e., hav1ng a monocapped

99,106

octahedral configuration (3.3.1). Pfevious 1nvest1gators had

examined some of these antimony(III) fluoride anions and 1nterpreted

or lower, i.e,, AXE or. AX4E.

The ]ZISb Mbssbauer parameters ;eported here for some chloride,

>

their data in terms of the ant1mony\{:\these salts being six COordinate
bromide, and iodide complexes of Sb(III) have been interpreted in terms
of the 5s electron pa1r having no distorting effect on the ant1mony en-

m
vironment, "In the majority of these cases, the 121

Sb Mossbauer data
were consistentjwith an antinony atom surrounded by six }1§hnds in 3 A
near octahedral conffguration. The‘small quadrupole coupling constants

found for some of these‘anions were\interpreted in terms of‘either asym-.
metry in the bonds about the antimony nu¢leus, or lattice effects Pre-

76,106

vious 1nvestigators had 1nterpreted the Mossbauer parameters of

some of these comp]exes in- terms of structures having‘AX E or AX  E geo-

4
metry. The results presented here are contrary to such an 1nterpretation

«Th1s thes is- describes the first detailed study of the so]id state

=.181 -
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chemistry‘of the mixed antimony(V) chioride fluoride complexes. Prior

.to this work a number ‘of thé%e compounds had been suggested in thEvlitera—
_ture, but extensive spectroscopic evidence had only been reported for
-sbe1 £ 97 -. .
This work provides evidence for the existence of two structural
types; a cis-fluorine bridged tetramer, and a cis-fluorihe bridged trimer.
X-ray crystallography has shown that SbCl3F2 is a cis-fluorine bridged

41

tetramer simiTar to that reported earlier for SbC]4F. Each of the anti-

mony sites of this tetramer has one additional fluarinesger antimony re-

.0 . . -

placing a terminal chlorine in the SbC14F structure. The Sb-F-bond

is perpendicular ‘to the plane of the tetramer or cis to the bridging

fluorines. X-ray crystallography has also shown Sb3C1]0:75F4_25-to be

a cis-fluorine bridged trimer. This material in the solid state is a
. . .

m1xtut§ of two tr1qers, namely Sb3CI]OF5 and Sb3C111F4. The former con-

tains two sites similar to that found in SbC14F and one similar to that

of SbC13F2, whereas, the latter contains one site resembling. that found .

ir ShbC1

4F and two resembling that of SbCI3F2. Prei%sa4_recent1y reported

,.that the sstructure of "SbC12F3" was jonic, consisting of tetrahedral
[SbClZ] gations and [Sb2012F;] anions, with~n0z%nteractioﬁs repprted be-
tween the cation and the anion. The bond 1engths and Sond angles of this
gompound have been recalculated hsing Preiss' atomic coordiﬁates and it
is found that theié are weak covalent interactions between these ions.
Aithobgh these interactions are longer than the normal Sb-F covalent
bonds , they are shorter than the suﬁ of the van der Nga]s radii of anti-

mony and fluorine. Thé tetrahedral SbC14 unit of this tgmp]ex is prese?ved.

However, ‘four fluorines are observed about this antomony, one on each face
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of the [SbC]Z] tetrahedron. This antimony and the two antimony atoms of
the [SbZC]ZF;] unit are situated in the crystal such that a trimeric ar-
rqngemgntiis formed similar to that observed for SbyCly4 75F4 25+ This
same trimeric arrangement is implied for [SbC]Z][szF]{]. As the number
of fluorines on the Sb,C1 F., unit is decreased, the complex becomes
less ionic as is evident from Sb3C11;:75F4.25.

The Mossbauer spectroscopic findings in this thesis were inter-
preted in terms of these stru&tures; The Mossbauer data were .consistent
with the $bC1xF5_x complexes containing two different antimony sites;
one surrounded By six halogens in a pseudo-octahedral arrangement, ob-
served in all of the complexes, and the other having tetrahedral geometry
as observed for the [SbC]Z] unit of_[SbC]Z][SbZC]ZF;] and tSbtlZ][szF];].
]ZISb Mﬁssbaﬁer isomer sh%ft paraneters can
be crudely related to the number of chlorines or fluorines about the
pseudo-octahedral sites. This relat1onsh1p proved valuable as an aid to
elucidating stru&tures. The trimeric structure alluded to earlier for
[SbC]Z][SbZF];] waé based upon a comparison of the Mossbauer data.

