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ABSTRACT

o 127

Th I Mossbauer spectra have been recorded at liquid-helium

temperature for several series of iodine compounds., The Mﬁssbguer ]
spectra of a number of apparently cubic inorganic iodine compounds were
measured and many were found to give abnormally broad lines. This was
attributed to distortions from true cubic symmet}y present in the

2

compounds., KI gave the narrowest line and it was selected as the

reference compound for 127

[ Mdssbauer spectroscopy.

The Mossbauer spectra of a series of linear iodine compounds,
including the trihalide [X-1-Y]™ anions were measured and the magnitude
of the quadrupole coupling constant was found to vary with. the electro-
negativi;y of the attached ligands. Semi-empirical relation;hips had
been developed to convert isomer shifts and quadrupole coupling constants
into s- and p-orbital populations and these relationships have been re-
established using the data for these linear iodine compounds. It was
found that these semi-empirical relationships do not have general
applicability when they were tested with a series of interhalogen,cations
and some iodine-chalcogen cations.

Several new interhalogen cations of iodine were also prepared and

e 127

characterized. Th I Mdssbauer parameters for these square planar

iodine(IiI) cations revealed that, while secondary or bridging inter-
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actions are important in determining the sign of the quadrupole coupling
Eopstant, it is the primary bonds to iodine which determine the magnitdde
" of the quadrupole coupling constant.

Finally, 127

I Missbauer spectroscopy was applied to some
interesting chemical problems, Mdssbauer measurements on frozen

solutions of [12]+ suggest that the new species formed is a square or

rectangular dimer of [12]+, name ly [14]2+. 1271 Mossbauer
measurements in conjunction with recent'129Xe and 125Te NMR and 129Xe

Mossbauer have conclusively shown that the~:9$eF5 ligand is less

electronegative than -F,
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CHAPTER 1
INTRODUCTION

A.  General

Iogjne occurs in nature as iodide in brines and also as the
fodates of sodium and calcium, It is the only halogen which exists
naturally in the +5 oxidation state, mainly as the mineral lauterite
(calcium iodate). Many forms of marine life concentrate iodine, the
rarest of the three common halogens. Thé production of ijodine occurs
main]} through the oxidation of I, and a suitable laboratory preparation
involves oxidation of I” in acid solution with Mn02.

Iodine is the only halogen which exhibits the Missbauer effect.
It is a very attractive element for Missbauer spectroscopic studies for_
several reasons. It occurs in a number of widely different oxidation
states, from I~ in the iodides to I7+ in the periodates, and electron

configurations often turn out to be relatively simple, having been

-interpreted as involving only the 5(sp) shell. Iodine is also unique in

s

that it is the fourth member in a series of five consecutive main group
119 129Xe)

elements of the fifth row of the Periodic Table (from Sn to
which exhibit the Mossbauer effect. Thus it is often possible to make
useful'compér5sons of Mossbauer parameters among isoelectronic

compounds from one group to another.

N e e st ey,



B. Polyhalogen Ions Bf Iodine

It is possible to view polyhalogen ions in general as being
derived from the seif-ionic dissociation of the parent neutral halogens

or interhalogen compounds. These ionic dissociations could be described

by the following equations. In the case of the parent halogens there are

several ionic equilibria which may be assumed:

X, b X1+ ) Y(1.1)
ax, : X1+ [0 (1.2)
X, * 2AX,]" + AT (1.3)

The interhalogen compounds could disypciate according to the following

' equilibria:

XY % [xy, 05+ [xv 7 (1.4)

if n=1, then  3XY * (XY & [XY,)7 (1.5)
> -

axy o« [x3v2]+ + [XY,] 4 (1.6)

-That these types of equilibria actually exist in the neutral halogen
compounds is perhaps demonstrated by IC]3 which does not exist as a
monomer but rather as a chlorine bridged dimer. This dimer could

formally be regarded as being comprised of resonance hybrids of the

form?:

e - - +
(IC1), + [IC1,1°[101,07 * [Ic1,37CICT ] (1.7)

s rle
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This propensity of the halogens and interhalogens to dssociate 1is further
. il]usgrated in the X-ray crystal structures of ICl and IBr where there
are manx_secondary interactions from individual molecules to halogen
atoms of neighbouring molecules.

From the above equilibria it is easy to see that the addition of
a Lewis acid halide acceptor to the parent compound would shift the
existing equilibrium, resulting in an increase in fhe formation of the

polyhalogen cation, whereas the addition of a Lewis base would have the

opposite effect, namely increasing the formation of polyhalogen anion.

(i) [XIY]™ Polyhalogen Anians

v

Thé ability of halide ions to -associate with either halogen or
interhalogen moiecu]es and thus form complex polyhalide anions has been
recognized for some time. In fact, soon after the discovery of iodine,
Pelletier and Caventou ! reported the addition complex between iodine and
strychnine, which was undoubtedly strychninium tri-iodide,.
c21H2202N2°HI3' The polyhalogen cémp]ex anions have been reviewed by '
A. I. Popov 2 and Table 1.1 lists those anions which have been identi-
fied, For the purposes of Mdssbauer spectrdscopy the linear trihalide
anions [XIY]™ (X,Y = F,C1,Br,I) wére selected for thig study since apart
from [13]— they contain at most two unique iodine sites and they are well
characterized compounds. The X-ray crystal structures of several salts
of the [13]- anion have been reported. Early work by Mooney 3 has shown
.that in [NH4][I3] the anion is essentially linear, but is not centro-

symmetric. This difference in the I-I bond lengths also occurs in theé

.
g
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(X533
(1,1
[1,8r]"
(a1
[IBrz]'
(rcr, 1
fisrc1}”

Fable 1.1.

Polyhalogen Anions of lodine

[XSJ-
[15]-
[I4C]]-
[I4Br]'
[IzBr3]"

‘[IzBrzFl]

[IzBrC[ZJ'
[IBrCl3]'
fic1, 1
[IC13F]—
RUFN
[BrF,1"
[C1F 1

[X7]' [*9] [Xn]
[17]" [19]' [14]'
[I6Br]'

[IFsJ' -

[Br601]f

e
>
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cesium salt,” while the tetraphenylarsonium salt > contains a symmet -
rical, linear [13]7anion. The crystal structures of K[IClz],6 Cs[IZBr],7
Cs[IBrzj,e and more recently [(C6H5)4P][Iér2] % have also been reported
and all contain essentially linear anions. It has been foundlby X-ray
analysis,in conjunction with vibrational data, that the least electro-
negative halogen, namely iodine, is always in the central position of the
anion. While there is no spectroscopic evidence for the [BrIF ] anion,
Cremer and Duncan '® observed that CsF absorbs IBr to produce a yellow
solid thought to be Cs{BrlIf]. The linearitx of many of these trihalide
an1ons has been confirmed and in some cases inferred on the basis of

11-13 1he jodine Mssbauer

extensive vibrational spectroscopic¢ studies.
spectra of K[1C1,]°H,0 4 and Cs(15] 15 have been measured, using the
129-isotope in the latter case. The Mdssbauer parameters are consis-
tent with the linear geometry which has been established by X-ray

crysta¥lography and vibrational spectroscopy.

¥
(ii) Interhalogen Cations of lodine ’

The polyhalogen cations have been reviewed recently by Sh;amir.16
As previously mentioned the most convenient method for preparing ‘
polyralogen cations involses the addition of Lewis acid halide acceptors
~ to the neutral compounds. In these reactions the formal oxidation state
of the central halogen generally remains unchanged and thus the formation
of hetero-polyhalogen cations from neutral interhalogen compounds may be

"described by the following equation:

+ -
XY e MY CxY, 3™y L] (1.8)

[ ——
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where XYn is the neutral parent interhalogen compound and MYm is a Lewis
acid such that M = Sb, As, Al, etc. Polyhalogen cations may also be
prepared by oxidative reactions whereby the Lewis acid itself can act as
the oxidizer. Such is the case in the preparation of [1,][S0,F,,] 17
according to the following equation:

&

21, + SSOF * 2[1,][Sb,F  J+ SbF (1.9)

The polyhalogen cations are highly hygroscopic and hydrolyze easily and
hence must be handled and stored under rigorously dry conditions. Table

1.2 lists the known polyhalogen cations of iodine, many of which will be

discussed 1n this thesis,

+ + A ; :
(iii) [Ixz] and.[I}iz] Symmetric Cations

Various physical measurements such as single-crystal X-ray struc-
tures, vibrational spectra, multinuclear NMR and Mdssbauer spectroscopy
of [XYZ]+ cations in general support a mainly ionic structural model in
which the cation 1s bent and possesses sz symmetry. However some
cation-anion interaction does exist via halogen bridges of varying
" strength from two separate anions to the cation. VSEPR theery '® would
“then predict an octahedral geometry AX2Y2E2 with the two non-bonding
electran pairs occupying the axial positions. As in the anions it has
been found without exception that the legst electronegative halogen
occupies the central position of the cation, while the terminal positions

are occupied by the more electroneqgative halogens. This aobservation can

be extended to the general! case for any interhalogen cation,

e e = e ot b ———

s ——



Table 1.2.

Polyhalogen Cations of lodine

[1,080,F,, ] [IF,1(8F,] [1,612(s0C1 ) [1F ,JCSOF ]
[Ta%fllj [AsF ] [aIct,) [Sb,Fy,]
‘ N
[sbF ] [50,F] [50,F]
[1,10AIC1,] [GaCl,] [SnF )
[Ass6]\\*[1c1 ,JCSHF ) [TaCl,) [PtF ]
[ SoF ] [SbC1 ] [CrF 4S0,F )]
[A1c14] [IzBr][SO3F]
[1J(AICT ] [55,F,,] [IF§][SbF6]
[SOF ] [50,4F) [Bric1]CspCt ] [sb,F,,]
[su,C1) [50,F) [AsF (1"
[1,10304F) | [8F ;]
*[18r,J(80,F ] *(Bry ;61CT Hc1LSOCH ] [AuF ()
[S04F]
[S0,CF3]  *[1,01,][SbC1 ]
[I3Br2}[Sij6]
[A1c14]

, €

* These cations were prepared and characterized in the course of this work.

ey
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The X-ray crystal structures of [IC1,]{SbC1 ] and [1C1,1AICI,]
have been reported !? and they are isostructural in that they both con-'
tain iodine in a square-planar environment. In this square, two
positions are occupied by two terminal chlorines of the [IC12]+ cation
and two others by bridging chlorines of two separate anions. This
geometry has been observed in the X-ray crystal structures of several
[XY2]+ interhalogen cations <Y-<* which do not contain iodine. The
[IF2]+ cation 4> and [IBr2]+cation 26,27 haye been identified on the
basis of qu NMR and Raman spectroscopic Studies, respectively.

The [13]+ cation was first postulated in 1938 by Masson <% and
since 1960 several groups have confirmed the existvnce of this ion in
solution, by conductimetric and cryoscopic methods.<%-3! The X-ray
crystal structure of the hexafluoroarsenate salt of [13]+ was recently
reported by Passmore and co-workers.*¢ The structure is similar to that
of [1012]+ in that the central iodine is in a square-planar environment
with bonds to two terminal iodines and weaker bridging interactions to
two fluorines of two separate [Ast]' anions.

In view of the geometry observed in these square-planar iodine-
(111) compounds there are several possible bonding models. A purely
1onic model in which localized p-orbitals of the central halogen form
primarily p-o bonds would be expected to result in a bond angle of 90°.
This angle could undergo some distortion as a result of mutual repulsion
between the two termindl halogens of the cation. Alternatively, a mor2
covalent, bridging model with sp3d2 hybridization of'the central halogen

would result in a pseudo-octahedral structure. This again would result



o

in bond angles of 90° with some distortion due to the asymmetry in the
bond lengths of the terminal “and bridging halogens. Finally, a bond

angle near 169° 27' corresponding to the tetrahedral angle would be

expected if an ionic model with sp3 hybridization were operative. On the

{
basis of existing X-ray data for these compounds no exclusive model may

be assumed, however; becausa of the unusual strength of the bridging

bonds, the high degree of planarity of the [IX4](un1t, and the volatility

of sohe of these compounds, there must be considerable covalent

character in the bonds of which the ¢ 3d2‘de5cr1ption would be a

contributor.

It has also been reported 33-3% that under suitable conditions
iodine monochloride combines with antimony pentachloride to produce

compounds with the general formula I[SbCIGJ-nICl (n = 2-4), i.e.,

containing the cations [i3C12]+, [14(2(13]+ ando[I§C14]+.

(iv) L12X1+ and,[XIY]+ Asymmetric Cations

The asymmetric [IZXJ* and [XIY]+ cations are less well

~

!
characterized than the symmetric cations, having been identified on the

basis of vibrational spectroscopy and conductivity measurements. The

[IZC]]+ cation has been reported by several groups, 26°27236-40 354

. although no X-ray structural data js yet available it has been assuméed

that it has the same bent geometry as the symmetric cations. Similar

spectroscopic evidence has been reported for [IZBr{j:EEF
[BPIC‘ ]+.26’27 38

it e
e g e BB St
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C. The Mdssbauer Effect

(i) Nuclear Resonant Absorption

The phenomenon of absorption or emission of gamma-ray photons
with no loss of energy due to thermal broadening or recoil of the nucleus
is known as the M§ssbauer effect. R. L. Myssbauer “! first observed
recoiless nuclear resonant absorption in 1957. This process is of
fundamental importance in chémical studies since it provides a means of
measuring the comparatively weak interactions between the nucleus and
surrounding electrons. This is possible because of the production of
monochromatic radiation having an extremely high intrinsic resolution of
one part in 1013. There are several mechanisms which can act to degrade.
this radiation, particularly the effects of nuclear recoil and thermal
broadening."?

(onsider the hypothetical situation of an isolated nucleus of a
particular mass and energy moving at constant velocity. Subsequent to

the emission of a gamma-ray photon the nucleus undergoes recoil and has a

new velocity and a new total energy. The energy of the emitted photon is

thus given by:

m
1]

Y £ - ER - ED (1.10)

where ER is the recoil kinetic energy and ED js the thermal or Doppler
energy. Since momentum must be conserved during emission, the energy of

Q

recoil “3 is given by:

_ Y
g = —— (1.11)

JE
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The Doppler energy ED which also degrades the radiation, is dependent on
the thermal motion of the nucleus and has a distribution of epergies as a
result of its temperature dependence. An average value of ED can be
defined “3 which is related to the average kinetic energy per transla-

tional degree of freedom,'Ek = 1/2 kT, by:

where k is Boltzman's constant and T is the absolute temperature. As a
result of these two nuclear effects the statistical energy distribution
of the emitted gamma-rays is displaced from the true excited state energy
by -ER and is broadened by ED into a Gaussian distribution of width 2E...
The distribution for absorption has the same shape but is displaced to
+ER. Thus nuclear resonént absorption will only have a significant prob-
ability of occurring if these two energy distributions overlap strongly.
The problem of recofl is however minimized wher the nucleus is embedded
in a rigid crystal lattice rather than being in an isolated situation.

In this case the entire crystal takes up the recoil and becausé of the
large effective mass, both the kinetic recoil energy and Doppler broad-
ening becéme small and less than the 1ine width at half maximum, T
(equatians 1.11 and 1.12). The statistical energy distribution is

governed by the Heisenberg uncert&inty principle so that:

r = 1 (1.13)

where h = 2nF is Planck's constant and 1 is the lifetime of the excited

state.

— _ k ’
p = 2 (EE) = EJ (1.12)
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The kinetic recoil energy is much less than chemical binding
energies but is similar in magnitude to lattice vibration pﬁ%non
energies. The Debye theory ““ for solids requires that these lattice

vibrations be guantized so that recoil energy can only be transferred to

o s e o e
R e Ly U S

the lattice if it corresponds closely to an allowed quantum jump. The '

recoil-free fraction fA is therefore defined as the fraction of emissions
which do not excite lattice vibrations and where recoiless emission of
. gamma-rays occurs. It is possible to relate fA to the vibrational

properties of the crystal lattice by:*5,4®

_E 2¢xdy

fy = expl—-—C (1.14)
(Fic)

where <£2> is the mean square vibrational amplitude of the nucleus in the
direction of the gamma-rdy emission. The mean square vibrational
amplitude of the nucleus is temperature dependent 43 and fA is therefore

inversely proportional to temperature. It is critical that f, be as

A
large as possible and it is maximized for a rigidly ‘bound atom at Tow

temperature with a small mean square displacement, and when the gamma-ray

enerqy is smail,
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D. Hyperfine Interactions

(i) Isomer Shift

The nucleus has a finite size which can change fractionally
during a gamma-ray transition, Similarly, the s-electron wave function
also has a finite value inside the nuclear radius and is directly respon-
sible for the change in electrostatjc enerqy observed. If during a
nuclear transition from the exciteévtﬁ'the ground state the nuclear
radius changes by a small amount, the corresponding change in

electrostatic energy is given by:"3

o aw o= L 2022 SR v (0) |7 (1.15)
R

where € is the permittivity of a vacuum and |ws(o)|2 is the non-
relativistic Schroedinger wavefunction at r = o and represents the s-
eleciron density at the nhcleus. The Mdssbauer experiment then

compares the difference in energy between the nuclear transitions in the
source and absorber and when the s-electron density is different in the
source from that of the absorber, a Doppler velocity must be applied to

the source in order to observe resonance. The isomer shift is given

by:"?

4n

5R
Ls. = & - Xzef? (__R_J (1 (0) 1 - 14, (0) 2

5 sourcel ) (1.16)

where R is the radius of the nucleus and SR is the change in nuclear

radius during emission., There have been various estimates “8,%? of

127 5

SR/R for

I, ranging from -5.6 x 10° " to -4.8 x 10'4 and whi}e there is
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no general agreement as to the absolute value for ¢R/R the sign is known

to be negative. This means that the }271 nucleus expands upon de-

I
excitation and hence an increase in chemical isomer shift corresponds to

a decrease in s-electron density at the iodine nucleus. Since the above
equation (1.16) is the product'of a chemical term and a nuclear term, the
latter of which is constant for a particular transition, it is possible
to study changes in electron density directly. |ws(o)|2 includes
contributions from all occupied s-electron orbitals of the atom and is
sensitive to changes occurring in the valence orbitals. Although
|¢(o)|2for p-, d- and electrons in higher orbitals is zero these orbitals
affect the net s-e]éctron density indirectly since they can penetrate the
inner core and hence shield the s-electrons from the nucleus. Any factor
which can alter the s-electron density at the nucleus will consequently
affect the isomer shtft.

The isomer shift is Aléo temperature dependent and is affected by
two factors. One is the second order Doppler shift “7 which arises from
the temperature dependence of the lattice vibration term <x2>, affecting

the gamma-ray energy to a small extent,.

< Z>
X
SE. = .
Y ? Y

(1.17)
2C

Since c2 is much larger than <x2> this term will be very small. So for a
series of chemically similar compounds measured at the same temperature,

the second order Doppler shift will be essentially zero because <x2> is

. et o - A A Bt i
A it e W e A P
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nearly constant, A second temperature dependent effect which is often
difficult to detect arises from chemical or physical changes in the
compound itself due, for example, to a phase change in the crystal

structure.

(ii) Quadrupole Splitting

As well as interacting with extra-xuclear electrons the nuclear
energy levels may also be affected by the surfounding chemical environ-
ment interacting with the electric quadrupole\gpoment, The quadrupole .
moment is a measure of the deviation from spherical symmetry of the
nuclear charge, and may be positive or negative depending on the
distribution. Only those nuclear states with spin I > 1/2 have a non-
spherical éhdrge distribution and hence a quadrupole moment. For 127[
the ground state quadrupole moment eQ is negative and thus the nucleus is
flattened along the spin axis. If the surrounding molecular electric
field chanées rapidly as a function of the angle from some molecular
- axis, then the various orientations of the non-spherical nucleus with
‘respect to this axis lifts the degeneracy of the levels. This may be

‘;expressed by the following Hamiltonian:“3

o= L eqeve }(Nw)
6 4

where eQ is the electric quadrupole moment and VE represents the electric
field gradient at the nucleus. It is only necessary to specify two

components to completely describe the electric field gradient in its

v

I

e @ e
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n

principal axis system. V

2z = €4 is taken to be the largest value of

|Vii| and the asymmetry parameter n is defined as follows:'

Vo -V
n o= (XXX o<nc (1.19)

v
2z

The previous Hamiltonian in equation (1.18) may now be expressed as

eq 2 2 2
H o2 e [V_UI.S+ V. IS+ vV 1.7]
21(21.1) 222 yy 'y XXX
2 | .
290 (5 f L pren) + (1 f -1 8] (1.20)
41(21-1) Y

-

P,
If the electric field gradient has axial symmetry (n = 0) the the energy

levels are given by:“3

e2 Q 2
By - 2 [31,° - 1(1+1)] (1.21)
41(21-1)
Therefore for 1271 where Ig = £5/2 the ground state is split into three

levels and the excited state which has Ie = £7/2 is split into four
levels. The relative energies of the transitions between the ground and

excited states are thus determined by the magnitude of the ground and

r 1271 the ground state quadrupole

127, ,127
0,/ "'

excited state quadrupole moments. Fo

moment is quite large (~0.79 barn) and the ratio = 0.892 S0

9
so that moderate deviations from cubic symmetry result in some splitting
of the resonance into the eight component lines. The relative

intensities of the respective lines are in the ratios of the squares of

e mmn e o s
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the Clebsch-Gorden 5! Coefficients of the transitions. The Ml dipole
selection rule restricts transitions so that AIZ = 0, £1 when n = 0. If
the electric field is not axially symmetric about the principal axis,
j.e. n # 0, then all twelve possible transitions between the excited
state and ground state become allowed sincé the quantum numbers which
determine the nuclear spin states are no longer good and the states are
mixed. Also if n > § the relative intensities of all the lines are
modified and some transitions may becowe degenerate. Figure 1.1

q 52 127

11lustrates in a series of computer simulate 1 Mossbauer spectra

how n affects the absorption envelope when all other parameters are led
constant., In these spectra the quadrupole coupling constant is fixed at
a large positive value (3000 MHz), the isomer shift is fixed at

-0.5 mms'1 and the source and absorber line widths are fixed at the

1

natural value (1.27 mms "), Eta varies from 0.0 - 1.0 (Figure 1.la-d)

and the overall effect is to make the absorption envelope more symmetric

127

as n approaches unity. Thus a quadrupole spectrum of [ yields the

magnitude as well as the sign of the quadrupole coupling constant
e2q127d;/h, and hence the electric field gradient, as well as the
magnitude of the asymmetry parameter n. When n = 1 the sign of
e2q127Qg/h has no meaning.

(ii1) Line Width

The natural line width is governed by the uncertainty principle

where the ideal source would produce radiation with a Lorentzian

distribution of energy. Assuming that the absorber is Hdeally thin then

R iaantame o
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the absorption band would have a width at half intensity, léxp = Zrnat'
It is rare that the natural line width is observed, for several reasons.
Non-homogeneity of the chemical environments of the resonant atoms in the
source and/or absorber, i,e., disorder or multiple sites, will result in
small variations in the hyperfine parameters and hence apparently broad-
ened lines. Geometric effects, thermal effects and the presence of
hyperfine structure due to extra-nuclear field effects may also contri-
bute to the apparent line width.

[t has become customary to treat M&ssbauer spectra as if they
were sums of Lorentzian lines, however it has long been recognized
“®,53 that this procedure is unsatisfactory for thick absorbers with
overlapping lines. Ffor well resolved spectra no serious problems arise
from such a treatment since individual line positions are accurately
known and the effect of absorber thickness on the intensity and width of
a single line is well understood.>3»3* In the case of 127I'however
where the hyperfine interactions are generally small compared to the
observed line width the individual parameters become correlated and
thickness effects become much more subtle. Lazarus and Thomas *° and
others °®,%7 nhave shown that reliable data can be obtained 1f trans-
mission integral procedures are employed in the fitting procedures and if
thickness effects are considered. Ffor an absorption spectrum produced by

a single Lorentzian source and a multiple line Lorentzian absorber, the

transmission integral as a function of the velocity v is given by:>°

e g e oo
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f (r /2)dE*
[(v) = 1, ((1-f) + _S 0

oo
J
-

(€ + vE /c)? + (r,/2)

. P

(ry2)° | |
exp [-ZW(k)T, i (1.22) ¢
[E-Ep(x)1° + (r,/2)°

I0 is the intensity of the unattenuated radiation, fS is the recoil-free

fraction of the source, Fo is the full width of a half-maximum, assumed
to be the same for source and absorber, W(k) is the Clebsch-Gorden
intensity for the kth line located at EA(k), EO is the energy of the
incident radiation ;k zero velocity and ¢ is the velocity of light, The
effective thickness of the absorber, TA is a dimensionless quantity equal
to fppAaootA where fA is the recoil-free fraction of the absorber, n is
the number of atoms per cubic centimeter, a is the fractional abundance
of resonang atoms, % is .the cross section at resonance and tA is the
thickness of the absorber in centimeters. Theéefore if TA is small the

transmission function reduces to a sum of Lorentzians, each with width

2r _and intensity given by W(k).
o X
P
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E. Chemical Interpretation of 7{ Mfssbauer Spectra

The chemical isomer shift and quadrupole coupling constant in
127, compounds are largely determined by the valence shell (5sp) electron
configuration., It has become customary to use semi-empirical relation-
ships to convert isomer shifts and quadrupole coupling constants into s-

and p-orbital populations., The "hole numbers", h and h_ refer to
X,¥,1
the amount of pr . and 5s charge, expressed in units of electrons,

b ]
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missing from the closed shell‘SSsz electron configuration of [~. The
semi-empirical relationships for the isomer shift have been developed by
Hafemeister ggﬁgl.~58 and later by Perlow and Perlow,!* and that for the
electric field gradient by Townes and Dailey.®9»®Y It is possible to

write the isomer shift with respect to I as:

$ - = K[-h§+1(hp+hs)(2—hs)] (1.23)
K and y are constants so that -Khslrepresents the change in isomer shift
due to loss of 5s-electrons, The (2-hs) bs-electrons remaining are then
deshielded by a total! decrease in the number of electrons (hp+hs). In
order to use expfession (1.23) the values of K and Yy must be evaluated.
The accepted value “3,%7,%1l for v is 0,07, In mosp cases hs<<hp S0
(1.23) may be written as:

[ §
Sp- = 2Kyh (1.24)

The relative populations of the s- and p-orbitals are not given
by the isomer shift, but may be derived in conjunction with the quadru-
pole coupling cénstant to which hS does not contribute. According to
Townes and Dailey,60 the principal value of the molecular electric field
gradient (eqmo‘) is related to the atomic electric field gradient arising
206

from a Sp-hole in the 5s°p-confiquration, ed,, by:

eq 1 = eqatUp (1.25)

e 2
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where Up is the imbalance in the 5p-shell. Up has been assigned a

directional property in terms of Ux, Uy and UZ as given by:

U = U o+ X__ Y (1.26)

no= XX YWY 3 (XY (1.27)
2

2
qat

resonance spectroscopy to be +2293 MHz, Having evaluated Ux, Uy and Uz,

The value of e 127Qg/h is known ®¢ accurately from nuclear quadrupole

hp can be calculated from:

u

h

p ) (1.28)

6-(Ux + Uy + Uz

Perlow and Perlow !“ have used Up} calculated from the measured

quadrupole coupling constants, together with the isomer shifts for HI

(anhydrous), 12, K[IC12]°H20, IC1 and K[IC14]-HZO to obtain a value for

2Ky of -0.56 mms'l. This then leads to the following expression for the

isomer shift:“’

127
SinTe = H0[-hg + 0.07 (h +h)(2 - h )] + 0.16

* 344 h - 0.5 h + 0.16 (1.29)

¢

The above expression has been used exclusively to describe the, bonding in

a wide variety of iodine compounds.
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F. Purpose aof This Work

In 1962 Jha et al. ©3 reported the 27.77 KeV gamma-ray transitiﬁn
of 1291, a radio-isotope with a half-life of 1.7 x 10’ y. Soon after
this Hafemeister et al. 58 conducted extensive experiments which yielded
chemical, solid state and nuclear results. The 57.60 KeV gamma-ray

transition of 127

[, the naturally occuring isotope present in 100%
abundance, was observed by Barros et al. 6% in 1964. By far the greatest
use for chemical studies has been made with the 129-isotope because of
the superior spectral resolution that it offers. However the 129-isotope
suffers a major disadvantage in chemical studies in that one must carry
out chemical reactions with a radio-isotope on a small scale, and it is
rare that the products of such reactions are chemically analyzed. This
disadvantage of course does not arise for the stable 127-isotope and the
paucity of chemizal investigations with this isotope is probably due to
the large natural I{Re width .(2F = 2.54 mms ™ 1 65) coupled with the high
transition energy which results in lower recoil-free fractions and
necegsitates carrying out measurements at liquid He temperatures.

The main objective of the work presented in this‘thesis was to
examine in a systematic way some series of iodine compounds whose
structures are well known from X-ray crystallography and spectroscopy.

_ In order to confidently interpret the effect which different 1igands .
surrounding a particular jodine nucleus have on the Myssbauer
parameters it is imperative that the same gross structure be maintained

in the series of compounds. The linear trihalide [X-I-Y] anions were

AN S po T gt W, T



24

initially examined to, First, determine the feasibility of doing 221
MSssbauer spectroscopy and second, to test the semi-empiricaﬁ
relationships which have been used in interpreting jodine M§ssbauer
parameters, and thereby monitor the effect of the terminal halogens on
the MYssbauer parameters of the central nucleusf

Several new iodine interhalogen cations were prepared and
characterized in order to clarify some problems existing in this area of
chemistry and to investigate the iodine nucleus when it is situated in a
square-plane of halogens, as is found in the series of [IX2]+ cations.
The chalcogen-iodine cations which were examined, provided a series of
well characterized compounds whose 127I Mdssbauer parameters gave
information as to the nature of the bonding between the iodine and
chalcqgen atoms., Once again the semi-empirical relationships were
examined as to their general app]icability.