~ The vibrationa] spectra of these SbC1 F. . complexes have been
stud1eq by Rgman spectroscoby. It has been demonstrated that the Baman
spectra of the triﬁers and tetramers can be assigned by using the ]oq;1 !
symmetry approximation. In the case of SbC13F2, the antimony site of the
tetramer could be satisfgctorily assigned as having CS éymmetFy. The
Raman spectrum of Sb3(:].m‘75F4'25 was assigned by comparison to those
of ShC1,4F, apd SbC1,F, since the two trimers which were found in the

solid contains antimony sites very similar to those observed in the tet-

+ + - + -
ramers. The [SbC14] unit of [SbC]4][Sb2C12F9] and [SbC]4}[Sb2F]]] were
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satisfactorily assigned on the,basis of T, symmetry. Although the

d
[SbZC]ZFél and [Sb2 ]]] anions were distinguishable by Raman spectroscopy,
their spectra were not assigned. °* |

The mass spe;troscopic data given in Table 5.8 for many of the
Sbel F5—x comp]exes illustrated that the-parent trimers and tetramers
were not observed in the vapour phase This data also showed that the
fragments underwent rapid halogen exchange on the walls of thef;on1za—
tion chamber. ‘Therefore, the spectra were generally representathe of
the relative abundances of atoms present rather than the fragmentation
of the particular trimer or tetramer. |

This thesis studied the reaction of SbC]4F with several Lewis
acids.. From the study of products of these reactions by Mossbauer and
Raman spectroscopy, the nature offthe reaction products were found to
be deﬁendent on the particular Lewis acid employed. In the case of Asf

5

and SbFS, halogen exchange took place in solution resulting in the pre-

paration of [AsC]Z][SbFé] and [SbC]z][SbZC]ZFéj’ respective]y: However,
when Nbf was réacted with SbCl,F, a Fluorine bridged SBC1,F- NbF . adduct
was qumed, which had little contribution from [SbC]Z][Nng}. As in the
case of the [SbC]Z] cation ﬁehtioned earlier, the Raman spectrum of the
[Q;eqj] cation of the [AsClZ][SbFé] was assigned on the ‘basis of T,
symmetry. The assignments of the latter adduct (Table 5.7) must be con-
sidered tentative sincg the final product was not completely characterized.
From fhg data presented here, the SbC14F-(NbF5)2 adduct could not be

ruled out. ‘

Prior to thls work, very Tittle spectroscop1c evidence had been

presented substant1at1ng the existence of the [SbCl F6 °] anions of the .

’
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é]ka]? metals. In this thesis, Mossbauer spectroscopy was used to identify

" both [SbC]4F£] and [SbC12F;] anfons. Although the latter chloride fluoride
was not obtained pure, i.e., it was obtained as a mixture of chloride fluoride
salts, it was identified from the isomer shift data. The Raman spectrum of
Na[SbC14F2] was aséigned on the basis of D4h symmetry in contrast to the

assignments made earlier by Mieller gg_gl;?o

From the reactions studied
in this thesis, the [SbC14Eé] salt preparednear]1er by Mueller g;_glJFO was
shown to be a mixture of alkali metal antimony(V) salts. Attempts to iso-

late the alkali metal salts of the [SbClSF-], [SbC13F5], and [SbC]Fg] were

unsuccessful. v
Previously, it had been reported that SbF5 and SbC]5 are inter-
calated into graphite unchangedss’]ssfand it was suggested that this medium

acted 1ike a solvent which did not substantially affect tHe'chemistry of

the intércalated material. This medium was also thought to be an excellent

121

means of examining the Sb Mossbauer spectra of very easily hydrolysed

compounds such as Sbf5 and SbC]s. The Mossbauer data reported in this

thesis showed that tﬁe SbF. and SbCl5 do not enter the lattice without

5
some reaction occurring, i,e:, reduction to Sb{III). 1In addition, the

Mossbauer isomer shift data were always slightly higher than.those for
the same material distilled onto the Mdssbauer probe, indicating some
interaction between the medium and the Lewis acid. '

The Mossbauer parameters reported in this thesis for the SbFSoSbF3

adducts do not support the view that the complex formed from SbF5 and stB
in liquid S0,, 1.e., SbFg-SbF, (type A),%) was identical to the 1:1

" SDFZ:SbF, adduct recently reported bytgljlespie‘gg a1.53  The Mgssbauer

spectra of SbFS-'AsF3 and SbF5-502 wére found to be consistent with the
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'

known structures. However, thessign of the quadrupole coupling constant

of the latter adduct was opposite to that previously reported.lé]

121

This thesis also includes the Sb Mossbauer data for some re-

cently reported compound564‘which contain a mixed Sb(I11)-Sb(V) anionsp
2+ - - 2+ - -

namely [TeZS-e2 ][Sb3F]4][SbF6] and [Te3-3Se0.7][8b3F]4][SbF6]. The

antimony(III) site of the latter compound was fitted with an n value

of 0.99, whéreas the same site in the former compound was fitted with 2

‘much smaller n value. These.observations were consistent with the known

crystal structures of the anions.
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