By conducting an éxtensive survey of well characterized compounds
it became poss}ble to apply this technique to some interesting chemical
problems. Using the re§u1ts of the study of the [X-1-Y]™ anions and
related compounds, it was possible to determine the relative electro-
negativities of the -F and -OTeF5 Tigands using 1271 Myssbauer spectro-
scopy, in conjunction with other spectroscopic techniques. The [12]+
‘ cation was examined in the solid state and frozen fluorosulfuric acid
solution in order to try and understand the structure and the bonding of

the cation, particularly in the frozen solution.

v v e Lt s e P e e 4
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Finally, one of the biggest problems in comparing 127[
Missbauer data from different laboratories arises because of the lack
of a suitable reference compound. The Mossbauer spectra of several
nominally cubic inorganic iodine compounds were measured in order to

select a good reference compound.
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CHAPTER 2

3

EXPERIMENTAL SECTION

A,  General Preparative Techniques

(i) Vacuum System

The majority of the preparative work presented in this thesis was
carried out with the use of a pyrex vacuum system. The vacuum line
consisted of an all pyrex high-vacuum section and a greaseless pyrex
section equipped with teflon Rotaflow valves, Both sections were
maintained under dynamic vacuum with a rotary pump and a two-stage
mercury diffusion pump. Connections were made to the high-vacuum section
by 9 mm i.d. ball joints while those to Rotaflo valves were made by 1/4"
standard wall pyrex tubing which was attached by means of 1/4" teflon

nuts and ferrules to a straight Swagelock union or to a teflon diaphragm

valve.

(ii) Dry Atmosphere System

A1l starting materials and samples which hydrolyze in air were
handled in a dry-nitrogen Labconco glove-box fitted with a constant
circulation liquid nitrogen drying system, The glove-box was filled with

"extra-dry nitrogen" supplied by Specialty Gases, or with dry nitrogen

from the liquid nitrogen reservoir boil-off. An evacuable port provided

access to the glove box.

26
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(ii1) Reaction Vessels

/

Since many of the compounds prepared for this thesis are highly
moisture sensitive and very strong oxidants it was necessary to prepare
them in the absence of air and in a weakly basic solvent, The solvent
used was SO2 (or 502C1F) and a Dean type reaction vessel ®% as shown in
Figure 2.1 was used to prepare the compounds. Depending on the aims of 4
particular reaction, the vessel was modified by attaching NMR tubes,
etc., directly to the vessel. The stopcocks used on the vessels were
either ‘teflon Rotaflo valves or teflon diaphragm valves, as previously
described.®’ Prior to use the reaction vessels were carefully dried by

repeated flamings while pumping under dynamic vacuum,

B. Experimental Techniques and Apparatus

(i) Mdssbauer Spectrometer

The MOssbauer spectra were recorded using an Elscint
Mossbauer Function Generator and Driving Unit, Model MFD-4, and an
Elscint transducer, Constant acceleration motion was used and the sense
of the acceleration was controlled by a multichannel analyzer operating
in the multiscaling mode. A Northern-900 series multichannel analyzer
was used and spectra were either accumulated in 256 channels of the
mutichannel analyzer with automatic folding of the triangular waveform or
in 512 channels with no folding. The velocity and hence the gamma-ray
energy varied linearly with time. The complete system was comprised of a

preamp/amplifier, single channel analyzer, analog-to-digital converter, a

[ N i




23

[l _TEFLON PLUG
L TEFLON
STOPCOCK
¢ ! _TEFLON
SWAGELOCK
UNION

MEDIUM SINTERED)

GLQSS ——W

= /

TEFLON
COATED

STIRRING —5mm NMR TUB
BAR 'R TUBE

U

]
Figure 2.1. Dean reaction vessel with attached NMR tube.
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complete core memory package, readout drives.and a cathode ray tube
display. The Northern-900 analyzer was used in conjunction with a
Northern-458 dual input multichannel scaling controller. The block
diagram, Figure 2.2, shows the essential components of the Missbauer
spectrometer.

The gamma-ray source used was either a 10 or 20 mCi Zn127mTe
emitter produced by New England Nuclear Corporation, Attempts to produce

a suitable source in the McMaster University Nuclear Reactor by neutron

66, 126

jirradiation of in Te were unsuccessful because of the low thermal

neutron fluxes available. The single channel analyzer was set on the
57.6 keV gamma-ray line a§ shown in Figure 2.3. The partial decay scheme
of 127mTe is also given in the inset, The transmitted radiation was
detected by a Harsﬁaw Nal(T1) crystal and matched photomultiplier tube.
Tﬂe crystal thickness was 2 mm, The appropriate energy was selected by
adjusting the upper and lower input voltage of the single channel
analyzer, The signal from the single channel analyzer was qmplified;
counted, and stored in the core memory.

The Myssbauer spectra consist of a plot of count rate versus
velocity (energy). Since the constant acceleration motion has opposite
sigﬁs in alternate halves of the memory a mirror image appears in the
memory halves with one spectrum being counted during acceleration and £he
other during deceleration of the drive in the nonfolding mode.

The accumulated data was then transferred onto a teletypewriter,
TTY33, which included a typewriter and paper tape punch., The data were

subsequently transferred to computer cards for final processing.

..‘°
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The drive velocity was calibrated by recording the spectrum of
iron foil on the opposite end of the transducer using a 57Co in Pd source
supplied by New England Nuclear Corporation. The 1271 Myssbauer
spectra were then referenced with respect to a suitable single line
absgrber such as KI, recorded at 4.2°K.

Samples containing about 30 mg of natural ijodine per cm2 were
prepared. The air stable compounds were finely ground and mixed
thor0ugrly with A1203 while those samples which were moisture sensitive
were prepared in a glove-box by grinding them and mixing them -intimately
with dried prefluorinated teflon powder., The samples were then placed in
a 20 mm i.d. threaded Kel-F sample holder, Solution samples were
prepared in a similar Kel-F sample holder which contained a screw plug on
the side for easy loading by syringe, and subsequently frozen to 78° K.

Both source and sample were maintained at liquid helium
temperature (4.2° K) in a"detachable tail research cryostat manufactured
by Janis Research Company. Figure 2.4 shows a schematic of the liguid
helium cryostat, indicating the geometry of the experiment., The
temperature was continuously monitored by means of a calibrated Allen-
Bradley 47 ohm, 1/4 watt, carbon resistor and a Cryogenic Research
Company temperature controller, and this ensured that the source and
sample were immersed in liquid helium at all times. The level of the
main liquid helium reservoir was continuously monitored by a series of
carbon resistors located at different levels in the reservoir. A liquid
helium boil-off rate of 200-300 cc/hr was fypical. The liquid nitrogen
reservoir level was automatically maintained with a Torr Vacuum Products

Inc., Model L-21 liquid nitrogen level controller.
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Figure 2.4. Schematic diagram of liquid He cryostat

used to measure ]271 Mossbauer spectra.



34

- The nt?’

Mre source was attached to a stiff 90 c¢cm long stainless
steel rod so that the source to detector distance was about 10 ¢m. This
resulted in 57.6 keV gamma-ray count rates which varied from
20-30 counts s'l <:hanm-:l'1 depending on the chemical composition of the
absorber and the activity of the source. Typical spectra were recorded
1n 24-36 h and when folded gave 1 « 106 -5 x 106 counts channel'1 with
about 1% absorption.

All spectra were computer fitted using programs 32,57
. previously described, which 1ncorporate full transmission 1ntegral
procedures. In the fitting procedure the source line width was

constrained to the natural value (T = 1,27 mms'l), and while the

nat
absorber line widths were allowed to vary 1n quadrupole split spectra,
the 1ndividual lines were constrained to have equal but variable width,
The absorber thickness (TA), 1somer shift, quadrupole coupling constant,
and where appropriate, eta (n), were allowed to vary although n the
1nitial stages n was fixed at zero. When two unigue 1adine sites were
present, the relative 1ntensities of the two sites were initially assumed
to be equal to their molar ratios 1n the molecule. This constraint was
removed 1n later stages since 1t 15 unlikely that the different sites
would have the same recoil-free fractions. In addition to the usual
goodness of fit criterion xz, the misfit criterion of Ruby 58 was .
employed 1n the fitting procedure. In each Table of M3ssbauer data the

2 ,
x~ value 15 presented as a function of the degrees of freedom, with a

value of one representing an acceptable computer fitted spectrum,
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(i1) Laser Raman Spectrometer

The laser Raman instrumentation has been extensively described

elsewhere.®% 70 Cylindrical sample tubes were mounted vertically so’

that the angle between the incident laser beam and the sample tube was
45° and Raman scattered radiation was observed at 45° to the laser beam
or 90° to the sample tube direction. Spectra were recorded while
spinning the sample tube and at -196°C by mounting the sample tube
vertically n an uns;lvered pyrex glass dewar filled with liquid

nitrogen,

(111) Nuclear Magnetic Resonance Spectrometer
19

F NMR spectra were obtatned using a Bruker WH-90 Fourier

transform multinuclear spectrometer equipped with a Nicolet 1080
computer, a Nicolet 294 disk memory and quadrature phased detection. All
spectra were 2H locked and accumulated 1n 16K of memory. The
spectrometer frequency was 84.66 MHz and spectra were obtained using 5 mm
0.d. NMR tubes and were locked to an external dg-acetone capillary in the
probe head housing. Spectra were recorded at -120°C using a Bruker
temperature controller, and the temperature was monitored using a copper
constantan thermocouple inserted directly into the sample region of the
probe and was accurate to 1°C,

Tellurium-125 and xenon-129 NMR spectra were obtained on natural-
abundance compounds using a Bruker WM-250 Fourier-transform multinuclear
spectrometer. The spectra were recorded by Professor G. J. Schrobilgen.

A1l spectra were run unlocked (field drift < 1Hz/hr) and accummulated in
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16K of memory. Xenon-129 and tellurium-125 spectra were obtained at
69.20 and 78.97 MH}, respectively, in 5,000 to 10,000 scans using a

spectral width of 45 KHz (2.8 Hz/data point; pulse repetition time, 0.18

129Xe, a spectral width of 83 KHz (5.1 Hz/data point; pulse

125

sec) for

Te and pulse widths of 20 u sec for
129X 125

repetition time, 0.20 sec) for

both nucleil. Line broadenings of 3 Hz ( e) and 5 Hz( ~“Te) were
applied 1n the exponential smoothing ¢of the free induction decays.

Nuclear magnetic resonance samples were prepared by Professor G.
J. Schrobilgen 1n 10 mm o.d. precision glass NMR tubes (Wilmad) joined by
1/4" o.d. standard wall tubing and attached by means of 1/4" Teflon nuts
and ferrules to alTeflon diaphragm valve, Samples were prepared by
distilling the appropriate solvent through all Kel-F and Teflon |
connections into a sample tube containing the solute at <196°C. Samples
were Sealed under vacuum and stored at -196°C until their spectra could
be recorded.

Xenon-129 spectra were referenced externally with respect to pure

XeQF 1iquid at 24°C. Telluriwum-125 spectra were referenced externally

4
with'respect to saturated aqueous Te(OH)6 at 24°C.
[ .

~

(iv) Visible Absorption Spectrometer

A Cary Model 14 spectrophotomer was used to obtain the visible
absorption spectra. Spectra were recorded on very dilute solutions of
the solute in liquid SO2
sample thickness of 1 cm,

solvent using matched quartz cells having a

S e e e v
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(v) X-ray Crystallography 4

Since the compounds examined by X-ray crystallography in this

thesis are all highly moisture sensitive, crystals had to be sealed in

n e e o

capillaries to prevent decomposition. Crystals of [IC]Z][SbFSJ and
[IBrz][SbZFllJ were mounted in rigorously dried Lindemann capillaries. i
[I3C12][SDC16] and [IBrO.75C11‘25][SbC16] are volatile solids and Qﬁ?
crystals of these compounds were obtained by sublimation. Samples were
placed in a sublimation vessel to which fine (0.2-0.3 mm) quartz
capillaries had been attached. By applying a small temperature gradient
across the vessel, crystals were eventually sublimed 1nto the
capillaries, . ’
The instrumentation, and details regarding data acquisition for
determining crystal structures have been thoroughly described 7!
previously. The theory of the solution of crystal structures is
described in great detail Win the book by Stout and Jensan.”2 Al
structures .were solved by conventional heavy atom methods, The iodine
and/or antimony atoms were located using a Patterson map. Subsequent
Fourier maps revealed the positions of the remaining atoms and confirmed
the positional assignments of the heavy atoms.
A1l calculations were performed on a CDC 6400 or Cyber 170/730
computer using the program SHELX 7% in the initial stages, while the
final refinements were completed using the series of progfams in the

’

XRAY package.”*



baS

38

(vi) Chemical Analysis

The iodine content of the polyhalide anions [X-I-Y]™ (X,Y = F,
Cl, Br, I) was determined by the addition of a weighed quantity of the

polyhalide salt to an excess solution of ajueous KI and titration of the
X

liberated iodine with standard Na25203 solution,

The total halide content of [I3C12][SbC16] was determined by a

method similar to that described by Vonk and Wiebenga.7S

C. Purification of Starting Materials

(i) Antimony Pentafluoride

»
Antimony pentafluoride (Ozark-Mahoning) was doubly distilled in

® The fraction boiling at

an all-pyrex apparatus described previous]y.7
142-143°C was collected and stored in a pyrex flask in the glove box for

subsequent use in a dry atmosphere.

(i1) Antimony Pentachloride

Antimony pentachloride (J. T. Baker Co. Reagent) was used as

supplied without purification,

(iii) Antimony Trihalides

Antimony trifluoride (Al1fa Inorganics) was sublimed at 319°C
under vacuum and stored in a dry nitrogen atmosphere until used.
Antimony trichloride (Allied Chemical) was sublimed at 50°C under

vacuum and stored in the glove-box until required.

S . ot e
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Antimony tribromide (Al1fa Inorganics) was sublimed at 200°C under

vacuum and stored in the glove-box until used.

(iv) Halogens

Iodine (Fischer Scientific Co.) was freshly sublimed before use.
Bromine (McArthur Chemical Co.) was stored over P205 for several
days prior to use.

Chlorine (Matheson Co.) was dried by storage over PZOS for

'

several days prior to use.

(v) Solvents

Sulfur dioxide (Matﬁeson Co.) wés dried and stored over PZOS
before use. When required, it was distilled into the reaction vessel,

SOZCIF was purified by trap-to-trab distillation through a -78°C

dry-ice acetone slush bath and collected in a trap cooled to -196°C.

(vi) lodine Pentafluoride

Iodine pentafluoride (Matheson) was purified by
Professor G, J. Schrobilgen using the procedure outlined for bromine

pentafluoride.77

4
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D. Preparation of Polyhalide Anions
(i) [I8rC1]7, [IzBr]', [12C1]' and [IBrZJ;
Samples of [N(CH3)4][IBrCl], [N(CH3)4][IZBr], [N(CHZCH3)4][12CIJ

and [N(CHZCH3)4][IBr2] were prepared according to standard methods '8, 79
by mixing tetra-alky! ammonium halide salts with the appropriate halogen
or interhalogen. These compounds (or those containing a similar cation)
have all been characterized by vibrational spectroscopy-infrared and
Raman,''-13 X-ray crystallography,3-2,8%-82 anq chemical analysis.
[N(CH,CH4) I(IBr,] & calc., 1, 30.45; found, I, 30.30
[N(CH,), 01 ,8r) " : calc., I, 62.25; found, I, 63.65
[N(CH3)4J[IBrC1] : calc., I, 40,10; found, I, 39,95
tN(CH2CH3)4][12c1] : calc., I, 60.5; found, I, 59.65

(i1) [I8rF]™ and [ICIF]™

The cesium salts of [IBrF]™ and [ICIF]™ were prepared by mixing

- CsF with a large excess of IBr and IC1 respectively and warming to ca.

§O°C} After allowing the CsF to react completely, the excess IBr or IC)
ﬁés removed by grinding the material to powder and pumping under high
vacuum, All manipulations were carried out under a dry nitrogen
atmo§phere in a glove-box. The compounds were characterized by chemical
ana]ysis, MOssbauer spectroscopy and Raman spectroscopy.

Cs(IBrF] : calc., I, 35.40; found, [, 36.80

Cs{ICIF] : calc., I, 40.40; found, I, 45.25

b o e A = i ST T
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(iii) [IF

The tetraethylammonium salt of the difluoroiodide anion was
prepared by halogen exchange between tetraethylammonium dichloroiodide
and silver fluoride in acetonitrile solution as described by Meinert and
Klamm.83 The compound was characterized by Raman spectroscopy and

Mdssbauer spectroscopy.

E. Preparation of Polyhalogen Cations of lodine
(1) [1,0080,F,]

The salt [12][Sb2 11] was prepared by the method of Gillespie and

co-workers 7 by treating I2 with SbF5 in SO2 solvent and the purity was

established by Raman spectroscopy.

(1) [1,30AsF 1
The sample of [I3j[AsF6] was kindly provided by Passmore et al.32

who have described its preparation and X-ray crystal structure.-

(i11) 1,C1

12C16 was prepared according to the method of Birk 8“ by treating

at -78°C.

finely ground 12 with excess Tiquid C12

(iv) [IC] [SbC]s]
The compound [IClz][SbCISJ was prepared by the method of Vonk and

Wiebenga 73 by heating 12C16 in a large excess of SbC15

s
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(v) [IC1,]SbF ] ;

[IC42][SbF6] was prepared as follows: 3.6694 g (16.93 mmol) of
SbF5 was added by means of a glass syringe to one side of a Dean reaction )
vessel equipped with a 5 mm thin walled NMR tube. This manipulation was :
carried out under a dry nitrogen atmosphere in a glove-box. Then 1.9753 %
g (4.233 mmol) of 12C16 was added to the other side by vacuum sublimation !
froin a preweighed glass vessel, on a vacuum line. SOZC1F was then
distilled onto the SbF5 and the SbFS/SOZCiF solution was quickly poured
onto the 12C16 through the sintered glass frit, After stirring for six
hours a clear cherry-red solution remained. The 19F NMR sample was
obtained by pouring some of this solution into the attached NMR tube and
sealing it off under vacuum, The 502C1F solvent was removed from the
remaining solution by slow distillation, which left behind a viscous red
paste. After some time it was noticed that red crystals had begun to
_grow and the vessel was then pumped under dynamic vacuum to remove any
remaining SbFs. The melting point of a single crystal of [IC]2][SbF6] is
83°C giving a red liquid with no decomposition. [IC12][SbF6] was

19

characterized by F NMR spectroscopy, M3ssbauer spectroscopy, Raman

spectroscopy and X-ray crystallography.

(vi) IIBPD.75911.2 JESbCl ]
[IBrO.75C11.25]£SbC]6] was prepéred in a Dean reaction vessel

comprised of two 100 ml pyrex round bottom flasks. 12,0629 g
(40.34 mmol) of SbCl. was added to one side of the reaction vessel. Then

8.2915 g (40.07 mmol) of IBr was added to the SbClS. Following this

b e
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2.8050 g (39.56 mmol) of dry Cl, was distilled onto the mixture at
-196°C. The reaction mixture was‘éllowed to warm up to room temperature
over a period of several hours. 502 solvent was then introduced into the
vessel and the reaction product was stirred and then carried over to the
other side of the vessel, After the SO2 was removed by slow distillation
a very dark red-brown crystalline solid remained. The melting point of a
gingle crystal of [IBrO.7SC11'25][SbC16] is 50°C. A Raman sample was
prepared by subliming a large crystal of the material into a 1/4" pyrex
tube. [IBr0.75C11.25][SbC16] was characterized by Raman spectroscopy,

Missbauer spectroscopy and X-ray crystallography.

(vit) [iBrplLShyF,yl

[IBrzj[szFllj was prepared as follows: 6.5057 g (30.014 mmol)
of SbF5 was added to one side of a Dean reaction vessel. Then 2.4630 g
(11.904 mmol) of IBr was-prepared from 12 and Br2, using the method
described by Brauer,8® in the other side of the vessel. SO2 was
distilled onto the SbF5 and the SbFS/SO2 solution was poured through the
frit, onto the IBr. After stirring for one week a very dark green, clear
solution remained which contained a fine white precipitate of SbF3. The
solution was filtered to the other side of the vessel and the SO2 was
slowly removed in an attempt to induce crystallization., A dark thick
paste remained which, when 502C1F was added,, produced a dark green clear
solution. When the SOZCIF was removed by slow distillation shiny, dark,
needle-like crystals of [IBr2][Sb2F11] formed. The meltiﬁg point of a
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single crystal of [IBrzj[szFll] is 139°C. This compound was
characterized by Raman spectroscopy, Missbauer spectroscopy and X-ray
crystallography.

(viii) [L;00,108hC1 ]

[I3C12][SDC]6] was prepared as follows: 3.4303 g (15.03 mmol) of
resublimed SbCl3 were added to one side of a Dean reaction vessel under a
dry nitrogen atmosphere in a glove-box. Then 3,4134 g (7.31 mmol) of
IZC]6 were added to the other side of the vessel by vacuum sublimation
from a preweighed glass vessel. SO2 was distilled onto the SbCl3 and
when the latter had dissolved, the SbCl3/SO2 solution was poured onto the
12C16 through the sintered glass frit. After stirring overnight a fine
brown precipitate was formed which after repeated washing to the other
side of the ve;sel remained as darg brown crystals. After cooling to 0°C,
to ensure maximum crystal formation, the SO2 was decanted to the other
side of the vessel which was then sealed under vacuum, [I3C12][SDC16] is
highly moisture sensitive and attempts to moynt crystals in rigorously
dried Lindemann capillaries inside a glove-box containing an atmosphere
with less than 2-3 ppm of moisture resulted in rapid crystal
decomposition, Part of the driving force of.this decomposition is
thought to be due to the loss of the partial vapour pressure of the
-volatile crysta]sﬁwhen the glass vessel is opened. To overcome this
problem a sample of the material was placed in a sublimation vessel and

crystals were sublimed into quartz capillaries. The melting point of a

single crystal of [I3C12][SbC16] under its own vapour pressure is 47°C
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giving a brown liquid with no decomposition. The compound gave
satisfactory gravimetric analysis for total halide present by
precipitation of Agl and AgCl. [I3C12][SbC16] was characterized by Raman
spectroscopy, X-ray crystallography, Missbauer spectroscopy and visiple

absorption spectroscopy.

F. Attempted Reactions of 12916 with Other Group(V) Trihalides -

The following reactions were attempted in an effort to produce

cations similar to [I3C12]+. The reaction of IZC]B with SbF3 resulted in

the formation of a very dark viscous o0il which was not characterized.
Halogen exchange has found to occur when 12C16 was mixed with SbBr3,
according to the following reaction:

[.C1 + 2SbBr + 25bC13 + 2IBr + 2Br

Ll 3 (2.1)

2

No reaction was obvserved between 12016 and AsCl3.

G. Preparation of Diphenyliodonium Halides
(i) [(CSHSZZIX]Z, where X = C1, Br, 1

These compounds were prepared using the method described by

Beringer et al. 8 1o a stirred mixture of potassium iodate, benzene and
acetic anhydride, cooled to below 10°C, was added a cold saolution of
acetic acid in sulfuric acid. After working up the reaction mixture it

was divided into three portions. Upon the addition of aqueous ammonium

Sh e cgar a N b ——t
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@
halide solution the diphenyliodonium halide salts were precipitated. The
authenticity of the products was confirmed by their melting points,
[(CgHg),IC11, = mp, 223°C
[(C6H5)ZIB;']2 . mp, 208°C
[(CSHS)ZIIJZ : mp, 171°C

H.  Compounds Containing Chalcogen Cations of lodine

Samples of [S,1]{AsF 1,87 [S;110S0F,%7 [(S;1),45,40AsF g, %"
[(S,1) 110 SbF c15-2AsF 4,89 [S,1,10AsF(],,%0 [Se,l,[AsF¢],, 7!
[SeI3][SbF6] 92 and [Tels][Ast] 93 were kindly provided by

Prof. J. Passmore and co-workers,

I. Sulfenyl lodine Compounds

(1) C,H JNSI-X, where X = Br, I

Samples of these compounds were kindly prepared by
Prof. B, E. McCarry according to the procedure described by Rogstad and
Augdahl,%* Their authenticities were confirmed by their melting points,

’

J. Preparation of Miscellaneoys lodine Compounds

(1) ﬁ52ﬂ3105 |
The disodium salt of H IO6 was prepared by oxidizing a solution

5
of NaIO3 in aqueous NaOH with liquid CTZ. The Na2H3IO6 was precipitated

and collected by filtration. The compound was characterized by chemical

analysis, Na,H

6° calc., I, 46.70; found, I, 46.31.

i e it >
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(1) Cul

Cul was prepared by s]oaly adding an aqueous solution of KI to an®

aqueous solution of CuSO4. The Cul precipitated immediately and was

collected by filtration,

(iii) Csl

CsI was made by titrating an aqueous solution of C52C03 with
aqueous HI until the resulting solution had a neutral pH, Upon

concentrating the solution Csl precipitated.

(iv) [I(C 5_1 ][NO
The sample of [I(C5 5 )2][N03] was prepared by the method of

Arotsky and Symons. 93

(v) FI§0TeF514
FI(OTeF5)4 was prepared by Prof. G, J. Schrobilgen.using the
method described by Seppelt.9®

(vi) IOéi -SbF

A sample of 102f3~SbF5 was obtained from Prof. R, J. Gillespie et

(vii) K[ICll]
K[ICI4] was prepared using the method described by Brauer 83 by
bubbling Clzthrough a saturated, acidic, aqueous solution of KI. Upon

cooling long needle-like crystals of K[ICI4] precipitated.

et 2l e e oy e g -



CHAPTER 3
SINGLE LINE ABSORBERS

A, Introduction
As mentioned in Chapter 1 the chemical isomer shift in

Missbauer spectroscopy is given by
C 2 2, oR
¢ e RO lv ()15 = (3.1)

where A is a constgnt, {st(O)li-st(O)lé} 15 the “1fference in the
electron density between absorber and source, and $R/R 1s a nuclear term
which depends upon the difference in nuclear radii of excited and ground
states.

In _order to interpret isomer shift data and to compare new data

with old, in the absence of an absolute velocity calibration such as that

provided by a laser, it is necessary that a suitable reference material

be chosen as a universal standard. This is particularly important for
1271 M8ssbauer spectra because isomer shift differences are generally
small and less thaan the natural line width. Agreement on the reporting

of isomer shift data is universal for other common Myssbauer isotopes

57 119 121 127I

such as fe, Sn and Sb but this is not the case for Some

workers have reported isomer shifts with respect to the source and

48
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although the sources used may be nominally the same, the source quality
may vary considerably. Ivantchev et al.® found a substantial difference
in the line width of a sample recorded using a polycrystalline Zn127mTe
source compared to an amorphous source of the same material. This of
course could lead to small discrepancies in the measured isomer shift.
Stevens 2% has collected isomer shift data for the various‘Mdssbauer
isotopes in an attempt to provide reliable values.

The following criteria then determine the usefulness of a
material as a reference: -

i) It must be a single line absorber, i,e., the nucleus of
interest must be in a cubic environment so that the electric
field gradient and hence the quadrupole coupling constant are
zero,

i) The absorber line width should be as close to natural as
possible.

iii) The compound should be easily obtainable and be stable.

iv)  The recoil-free fraction fA should be high and any other
elements present in the compound should not be strong gamma-

ray absorbers, i.e., preferably small Z nuclei.

With the above criteria in mind a number of inorganic compounds

which contain iodine in a nominally cubic environment were selected for

127

examination and their [ Mbssbauer spectra were recorded.

B
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B. Results and Discussion

The compounds which were examined in order to select an
appropriate reference compound were Cul, KI, CsI, K104, HSIO6 and
Na2H3106. The Mossbauer parameters obtained for these compounds are
given 1n Table 3.1, All of the samples were prepared so that they each
contained approximately 230 mg of 1odine. This was done so that the
absorber thickness, TA’ reflects the recoil-free fraction for each
sample. In the fitting procedure the quadrupole coupling constant
e2q127Qg/h was fixed at zero since 1n-these "cubic" systems the electric
field ‘gradient, eq, should vanmisn,

As far as the isomer shift 1s concerned there are two classes of
compounds found in Table 3,1. The oxygen containing compounds all hgave
positive isomer shifts with respect to the source. The oxygen bonded
periodates may be regarded as being formally either sp3 or sp3d2
hybridized with strong s-orbital tnvolvement in the bonding. Oxygen is
much more electronegatiQe than iodine and hence the electrons in the
bonds will be polarized towards the oxygen nuclei. Since the s-electrons
are involved in the bonding they are effectively removed from the iodine
nucleus, thereby lowering the s-electron density. This reduction in
s-electron density causes the 1somer shift to become positive with
respect to the source, since SR/R is negdgive. 0f course p~- and d-

electrons are also removed from the 10dine nucleus causing a deshielding

of the remaining s-electron density. This would act in the opposite

o .

sense to the former effect, i.,e., cause an increase in s-electron

density, but since the isomer shift is directly dependent upon the s-

g —— g 7 . ot i e
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K10

127

Compound

KI
Csl
Cul
H.I0

5776

Na2H3IO6

KIO

a
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Table 3.1,

I Mossbauer Parameters for Selected Single Line Absorbers

xz/degrees
of freedom
1.01

1.02
0.91
1.30
2.38
1.06
Nl.OZ

d
T

0.33(1)1

0.53(1)
0.38(1)
0.36(1)

© 0.60(2)
0.40(1) °

0.42(1)

92q12709/h

(MHz)
0

0-
0

0
-465(80)

Dimensionless absorber thickness, see Ref. 52.

Isomer shift
(mms'l)Q
-0.14(2)
-0.14(1)
-0.16(1)

0.70(2)
0.75(2)
0.47(2)
0.51(3)

r
(mms'l)
3.06(10)

3.32(7)

5.20(12)
7.33(22)
7.76(14)
6.07(16)
5.12(31)



. e

52

electron density at the nucleus, the removal of s-electrons will be the
major factor dete;mining the isomer shift. The second group of compounds
consists of the almost ionic iodides, two alkali metal jodides and cup-
rous iodide, The isomer shifts of these compounds are slightly negative
with raspect to-the source, indicating that the s-electron density is
somewhat higher in these compounds than,jn the source. This is reason-
able if one considers that in the source (Zn127mTe) the s-electrons are
inv&?ved in some degree of covalent bonding while in the iodides the
iodine atom has the noble gas electron configuration 552p6 with no s-
electrons removed. The s-electron density at iodine in these iodides is
of course much higher than in the periodates because of the substantial
electron withdrawing ability of the oxygen atoms in the latter case, The
isomer shifts of these compounds have been measured by other workers
L4,47,99 any there are small variations in the measured values.

The most striking aspect of these data is the wide range in the
line widths observed for these apparently cubic jodine systems. As Table
3.1 indicates the absorber line widths vary from 3.06 mms'1 for KI to
7.76 mns™ ! for Na2H3IOg. This is also illustrated in Figure 3.1 where
the 1271 Msssbauer spectra of KI, Cul, KIO4 and H5106 are presented,
While it has been assumed that these compounds contain iodine in a cubic
environment it is possible that resonant nuclei in different parts of the
source and/or absorber have slightly- different crystalline environments.

This would cause the source and/or absorber line to be broadened due to a

variance in say, chemical shift, thermal shift, or quadrupole splitting,

a
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- 0 S
Velocity (mms™)

Figure 3.1.

]271 Mossbauer spectra of selected single line absorbers: a) KI b) Cul «c) KIO4 d) H5106.
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The powder X-ray diffraction pattern of Cul has been indexed and
it has the zinc blende (ZnS) structure, i.e., tetrahedrally coordinated
iodine. However like ZnS, Cul exhibits polytypism and in addition to the
phases known as a, B and Y (cubic), two other polytypes have been detec-
ted by diffraction methods. Kurdyumova and Baranova 100 have detected
the polytype (6H) by electron diffraction from a single crystral while
recently Batchelor and Birchall '%! have solved the single crystal X-ray
structure of cuprous iodide (12R). The latter polytype consists of
close-packed layers of jodine atoms on two crystallographically 1ndepen-
dent sites while the copper atoms are disordered equally over four
crystallographically independent sites comprising the tetrahedral holes
between the todine layers. In view of the extensive polytypism Cul
probably exhibits and the high probability of d1sorder in the crystal
" structures, it is not surprising that the resonance observed for Cul is
very broad compared to the natural value. It was further observed that
the absorber line width of Cul varied considerably depending upon the
particular conditions under which it was prepared. Thus, contrary to
what has been sugges?ed by Stevens and Gettys,102 Cul is not .a suitable

12

reference material for 71 Mossbauer spectroscopy because oF the

difficulty in preparing a pure sample of known structure reproducibly,
and because of the broad line which results due to polytypism and
disorder.

As Table 3.1 indicates the 127

1

[ Missbauer resonance of HSIOS

has a line width of 7.33 mms ~. This is at first somewhat surprising
since the [106]5' anion would be expected to have perfect 0h symmetry and

hence a zero electric field gradient. A single crystal X-ray study of

Y rnios s e e =
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Hc 10, by Feikema 103 has shown that the structure consists of a slightly
deformed oxygen octahedron with iodine in the center, such that the [-0
distances vary from 1.73 to 1.90A. A subsequent neutron diffraction
study 10% of H;10 by the same author confirmed the above analysis and
located the hydrogen atoms. This latter study found five oxygen atoms
directly bonded to hydr;gen so that the distance from these oxygen atoms
to the central ijodine was 1.89(2)A, while the remaining I-0 distance was
1.78(2)A. Extensive hydrogen bonding between neighbouring molecules was
also present. It seems then that this hydrogen bonding coupled with the
asymmetry present in thé octahedron around iodine generates a small
electric field gradient, and he~ce a broad line. The 1271 Mossbauer
spectrum of the related compound Na3H2106 has also been reported by a
number of groups.l¥,48,8%,99 and there seems to be little agreement

as to the isomer shift or absorber line width, It has’not been possible
to prepare this particular compound, although two different procedures
were tried. However, it was possible to prepare the salt, Na2H3106.
Oxidation of [103]" with chlorine in strongly basic (NaOH) solution
resulted in the formation of the disodium salt and not Na3H2106 as was
previously reported.85 Titration of HSIOB’ the parent acid, with three
equivalents of NaOH, %o]lowed’by crystallization also failed to yield the
trisodium salt. Indeed a pH titration curve of HSIOG(Figure 3.2) shows
that th protons are easily removed while at higher pH two further
protons are titrated, The disodium salt therefore seems to be the most

Tikely product in a simple acid-base reaction and this was confirmed by

.the chemical analysis of the salt remaining after titration with two mole
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equivalents of base. In view of the uncertainty of the composition of
Na3H2106 this substance does not appear to be useful as a reference
material. It is also interesting to note that the single crystal X-ray
structure of the diammonium salt [NH,]1,[H,10.] has been reported 105
while there is no report of a structure analysi; of the trisodium or
triamménium salts, Intthe diammonium salt the author reports the
presence of different iodine-oxygen bond lengths, however the environment
around jodine was described as octahedral within experimental error. The
reported 1ine width of the trisodium salt varies from about 4.1 to

7.0 mms ™ 64,99 yhile that presented here for the disodium salt was

7.76 mms~ L.

This very broad line can be attributed to the same
structural characteristics which are present in H5106, i.e.; the
octahedron of oxygen atoms is distorted and possibly to a larger extent
than in HSIO6 because of the presence of the larger sodium cations, and
now only three oxygen atoms are directly bonded to hydrogen. Therefore
HSIOG and any of its known derivatives are not usefql as reference
standards because the very broad line results in a large uncertainty in
the isomer shift.

The remaining iodine (VII) compound found in Table 3.1, namely

d 127I Mbssbauer resonance, Because of

KIO4 also exhibits a very broa
the expected tetrahedral symmetry one would anticipate the electric field
at the central nucleus to be zero for the anién and very small in the

crystalline solid. ‘The actual arrangement about the iodine atom din KIO4

has been described Y6 as disphenoid tetrahedral within experimental
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error. A more recent single crystal X-ray study 97 of NalO, has shown

A\\ J 4

that ‘the periodate tetrahedron is compressed along the ¢ direction so
that 0-1-0 is 114°;7~ That there is an electric field gradient at the
nucleus in various periodates has been established by several workers.
Weiss and Weyrich 108 pave found from an NMR study of single crystals of
NaIO4 trat the 1271 guadrupole coupling constant must be large. They

conclude from their work that the ionic charge distribution in the
crystal contributes only a minor part to the electric field gradient at
o 12

th 7I nucleus., The largest contribution is from the distortion of the

ideally tetrahedral arrangement of the I-0 bonds by the crystal lattice.
Burkert 199, %10 has opserved pure iodine quadrupole resonance in KIO4,
NaIO4 and several other periodates., The observed electric field gradient
was attributed to two factors. An electrostatic term would arise from
the field at a given atom of the remaining charged species throughout the
lattice and a covalent contribution would arise from asymmetric
distribution of valence electrons. The electric field in the above
per%odates was found to be temperature dependent and the qu@drupole
coupling constant for KIO4 at room temperature was 20.8 MHz. Since if is
not possible to determine the sign of the electric field gradient from
NQR meaﬁureménts, the quadrupole coupling constant of KIO4_was determined

1271 Missbauer spectrum by fitting e2q127Qg/h and allowing T

from %Js
to vary. This result is found in Table 3.1. The quadrupole coupling
constant for KIO4 was measured to be -465 MHz with a line width of

5.12 mms'l. The quadrupole coupling constant is substantially larger

than that found by NQR but this can be attributed to the Strong

" -
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correlation between the quadrupole coupling constant and the line width
when the coupling constant is small. It is clear however that e2q12709/h
is negative and since e127Qg is negative this means that sz is positive
and there is an excess of electron density.along the z axis, which may be
taken ag the two fold axis of the disphenoid tetrahedron.

Much.of the X-ray work on these oxygen containing species is
relatively old and hence the accuracy of the final parameters is some-
times not adequate to detect asymmetry in the structures. It is apparent
that in these compounds,  perhaps because of the relatively high covalency
of the iodine-oxygen bond, small distortions of the structure from ideal
cubic geometry result in substantial electric field gradients, and hence
broad absorption envelopes due to unresolved quadrupole splittings.

The remaining two compounds examined were the alkali metal
jodides KI and Csl. These compounds have been studied by MJssbauer
spectroscopy previously 8! using the 129-isotope. The line widths
obtained for KI and CsI were the narrowest observed with that for KI
being the smallest. Both salts have cubic structures 1! with KI having
the NaCl structure while Csi has the CsCl structure. The 3.06 mms™! wide
resonance observed'for Kl is still broader than the natural width and
this may be due to distortiaons in the crystal lattice.of the source or of
the absorber. KI is preferable to CsI as a reference materfal because it
{s more readily(obtainable, but most importantty Csl contains heavy Cs
atoms which act to absorb the 57.6 keV gamma-ray and hence reduce the
counting rate. KI would also be a convenient reference material for 1291

Missbauer measurements since the radio-isotope is commercially
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available in this form. It is recommended that é? be adopted as the

127I and 1291 Missbauer spectroscopy :nd

reference material for both
throughout this thesis all isomer shifts will be quoted with respect to
that of KI taken as zero.

Examination of Table 3.1 shows that Na2H3IO6 has the highest
value for TA while KI has the sma]]est value. Since TA is directly
related to the recoil-free fraction fA which determines the strength of
the Mgssbauer signal one would, on this basis, choose Na2H3IO6 as the
standard reference material. 'However as the previous discussion showed
this material gives a very broad resonance and hence it is difficult to
ascertaiﬁ ~he centre of the absorption envelope with the certainty
necessary for a reference substance. CsI gives a‘much higher recoil-free
fraction than KI but because of the higher atomic number of cesium
compared to potassium; the number of recoil-free events transmitted in
CsI is less than that for KI so that a statistically §cceptab1e spectrum
is obtained much faster for KI, Hence KI represents the best reference
material,

The apparent broadness in the resonances of many of the compounds
discussed above has been attributed to an asymmetric distribution of
valence electrons at the iodiqe nucleus., In Cul there is also a high
probability of disorder and the presence of multiple sites, arising from
polytypism, There is as well the possibility that the crystal lattice in.
some of these compounds undergoes some phase transition at low
temperature, further removing the iodine nucleus from ideal cubic

geometry.



CHAPTER 4

-

127 | MOSSBAUER STUDIES OF [X-1-Y]™ ANIONS AND RELATED SPECIES
A. Introduction

Most of the applications of 1271 Missbauer spectgoscopy have
centred around the correlation of the Myssbauer parameters with the
structure of the molecule and the nature of the bonding to the iodine
atom. It has become customary to use the semi-empirical relationships
mentioned in Chapter 1 to establish s- and p-orbital populations at the
iodine nucleus by utilizing the isomer shift and quadrupole coupling
constant parameters. However these relationships were established by
examining a limited number of iodine compounds of widely differing
structure and it is rare that they are questioned.!!? For example in
developing equation.(1.29) it was assumed that there was no involvement
of s-electrons in the bonds to iodine in the various compounds examined.
This may not be a reasonable assumption, particularly for anhydrous HI.
Also any participation, or contribution of the iodine 5d-electrons to the
bonding has been assumed to be neg]igjgje.

There is also some question as to which value for the isomer
shift of iodine wa; used in Figure 2 of reference 14, in order to obtain
the value for 2Ky (equation (1.24)). Greenwood and Gibb “7 have plotted

6(127 129

iodine devi%tes significantly from their straight line, A number of

I) versus 8("“7I) for a series of compounds and it is seen that only

workers have measured the M§ssbauer spectrum of 12912 and are in good

61 e

e mm g v




62

agreement as to its isomer shift relative to InTe, namely

0.91 mms~1,47,61,112 Conversion of this value into the 127-iodine

equivalent using the data of Jones and Warren !13 gives 6(12712
1

-0.31 mms”™", Relative to the KI standard of Perlow and Perlow,!"“ a shift

) of

of -0.31 -(0.18) = -0.45 mms™ > is found for 6(1271 This is somewhat

2)’
closer to the value used to establish equation (1.29) but is slightly

more positive than the measured value, These discrepancies are further

complicated by the lack of internal consistency in reference 14, The

iy

data obtained using the ZInTe source are claimed to be more reliable than

those for the Te(OH)6 source, !* yet it is interesting to note that with

27 127 1
(71,)- 8

agreement with the value calculated from

this latter source ¢ KI) is -0.48 mms~

129

» in rather good
I data and with the value
measured here,

It is apparent from the above that a number of anomalies exist
which required further study. Since Mdssbauer data existed for the
Lrci,T 14 ang 1,7 15 anions it seemed appropriate to examine more
extensively the [X-1-Y]™ series of anions, where X and Y can be F, C1, Br
o} I, as well as some related compounds. The linear trihalide anions can
be considered as -addition complexes eotween a halide ion and a halogen or
interhalogen molecule, The bonding in thése complexes could be described
using a simplified MO treatment !!“ such that the halogen p-orbitals
along the bond axis of the system are combined to form three molecular
orbitals which may accommodate four electrons. Thus, as in XeF2 it may

.be viewed as a three centre-four electron bond, of bond order one-half,
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Just as the linear [X-1-Y] anions are isoelectronic with the xenon
dihalides, the following systems would be regarded as comprising an

isoelectronic series of compounds.

z + XY . [xvzy (4.1)

RGN+ XY > RoN-XY (4.2)
+ +

RN+ X (R N-X-NR ] (4.3)

RS+ XY > R,S-XY (4.4)

Charge transfer complexes between 12 and various amines have been

9
129

examined using [ M5ssbauer, by May et al. 1S I~ the present study

the 1271 Mossbauer parameters of [I(py)2][N03] wil be compared to
-those of the trihalide anions. The [I(py)z]+ cation is known from

crystallographic data ''® to contain a linear N-I-N segment and Jones 112

129

has measured the I Mdssbauer spectrum, Similarly, the addition

complexes between the thioketone N-methylthiocaprolactam (C7H13NS) and 1

and IBr will provide a useful cqﬁparison since they may be regarded as

2

complexes of the type RZS-XY (4.4). A single crystal X-ray study !!'7 of
the 12 addition complex has shown theﬁS-I-I uni1t to be essentially
linear, the S-I-I angle being 176.21(04)° and it 1s assumed that the IBr
complex is similar in this respect,.

These linear iodine systems then provide a series of well
characterized compounds in which systematic changes made in the ligands

surrounding the central iodine atom could possibly be correlated with the

Mossbauer parameters, The isomer shift expression previously

e s S e e o P
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established and assumed to have general applicability will be tested and

re-evaluated using new data. The shifts used are relative to Kl as zero

isomer shift.

B. Results and Discussion

(i) Myssbauer Spectroscopy

The data from the computer analysis of the spectra are summarized

in Table 4,1. Also included are literature data for K[127IClé]-H20,1“
12712,“’ Cs[12913],15 12912,lu 12918r,“” [lzgl(py)z][N03],“3 and
RS1Z91 119 yhere R = N-p-chlorophenyl-2-(benzyloxycarbonamide)-3-methyl-

he 129

butanamide: t I isomer shifts have been converted to the corres-

ponding 1271 isomer shifts by multiplying the former data by -0.345,113
The absorber line widths which were allowed to vary in the transmission

integral fitting are slightly greater than the natural width (1‘nat =

1.27 mms’l) except for two fluoro-complexes and C7H13NSIBr which have

widths about twice the natural value., The spectra for these compounds
are also not fitted quite as well as the others and these aspects will be

discussed.

1

The 271 Mdssbauer data obtained for iodine are compared to the

literature data obtained at 4.2°K. There is generally good agreement for

the e2q127og/h and n parameters, however there is some disparity between

the isomer shift obtained in this study and those reported in the

literature. The major source. of error here is probably the lack of an
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Table 4.1,

121 | Mossbauer Data for [X-1-Y] Anlons and Related Specles

. ‘ . ‘
Compound - Isomer Shift ezq'z og/h n r T ledeg. up hp h
. -1 - t
(mms ™) (%i2) (mms ™) ° (h =0) (h =y )
- freedom s p p
A -0.49(2) S2137011)  0.22(1)  1.9%7)  0,84(2)  1.22 0,93 0.61 0,05
-0.48(13)7 -2238(20)  0.12(2)
0.7 ° .
20.45(2) € -214518) . 0.16(3)
A s
Csti,! -0.34¢4) ¢ ~2515(20) _ .10
0.0 ¢ —1as0014), 0.64
3
, 0.18t4) ¢ - s20(2%) ) 0.36
INCCH ) 1(Br ] ~1.,12¢11) -2583(55) 1.43(20) 0.84(9)  0.93 1,13 1.64 -0.08
0.05(13) -1580(75) T 1.43(20) 0.69 =0,29 0.16
INC M), I -0.71(D) -2769(37) 1.47017) 1.49(14) 1,09 .21 0.97 0.04
-0.53(12) ~1264(75) 1.47017) 0,55 0.67 0,02
IN(CHY (HIBICH] =0,73(5) -3048(18) ' 1.58(14) 1.49(10) 0,99 1.33 1,00 0.05
KLICI J*H.0 -0.72(8) °  -3189(20) _ ' 1.39
Cs{ICIF) ~0.95(5) -3029(36)  0,16(3)  2.47(17) 1.45(1  1.36 .32 1.36 =~0,01
CsUIBrF) ~0.84(5)- -2769018)  0.24(2)  2,25(16) 1.75(9)  1.66 1,21 1.8 0,00
|
lN(CZHS);IlIFZI -0.85(2) -1380¢12) 1.0 1.69(8) 0.63(2) 1,36 o.sF 1,20 -0.09
" . - € . ) !
(NCCHD 1B 1 ~Q.67(5) -2695(36)  0.19(3)  1.95(17) 1.21(8) 1,16 1.18  0.90 0.05

) . “continuedesees /
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Table 4.1: (Contd,)

Compound |somer Shift ezq‘ZTQg/h n r TA xZ/deg. Up
(mms"') {MAZ) (mms—,) of
treadom
1er -0.28(2) °  -2892(100  0.06(2) 1.26
ll(CsHSN)éHm}l -0.93(3) -3159(18) 0.08(4) 1.42(10) 1.69(10) 1.15 1.38
: ~0.77(3) € -3237(20)  0.03(3) \”—;\
C_’H“SNSIBr <0.69(3) .=2471(20) 0.27(2) 2.25(12) 0.30(1) 1.25 1.08
C.’HUNSI ~0.90(5) ~2601(26) 1.95(12) 0.35(1) 1.26 1.13
=0.31(5) -1561(30) 1.95(12) 0.68
RS . " 0.00€2) ! ~2153(15) 0.07(3)
[ "
Kl 0 0 3.06(10) 0.33(4) 1.01
-0.14¢2) 9
. ’
® Raference 14 (‘l'e(OH)6 source) . Reference 14 (InTe source).
¢ Reference 112 (converted from ‘2912 data).

. . 129
H. dq Waard and R.L. Spanhoff, unpublished results (converted from, 2 | data),

Reference 118,

h h
P s
(h =0) (h =U)
s PP

1.33 0.01
0.93 0.02
1.28 -0.02
0.31 0.06

Reference 119 (R = N-p-chloropheny!-2-(benzyloxycarbonaml de)-3-methylbutanamide, ’converfed.

129
from l‘ data).

w

Isomer shift of K| relative to ZnTe source,

»

N
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internal reference which would adjust all isomer shifts appropriately.
This clearly illustrates the need for a universal reference material such
as KI, ) “

The semi-empirical relationship (1.29) has been widely used to
calculate hp or hS by assuming that Up = hp. As previously mentioned
however, this expression may not be completely general. It is
satisfactory for [IC]Z]'since this particular anion was usesto establish
the equation, but for the structuraﬁ]y related [13]' the values of hp for
. the central iodine atom, calculated from e2q127Qg/h and the isomer shift
are 1,10 and 1.29 respectively. Hence the agreement is not as good. -

Therefore to further test this relationship, compounds containing all of
“the ﬁossib]e [X-I-Y]'anion§ for which Myssbauer data did not prévious]y
exist were examined. The Mdssbauéﬁ data, in conjunction with the Ramgn,
data are the first spectroscopic evidence for Cs[C1IF], Cs{BrlIf] and
[N(Et)4][IF2]. Figures 4.1 and 4.2 show the 127i Myssbauer spectra of ..
[N(CH;),(BrIC1] and [N(Et),I(1,C1] respectively. Except for
[N(Et)a][IFz] all spectra are similar in that the line due to transition
number 2 is resolved at high positive velocity. This means thaf
e2q12739/h is negative for all of the compounds, as would be expected for
a central iodine atom with the X and Y ligands along thg internuclear
axis taken as z, agd the non-bonding electron pairs in the xy plane.

It is apparent from Table 4.1 that the quadrupole coupling

constant for the central iodine in the [X-1-Y]" anions increases as'thé-ﬁ

e]éctronegativities of the terminal halogens increase. For example

S




68

10

Intensity

.98

Relative

| | ' 1
-10 ‘ 0 10
' Velocity (mmy/s)
Figure.4.1. ]271 Mossbauer spectrum of.[N(CH3)4J[Br¥C1] measured at

4.2°K. The solid line represents the best, fit to the

data.
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Figure:4.2. ]271 Mb%sbauer spectrum of [N(CH20H3)4][IZCIJ measured

at 4.2°%. The solid line represents the best fit to
the data.
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e 1270 /h for [1,17 < [18r,]" < [1c12] and [1,]7 < [1,8r]° ¢ [1,011".
Only the fluoro-anions deviate significantly from this trend. This
relationship is further illustrated in Figure‘4.3 where Up, the reduced
quadrupole coupling constant, is plotted against the sum of the electro-
negativities of the terminal atoms bonded to the central iodine in these
linear anions. The electronegativity data of Pauling was Qsed but a
similar correlation is obtained using the Allred-Rochow values. The
straight Tine corresponds to the best least-squares fit to the data,
excluding the fluoro-anions, where the errors f&r each datum point are
included in the fit, wq{le there is some scatter in tpe data it is
apparent that the effective charge on the central iodine nucleus is
dependent upon the e]ecfronegativities of the ligands bonded to 1t; This
same dependence has been observed by Jones !12 for a series of iodine
compounds. It was also reported by this author !12 that a two centre-two
electron §ond, as is found in I-Cl1, is equivalent to a three centre-four

electron bond as in [IC12]° in terms of the number of elec-trons removed

‘from the central iodine. A similar result is found in this study in that = -

the quadrupole coupling constant of [IBrZJ (- 2695(36) MHz) is very close

to that which has been reported for IBr (-2892(10) MHz).118 _
The fluoro-anions [C1IF]™, [BrIF]™ and [IFz] devﬂate markedly

from the least-squares fit of tﬁe data in Figure 4.3, having much lower

couplin§ constants and hence lower Upf;alues than would have been

. expected in view of the high e]ectfonegativfty of fluorine, and the trend

observed for the other trihalide anions, In fact ‘the first two anions -

have coupling'constants which are ca. 100 MHz smaller than those of the

€
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ELECTRONEGATIVITY SUM

7.2

Figu}e'4.3. Plot of Up versus the sum of Pauling electronegativities of terminal

halogens in [X-I-Y]™. The line drawn is best least squares fit to the

data taking into account the errors, and excluding the fluoro-anions,
fons = (1) [1{py),1%s (2) [1C1,175 (3) [1BrC1I75 (4) [ICIFI7; (5) (10117
(6) [IBrF1™s (7) (1Br,17; (8) [13]75 (9) [1,BF1
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parent IC1 and IBr:molecules,!® . This "apparently anomalous behaviour may
possibly be explaiﬁed by considering the Myssbauer spectrum of [IF2]'

and the X-ray crystal structures of ICl and IBr. In B-IC1 there is, in
addition to the short [-Cl bond (2.351A), another longer I-C1 bond
(2.939A) which is almost colinear with the first. Other ICl molecules in
the lattice have an iodine atom rather than a chlorine atom colinear with
the I-Cl1 bond, and there are therefore two unique iodine environments in
the crystal lattice.!4? A similar molecular structure with two non-
equivalent iodine sites is also found in a-I1C1.!'2! The first of these
two sites should have a coupling constant similar to that of [IC]ZJ'
while the latter should resemble that of the central iodine in [12C1]'.
IBr should be similar to Iél in. this respect. Thus when the reaction
between IC1 and CsF takes b]ace to produce Qs[ClIf] the. secondary I---Cl
bond in IC1 is replaced by a much weaker I---F~ interaction. It is also
1§kely that F~ would interact with more than one ICl molecule so that its
potential electronegativity is not reached and the withdrawal of electron
density along the bonding ax1§ is less than expected., The [C1IF]” and
[BrIF]™ anions have significantly larger asymmetry parameters than the
other trihalide anions. This is pfobab]y’ind?cative of the preseﬁce of
significant additional interactions fo the ioqine'atoh which are off the
intramolecular axis. These interactions would arise from the fluorine
bridging mentione@ apove. Since e2€127og/h is still large and negaﬁive
however, the [F---I-X]~ (X = Cl, Br) interaction must be essentially
linear. As was previously mentioned it has been found that the

quadrupole coupling constant .remains essentially the same in going from
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IX to'[Ixzj'. -A s{milar relationship would he expected to occur -from
IX(Y) to [XIY]", such that the coupling constant for [XIY]™ should lie
between thatg,of IX and 1Y, or aS the previous correlation suggests
1/2(eq 1270 /h) for [IX,1" + 1/2(e2q127Q /h) for [1¥,] should give
approximately e2 1270 /h for [(XIY] . Since e2 1270 /h for [CIIF]
smaller than that of IC1 this then suggests that the coupling constant
due to an I-F interaction should be even smaller. The diatomic molecule
IF is not isolable probably because of the weakness of the I-F bond and
the stability of the disproporfionation products. However [IFZJf can be
stabi]ized by large non-polarizing cations and the tetra-ethylammonium
sa]tﬂhas been reported:®3 The 1271 wgssbauer parameters of [IFZJ'
;hould then reflect those which would be expected for IF and the 1271
Missbauer spectrum [N(CHZCH3)4][IF2] is shown in Figure 4.4; The small
coupling constant and very large asymmetry parameter observed coritinue
the trend found for the other fluoro-anions and must be a reflectﬁzn of
the very high degree of asymmefry present, which is probably due to
extensivé fluorine bridging., This extensive bridging would preclude
fluorine from exhibiting 1ts.max1mum'electron wifhdraw1ng power, and
hence the rather small coupling constant. Since in the case of-[IFZJ',
eta has a value of one it is not possible tp determine the sign of the
quadrupole coupling constant. It has been assigned a negative sign
because it is assumed that while there is the presence of extensive
fluorine brldgigb the principal interactions occur along -the z axis.

The [IFZJ' anion is not included in Figure 4.3 but it is readily apparent

that it would 1ie well off the strajght line. Iﬁ view of the very
4
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Figure 4.4. 71 Mb'ssbauer épectrum of.[N(CHZCH3)4l[IFé] meaéured at 4.2°K.

The$so1id line represents-the best fit to the data.
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Q
unusual M3ssbauer parameters obtained for these fluoro-anions, and in
part{édlgr [IFZJ" the‘x-réy‘crysta{ §tructures of these compounds would
be of great interest. B )

It was previously suggeékéd’that in the iodine-chlorine series of
compounds e2q1270g/h was a property of the I-Cl bond only.'!8 Jones 112
has already commented on this and the results presented here clearly show
that the quadrupole coupling constant does depend upon the nature of all
coordinated ligands. For example the coupling constants fpr‘anions
containing an I-I bond ran@e from -2515 to -2767 MHz, for an I-Br bond,
from -2471 to -3048 MHz and for an [-Cl bond from -2765 to -3189 MHz.

Dipyridineiodine(I) nitrate shows the largest quadrupole coupling
constant of the compounds examined. [t is slightly smaller than that
measured by Jones 12 uno used the }291 isotope. The p-electron
Ymbalance is very large at 1.38, consistént with that for an iodine
cation linearly bonded between two pyridine-nitrogen atoms.

The charge transfer complexes between N-methylthiocaprolactam and
I2 and IBr exhibit the eipected Missbauer parameters -- the quadrupole
coupling constants are large and negative. The [Br complex has a
coupling constant somewhat smaller than the parent knterha]ogen compound
which is as expected since the electronegativity of sulfur is slightly

less than that of bromine. Potasek '!% has measured the 129

129

1 Myssbauer

spectrum of RS"“"1 (R = N-p-chlorophenyl-2-(benzyloxycarbonamide)-3-

methylbutanamide) and found IZQGZnTe = -0,41 mms-1 and equzgog/h =
~-1510 MHZ. After conversion to their 127-iodine equivalents the

Ay



values are 12762nTe = -0,14 mms'1 and ezq127Q§/h = -2153 MHz. Thus the

iodine-sulfur’bond in this compound has the effect of removing much less
electron density from fodine than does the iodine-bromine bond in I-Br,
and this is reflected in the much smaller quadrupole coupling constant in
the former compound. This is consistent, since the coupling constant for
C,H  NSIBr Ties between that of RS'Z/I and [Br. The iodine addition
comp lex C7H13NSL2 seems at first somewhat anomalous in that the central
iodine in the S-I-1 segment has a coupling constant larger than that of
the jodine atom in C7H13NSIBr. This could possibly be due to a problem
associated with the fitting procedure in that the presence of two iodine
sites prevents the precise resolution of the two componen;s. However in
view of the high level of success achieved in fitting two site spectra
this is probably not the case. 'Perhaps because the electrons in the
iodine-iodine bond found in the I2 addition complex are not polarized
towards the terminal iodine (R=S-I-1) to the same extent that they might
be towards bromine in the IBr complex (R=S-I-Br) there is more efficient
transfer of charge from the central iodine atom to the,sulfur atom in the
formér compound. This higher traﬁsfer of charge would result in a larger
p-electron imbalance at the central iodine and hqnce a larger quadrupole
coupling constant,

The isomer shift data for this series of compounds is much more
-difficult te interpret than the quadrupole coupling constant data.
Unlike the latter parameter, tﬁe shifts are dependent upon the source,

upon the reference compound uéed, if any, and also .upon whether the

source and absorber are at the same temperature. It is generally very

r "~
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difficult to compare data from one research group to another because of
these variables and also the measured shifts are usually much smaller
than the natural line width. It is 1important tnat these problems and the
anomalies mentioned earlier be cleared up before relationships such as
(1.29) can be used to estimate s- and p-orbita} occupation numbers.

AY1 of the compounds examined in Table 4.1 have negative isomer
shi1fts ranging from ca. -0.3 to -1.0. This implies that the s-electron
density in these linear compounds is htier than that in the source.
This is consistent with a bonding model involving p-orbitals principally
which thereby deshields the s-electrons causing an effective increase in
s-electron density at the nucleus.

In order to evaluate the constants in equation (1.23) one can
plot the isomer shift versus Up for a series of compounds. If the
bonding is principally of p-character'then Up s hp, equation (1.23)1
reduces to equation {(1.24) and a plot of § versus hp (j.e. Up) gives a
line of slope 2Ky. Since Y = 0.07 *3,%7,122 tne value of K may be
determined. Equation (1.29) was established such that the data were
relative to the InTe source. This relationship has been re-evaluated
here using the isomer shift data relative to the KI standard and only
data from this work have been considered because they are internally
consistent. In Figure 4.5 the straight line represents a least-squares
fit of all the data where errors associated with each datum have been
considered. The slope of this line is -0.61 % 0,03 mm,s'1 with an
intercept of -0.12 * 0.04 mms'l. In view of Fhe scatter of the data the

intercept is fortuitously close to the isomer shift measured for KI in O

—



738

A8 ~

ISOMER SHIFT -

2
1.2 -
i | 1
-0.007 ) .69 ’ 146
Up s L
Figure 4.5. Plot of isomer shift versus Up.. The line drawn

is the best least squares fit to the data. Compounds:
(M) 1, (2) t-1-8e175 (3) f-1-8r175 (4) (Q1-E-1175
(5) [C1-1-1173 (6) [Br-1-C117; (7) [Q1-1-F17;

(8) '[Br-I-F17; (9) [F-I-F17; (10) [Br-1-8r]";

(1) [Hpy),1's (12)&H]3NSIBr; (1;‘3 c7H]3NS-?-1;
(14) CH Ns-1-T5 (15) K1, '
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- this work, namely -0.14 % 0.02 mms'l. This line should be parallel to
the line which has been determinped previously 14,122 314 the different

intercepts arise because in this work the isomer shifts are relative to
a

KI. The é]ope of the line is very close to what has been determined

previously (-0.56 mmé'l,l“ -0.50 p—" 122y and gives a value for 2Ky of

-0.61 mus~Y. This may be regarded as the 1271 shift per 5p-electron

-

hole. The value of K is then -4.36 mms'1 and equation (1.23) becomes

(4.5) or (4.6):

127 i .
Sp7 = <436 [hy+ 0,07 (hy v h)(2 - he)]
N * 374 h - 0.6 h , (4.5)
1276KI = 3.74ng - 0.61 h) - 0.12 (4.6)

It is apparent from Figure 4.5 that there is considerable scatter in

these daté. ’The largest deviat*éz; are observed for the two sites in

[BrIZJ' where the two isomer shifts are strongly correlated in the
\fitfqné procedure. If these two isomer shifts are constrained to be
equal an isomer shift value of -0.67 mms'1 is found which correlates much
better with the line draﬁn. However fhere is no reasonkto expect these
shifts to be the same and indeed a lower x2 value is obtained when the
two isomer shifts are allowed to vary in the fitting procedure. The
fluoro-anions deviate slightly but again this can probably be attributed
to additional interactions between anions, via fluorine-bridges, as -

discussed above for the;gladrupole coupling constant data. Equation

(4.6) can then be used to calculate hp, asuming that h5 = 0, or to
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. BN » ’
estimate hS by equating hp and Up, qnd these calculated values are found
in Table 4.1. One can see that the agreement between the values for U
and hp calculated in this way varies quiteiconsidé}ably. This 1is not too
surprising because the value of X2 per degree of freedom for the
cor§e1ation upon which the calculation depends is very high (32.5), even
though the compounds which were incTuded in the analysis all have a
similar structure and presumably very similar bonding. The différences
between Up and hp cannot be accounted for by either s-involvement in the
bonds or by = character in»thg bonds. Negative values for h; have no
ﬁeaning and while 7w character to the bondin? is usually invoked when hp >
Up, this is Flear]y not the'case. 5h95e discrepagcies then may be due to
inaccurate assumptions made initially, and at best the correlation

discussed above should be treated as a semi-empirical scheme, useful for

making general descriptions of the bonding in iodine compounds.

(ii) Raman Spectroscopy

The linear trihalide anions have been examined quite extensively
using vibrational spectroscopy.‘“'13 Until how there has been no
vibrational spectroscopic data reported for the fluorine containing
antons. It was not possiblé to obtain géﬁd elemental analysis for the
fluoro-anions, however this seems .to be a common problem associated with
the analysis of other elements in the presence of fluorine. Also no X-
ray crysia]]qgraphic data is. available for these compounds but it .is

assumed that they are linear compounds like the other trihalide anions.

7
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The Tinear symmetrical molecules X3 and X%Y (symmetry D;h)
exhibit three fundamental modes of vibration; vl, the symmetric stretch-
ing mode is Raman.acti;e only, while v3, the asymmetric stretching mode,
and v2 the YX+ deformation are exclusively infrared agtive, The 1iqear
triatomic molecule XYZ (symmetry va) has all three modes of vibration
both Raman and infrared active. The above rules can however break down
if say the YXY mo]ecu]e‘becomes unsymmetric due to crystal packing
effects or if the site symmetéy for the-ions in the crystal is lower than
the point group symmetry of the free ions. Raman data obtained for
Cs[BrIF], Cs[CIIF] and [N(CH,CH,),I[IF,] are given in Table 4.2.

127I

[t becomes useful at this point to digréss back to the
Mossbauer spectrum of [N(CHZCH3)4][IF2]. Close ?xamination of the .
absorption:envelope for this partichar cgmpound reveals two possible
interpretations. The very s;mmetrié nature of the spectrum (Figure 4.4)
‘could be caused by the presence of a very large a$ymmetry parameter, and
this in fact was the interpretation given., This type of spectrum, in
theory could also qrise from a nearly equimo]ar‘mixture of two compounds
whose quadrupole coupling constants have oppasite signs, and in this case
would almost certainly have to be [IFZJ' and [IF4]'. This 1atte;/
interpretation is untenable for two reasons. It is not 1likely that the
iodine(I)'compound used to produce [IFz]' would be oxidized.tp ‘
Jodine(III) under the mild exchange conditions, employed, nor is there
anything present that can be reduced. Also, the Raman spectrum of

Cs[IF,] has been reported 23 and there are no coincidental bands in the

spectrum qbtained here for [IEz]'. The Raman spéctrum of
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Table 4.2.
| Raman Data for Cs[C1IF], Cs[BrIF] and [N(CHZCH3)4J[IF2]
; . -
h Frequency' Intensity Assignment
(cm'1
[N(CH,CH,), ICIF,]
113 17
' 167 ' 100 v,
re 304 33 .
- 334 14
344 28
- 415 34 Y
461 ?3 Vs
Cs[CI1IF] .
95 94 v, bend
- 262 100 [-C) st.
425 2 I-F st.
\
Cs[BrIF] | )
\ 27
36 5 lattice
46 15
72 9
130 . 20
146 , 49
180 100 I-Br st.

188 58
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[N(CHZCH3)4][IF2] is consistent with the Myssbauer data in thag the
‘presence of'more than one band suggests the molecule is severély
distorted from th symmetry. The fnterpretation of the Raman spectrum of
EIFZJ' may be facilitated by comparison with that of the isoelectronic

- compound XeF (Dﬂh symmetry) whose vibrational data have been assigned

1 Yand v, (IR) 555 cn”l.

2
124%as follows: v, (R) 497 em™", v, (IR) 213 cm”
The asymmetric st}etch of [IFZJ' has been assigned to the band at

461 cm'l. By comparison with the same band in XeF2 one sees that it

" occurs at a lower frequency than XeF2, contrary/to what would be
expected. This lowering in ffequency may be attributed to the high
degree. of g}uorine bridging previously sugge§ted. This’trend is also
followed by the two bandsywhich have been as;igned as vlvand Voe The two
lowest frequency lines have been assigngd as lattice vibrational modes
and in the absence of crystallographic data it is very difficult to
assign the remaining lines in the Raman spectrum of [N(CHZCH3)4]LfF2].
The Raman lines due to ghe vibrations of the cation were also observed
but they are not included here.

The remaining two anions [CiIF]' and [BrIf]™ should have Cay,
symmetry and hence al] three vibrational modes should be observable in
the Raman., Once again precise assignments of these vibrational ﬁodes is
difficult in the absenée of X-ray crystal structure ‘information. The
band at 262 cm™! in the Raman spectrum of [C1IF]™ has been assigned to
the 1-C1 stretch. Close examination of this band reveals the presence of

a small shoulder at ca. 258 cm'1 which is probably due to the_I—37C1

stretch. These iodine-ghloride stfetching frequencies are reasonable.

A
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when compared to the I-CI stretching frequency 125 of IC1 which is‘
381 cm'l. The band assigned to the [-F stretch is very weak but is in
the same region as that found in [IFZJ'. The remaining strong band at
95 em”! is probably t#e deformation mode of [C1IF] .

The Raman spectrum of [BrL?]' is again somewhat complex. There
is no peak in the spectrum above 200 cm'l, so the I-F stretch in this
anion is not observable. The I-Br stretching frequency in various

[BriC1]™ salts 12 ranges from 174 to 180 cm'l. In the Raman spectrum of

1

[BriF]™ there are two strong bands at 180 and 188 cm ", the former of

which has been arbitrarily assigned as the I-Br stretch. The band at
130 cm‘1 is thought to be Vs the deformation mode, while the lines below

130 cm'1 are assigned as lattice vibrational modes. The remaining fwo

lines at 146 cm™)

and 188 cm"1 are'difficult to assign but/grobab]y arise
because of the additional interactions which have been menﬁioned

\
previously. '
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CHAPTER 5

THE PREPARATION AND CHARACTERIZATION OF THE SQUARE PLANAR
TODINE(III) CATIONS

[IC]2][SbC]6], [IBr2][Sb2F11] aqﬁ [IBrO.75C]1.25][SbC16}

N

2

A. Introduction

~

A review of polyhalogen cations has recently been published by

6

Shamir.'® Several interhalogen cations of iodine(III) have been prepared

and identified py various phyéical measurtiments (Table 1.2). In this
Chapter the preparation and characterization of three new iodine(III)
compounds will be presented and the structﬁre and bondfng will be
discussed in light of their X-ray crystal structures, Mdssbauer, Raman’
and NMR spectra.

The X-ray crystal structures oé [IC]ZJ[SbCIGJ and [IC12][AIC14]
have been reported 19 and both contain iodine in a square~-planar
envirdnmént. In these compounds cation-anion interactions are quite
strong with the bridging [---Cl bond distances varying from‘2.85-3£QQA.
These distances are only slightly longer than the bridging [---Cl
distances in I,C1, which average 2.70A.126

Recently Aubke and co-workers 27 allawed 12C16 to react with a
large excess of SbF5 and obtained a compound which was formulated as,
[IC]ZJ[SbZFllj with some cation-anion intefaction. Such an interaction
should result in a squjre geometry about tﬁé‘iodineg»from two terminal

chlorines and two bridging fluorines. This particular reaction was

85
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repeatéd here in an attempt to prepare [IClz][SbZFIIJ and while evidence
.for the [Sb2F11]' anion was found in solution, that. same solution yie]ded.
‘crxsials{of [IC12][SbF6], as confirmed by X-ray analysis. The X-ray
crystal stchture of [IC]ZJCSbFGJ t%Jthe first .example of a structure
containing an'iodine(III) cation in which the halogen ligands are not all
the same and where a Strong iodineLflugriné secondary interaction exists.
Aubke and co-workers have also reported the preparatioﬁ of

18r,S0,F 26,127 apd [IBr23[392?11].27 The former compound was prepared
by the oxidative addition of bromine to iodine(I) fluorosulfate and was
characterized Ap the basis of its vibrational spectra. The [SbZFli]-
S0.F with a

2773
very large exceis of SbFs. This latter compound was subsequently

‘ L4

characterized by elemental analysis, vibrational spectroscopy and u.v-

salt of [IBr2]+xwas prepafed by the anion exchange of IBr
: |

4

visible absorgtfon spectroscopy. [IBr2][Sb2F11] was prepared during the
coursé of this work by the reaction of IBr with SbF57 This reaction was
initially designed to produce the [IBr]+ cation but an X-ray structure
analysis showed the compound to contain the [IBr;]+cation. Tﬁe geometry
around the iodine atom in this compound 'is similar to that of
'[Iélz][SbFs] in that there are bridging fluorine interactions to the
[szFll]' anions, which complete the square-planar geometry around
iodine, )

The asymmetric interhalogen cation [BrIC]]+ has also been
reported and was characterized on the basis of its Raman spectruﬁ. - Aubke
and co-workers 47 repqrt the preparation of BrICISOj= by the reaction of

equimolar amounts of I8r,SO

s 38
2 3F and IC]ZSO3F. Shamir and Lustig have

{
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reportgd a puch more novel preparation whereby an equimolar amount of
chloriné was added to a 1:1 stoichiometric mixture of antimony
pentachloride and iodine monobromide at -196°C. A similar }eaction was
carrieipqyt here using liquid SO2 as solvent, and a very dark crystalline
materié] was obtained. A single crystal X-ray study revealed the _
material to .contain a disordered iodine(III) cation of approximate

stoichiometry [IBrO 75C11 25]+.

The X-ray crystal structure of [13][A5F6] has been reported 34 by
Passmore et al. and once' again the [13]+ cation is similar to [IC12]+
with the central ifodine in a square-planar environment with bonds to two
terminal iodines and weaker bridging interactions to two fluorines of two
sepafgte [Ast]' anions. | ‘

These well characterized -compounds provide a series with
jodine(III) in a square- or rectangular-p1anar‘environment having a range
of interactions to fluorine, chlorine, bromine and iodine., Such a series

127

is ideal for further testing the correlation of I Myssbauer

parameters with ligand electronegativity, and for calculating h_ and hs

p
values using the relationships described in Chapter 4, There are a
number of other square-p[a&ar jodine compounds which will provide a
useful comparison to the former compoundé in terms of their Mﬁssbape%
spectra, K[IC14] and IZCI6 are ideal compounds to compare with the
[IC12]+cation. Also Alcock and Countryman 128 have reported the X-ray
crystal structuré;vof a series of diphenyliodonium sa1t§ [thlx]2 where X
= C1, Br and I. All three compounds are isgnorphous showing the overall

structure of centrosymmetric dimers held together by halogen bridges.

TRAPLIIS iy TN
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,[IBrZJESDZFIIJ and [IBr

88
Since the dimers are precisely planar these compounds will provide a
useful comparison to the square-planar cations mentioned previously. In
this series of compounds the halogens occupj the bridging positions of
the square-planar iodine geometry, rather than the terminal positions as

in the [IX2]+ cations.

B.  RESULTS AND DISCUSSION

(i) X-ray Crystallography ‘ ?
Crystal data for the three compounds, [IC]2][SbF6],
0.75C11.25][SDC16] are found in Table 5.1.

Intensity measurements were made on either a Syntex P2, or Nicolet P3

1
diffractometer. The details regarding data acquisition are also given in
Table 5.1. Lorentz and polarization corrections were applied to all the
data. The three structures were solved using conventional heavy-atom
methods to locate the iodine and/or antimony atoms in Patterson maps.
Subsequent Fourier maps revealed the positions of the remaining atoms and
confirmed the positional assignments of the heavy atoms., The details
concerning the final stages of refinement are also found in Table 5.{.
The systematic absences for [ICIZJ[SbF6] (Table 5.1) indicated the space
groups Cmca (No. 64) or Cc2a (standard setting Aba2 (No. 41)). The
structure was solved fnd refined in the space group Cmca and subsequent
refinement in the space group Cc2a resulted in no improvement.

Preliminary precession photographs of the disordereﬁ compound

[IBrO.75C11.25][SbC16] indicated that the unit cell was triclinic. The

T M il IR e AR AL A 0 i R SN ne i B e
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Table 5.1.
Crystal, Acquisition and Refinement Data for [IC]ZJ[SbFGJ,
[IBr2]£Sb2F11] and [IBr0.75C}1.25][SbC16]

Crystal Data

[Iclé][SDFGJ' [18r,I0Sb,F ;] .tIBr0.75C11.25][SbC]6]

System 9 orthorhombic  orthorhombic triclinic
a, A 10.751(3) 14.445(3) 7.084(1)
b, A 12.087(4) 14.034(5) 6.299(1)
c, A 12.982(2) 12.725(3) 13.511(3)
a, deg., 90 90 94,50(2)
8, deg. 90 90 100, 32(2)
Y, deg. . 90 90 . 92.56(2)
u, A3 1687.0(8) 2580(1) 590.3(2)
Deareqs 9607 3.41 3.81 318

Reflections used in
cell determination 15/30°<26<35° 15/18°<26<28° 15/20°<26<29°
(No./28 range)
Z

8 8 2

fw 433.7 739.3 565.7
F(000) 1536 2592 506
u(MoKa) , cm™ > 76.8 - 123.2 88.5
space group Cmca or Ccla Pbca * PY or Pl
Systematic absences hkt,h+k=2n; hk&,no conditions; no

okf,k=2n; ok2,k=2n;hol,=2n; conditions

hot,%=2n; hko,h=2n;hoo, (h=2n);

hko,h=2n oko,(k=2n);

00%,(%=2n)
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Table 5.1. (contd.)

Data Collection

[IClz][Squ]. [18r,0S0,F ;] [18ry 5cC1y 5e10SHCT ]

«
mode 8:20
wavelength MoKa rad1at1on_jx/6 710694)
stds, 3/67 2/18 2/48
No./interval 4 (4,-4,-1), (4,-1,-1) & (-1,1,3) &
(2’0‘ ) (4"1’1) ('1:‘1’7)
(-1,3,-1)
scan range, deg, Kal -0.9 to Kal -1.2 to Kal -1.2 to
Kaz +0.9 Ka2 +1.2 Ka2 +1,2
scan speeds,’ 2.5 - 29.3 4.0 - 29.3 4.0 - 29.3
degq. min'1
max 26 degq., quadrant 55, hke 45, hkg 55, htkxg
Details of Refinements
"absorption correction spherical spherical none
R = 1,19 R = 1,90
(R=0.016cm) (R=0,015cm)
, A*: 3,47-5,29 A*; 5,25-12.50
No. of nonzero data 1037 1668 2738
No. of data with
F>2.00(F) 941 1390 2360

No. of data with
F>6.00(F) 788 1009 1917

e e i o oAy o r e
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20:R.©

R

6o:R

R,

max,shift/error

d

D—-'I\).-I

weighting scheme €

highest peak in final
diff.map,d e/Ad

lowedt valley in final
diff.map, e/A3

-

91

Table 5.1.

Details of Refinement (contd.)

4

N

™~
[IC]Z}[SbFs] [IBrZ][szFll] f16r0'75C11.25][Sb616]

0.040-
0.045
0.031
0.039

0.05

f

+3.4

"102

0.065 0.061
0.064 ' 0.075
0.042 0.048_
0.050 0.063
0.001 0.002

we1.0/(o(F,)? wel.0/(o(F)°

2 2

+ 0.001F °) + 0.0023F °)
+1.3 . +3.6
-1.2 -1.1

No systematic trends in the intensities of the standards were observed,

= (EIIFI-IF,I/2IF )

.

[y

In each case the final comparison of the average wl]F l-lF ||2 as a function

and sind after the use of these schemes showed no systematic trends.

The weighting scheme used was w = XY, where: (1) X = (sin8)/0,37 if sino <
0.37 or X = 0.40/sin6 if sinv >, 0.40, otherwise X = 1, and (2) Y = 70.0/F if

b Dependent on prescan. ¢
d
= [xw] [F |-|F 1] /ZWIF I ]
e
of F
f
g

F>70.0 or Y = F/50.0°if F < 50.0, otherwise Y = 1.0,

In all cases the final difference Fourier was featureless with the maximum

peaks and minimum valleys found around heavy atoms.

[T p— ————



structure was solved and refined in the centric space group PT and
subsequent refinement in Pl did not 1mpr?ve the analysis. A complete
Tisting of observed and calculated struéture factor amplitudes of all
crystal structures may be found by referring to reference 129,

a) Structure of [IC}Q][SbFSl
The final atomic position coordinates and thefmal parameters for

[iblz][SbFs] are found in Tables 5.2 and 5.3 respectively.

The bond lengths and bond angles of the molecule are given in
Table 5.4, The crysté] structure of [IC12][SbF6] consists of infinite
chains of [SbF6]' anions cis-bridged through fluorine to [1012]+ cations,
The atomic arrangement is illustrated in Figure 5.1 and a stereoscopic
view of the packing in the'unit cell along the ¢ axis is shown in Figure
5.2. The structure then cqg]d be considered as gonsisting of bent
[IC]2]+ cations and slightly\distorted octahedral [SbFﬁ]' anions. The
[SbFGJ' anion has crystallographic mirror symmetry since the antimony
atom is located at the special position o,y,z. The anion is not unusual,
with the terminal Sb-F distances averaging 1.858A, while the bridging
Sb-f distance is 'somewhat longer at 1.894(6)A. As expected the Sb-F bond
trans to the bridging fluorine is the shortest Sb-F di.tance in the
molecule.

The environment about the iodine is similar to that found in both
ISbC1 4 and IA]C]s,ig‘namely a nearly square-planar configuration,
.although in [ICIZ][SLFGJ the arrangement about ioﬁine %s comprised of two

chlorines and two fluorines rather than four chlorines. The [.IClz]+

cation also possesses crystallographic symmetry in the form of a two-fold
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Table 5.2.

Atomic Coordinates (x 104) for [IC12][SbF6]

x/a y/b . z/¢
1(1) 2500 901(1) ° 2500
sb(1) 0 2038(1) -568(1
c1(1) 1650(2) -380(2) - 3606(2
F(1) 0 698(6) ~1281(7
F(2) 0 3429(6) 51 (7
F(3) 1251(6) 1567(6) 308(5
F(4) 1224(6) 2566(5) -1494(4
Table 5.3.
Thermal Parameters' for [1C1,]0sbF ]
Y1 Uze Us3 Y12 Y13
(1)  447(4)  425(4)  309(3) 0 82(3)
Sb(l)  363(3)  347(3)  284(3) 0 . 0
C1(1) 591(12) 585(11) . 501(10) -63(9) 149(10)
F(1)  824(58)  382(32) 735(51) 0 0
F(2)  781(52)  511(43) 673(48) 0 0
F(3)  599(34) 1051(49) 671(34)  105(33) -235(29)
F(4)  656(31)  637(29) 627(20) -149(26)  247(27)

T Temperature factors (x 104) in the form exp (-2n2

ij

LIV, .H, H.a a2,
iMifai95)
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Table 5.4,

Bond Lengths (A) and Bond Angles (°) for [ICIZJ[SbFs]

Estimated Standard Deviations in Parentheses

-

Bond lengths (A)

I(1) - C1(1)  2.268(2)
(1) - F(4)  2.650(6)
sb(1) - F(1) 1.867(8)
Sb(1) - F(2)  1.863(8) -
sb(1) - F(3)  1.851(7)
Sb(1) - F(4)  1.894(6)

Symmetry transformations are:

I(1) - F(4)

(') 1/2-x,y,1/2-z;

(b) Bond angles (°)
C1(1) - I(1)
C1(1) - 1(1)

F(4) - I(1)
Ci(1) - I(l)‘
F(1) - Sb(1)
F(1) - Sb(1)
F(1) - Sb(1)
F(2) - Sb(1)
F(2) - Sb(1)
F(3) - Sb(1)
F(3) - Sb(1)
F(3) - Sb(1)
F(4) - Sb(1)

(

c1(1')
F(4)
F(4')
F(4')
F(2)
F(3)
F(4)
F(3)
F(4)

F(3")

F(4)
F(4')

F(4"),

Sb(1)

a

97.
86.
91.
169.
175.
92.
" 88.
90.
88.
93.
89.
177.
88.
155,

(") =XsY,2Z

e <t sy XM
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Stereoscopic drawing of the unit cell of [IC]Z][SbFG] viewed

Figure 5.2.

down the ¢ axis.

e e
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axis since the iodine atom is located at the special position
(1/4,y,1/4). The terminal I-Cl1 distance in the [IC12]+ cation of
2.268(2)A may be compared to the corresponding bond lengths in the
[A1€1,]" and [SbC1c]™ analogues, which range from 2.26(4) to 2.33(4)A, 19
These distances are significantly shorter than the terminal I-C1 bonds
in the neutral I,C1. molecule 13 (2.38, 2.39A) or in the anions in
KLICT g +H,0 131 (2.42, 2.47A) and [SC14][ICT,] 132 (2,437(2), 2.469(3)A).
It is apparent that as the charge on the ijon becomes more negative the
terminal [-C1 bond length increases, as one might have expected, As the
terminal 1-C1 bonds become weaker there is a corresponding strengthening
of the I---C1 bridging, or secondary bonds until they become of similar
length to the terminal-bonds. This situation is reached in K[IC14]'H20
and [SC13][IC14] where the bridging contacts from the [IC14]" anion are
rather weak. In [IC12][SbF6] the secondary contacts completing the
rectanguiar arrangement about the iodine are through fluorine so that a
direct comparison with the other molecules is not possibPe, However,
this kind of problem has been treated by Wiebenga and Kracht 133 who have
established a relationship between electrostatically corrected
experimental bond lengths a;d calculated bond orders for a series of
interhalogen compounds. Using their r.lationships the secondary or
bridging contacts (mean 2.90A) in [IC]E][SbCﬁﬁ] and [IC]zj[A1CI4] have a
bond order of 6.47 while in 12C16 the bridging bond is much shorter
(2.705) and hence stronger, having a bond order of 0.58. The I---F
bridging contacts in [ICIZ][SbF63 are 2.650{6)A which corréspond to a

bond order of 0.42. This is only slightly weaker than thaf found for the

R

TN S gl St i ™
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secondary contacts in the hexachloroantimonate and tetrachloroaluminate
complexes. This I---F distance (2.650A) is quite short and may be
compared to the covalent single bond distance of 1.92A and thewvan der
Waals contact distance of 3.45A.13% pirect comparisons with other I-F
distances are difficult to make because of the paucity.of structural data
for other iodine-ﬁ#uérine.molecules (see later this Chapter). Iodine
pentafluoride 13° has I-F bond lengths ranging from 1.6A to 1.88A with
secondary I---F contacts greater than 2.91(1;:? but no experimental value
for an iodine(III)~f1u0rine‘covalept contact is known. Other iodine-
fluorine contacts that have been reported are of the secondary or
bridging type. In [S,I][SbF,] 87 the I---F distance is 2.92(2)A, while
in [12}[Sb2F11] 17 the shortest secondary contact is 2.89(2)A. Both of
these distances are much longer than that reported here for [IC]z][SbF6]
and correspond to bond orders of < 0.4 as determined from the correlation
of Wiebenga and Kracht.!33 The recent crystal structure of [IsthsFG] 32
however reports a very short I---F iﬁtergctfon (2.73(1)A) between a
terminal iodine of the cation and a fluorine of a neighbouring [Ast]'
anion, h
Alcock and Countryman !28 recently studied the crystal structures

of a series of diphenyliodonium halides in order to examine secondary
bonding effects. HThese compounds provide a useful comparison to the
structure of [IC]ZJ[SbFGJ because their structures are similar to that of
I,Cle. It was found that in dimeric (CGHS)ZIX (x = Cl, Br, 1) the mean
bond lengths are 1-C, 2,09; I-Cl, 3.09; I-Br, 3.25 and I-1, 3.44A. The

I-X bonds in each case are about 0.77A longer than in the corresponding

&
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IX gas, indicating bond orders of approximately 0.35. The jodine-
fluorine interaction in [IClz][SbFs] (bond order 0.42) is much stronger
than the secondary interactions which occur in the above series of

compounds and this aspect will be discussed later in terms of their 127

I
Mossbauer spectra.

Deviation of the C1-1-C1 bond angles from 90° are found for all
these-[lClé]+ compounds, the angles being 92.5(1.4), 96.2(1.4) and
97.2(1)° for the [SbC16]', [A]Q:}]' and [SbF6]' compounds respectively,
although that for [IC]Z][SbCIBJ is not significantly different from 90°.
.The Cl1-1-C1 angle opens up as the size of the anion decreases. However
much more significant differences are found in the angle at'the bridging
halogen., In [IC12][SbF6] the L[xF-Sb angle is 155.3(3)° which is much
larger than the I-C1-Sb and I4{1-Al angles, 115.8° and 112° in
[1C1,3[SHC1 T and [IC1,JCAICT, espectively. This is possibly because
of thg smaller size of fluorine compared té chlorine. One other notable
difference between the three [IC]Z]+ structures lies in the degEFe of
deviation from pianarity of the [IC12X2] rectanqular unit. In the cases
of the hexachloroantimonate gpd tetrachlorcaluminate molecules the
. maximum deviation of any atom from the plane of the [IC14] moiety is
never more thqn'O.ISA and these are therefore similar to éhe [IC14]' ion
in K[IC14]'H20.131 A least-squares mean planes analysis of the [IC1,f,]
fragment in [IClz][SbFﬁ] shows that the two fluorine atoms lie 0.46 and
-0.46A out of the plane defined by the iodine and the two chlorine atoms.
These distortions must arise as a résult of constraints imposed on the

structure by the cis-bridged arrangements at both the cation and anion,

“Such constraints are apparently not so critical in the beClsj' and

”
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[AlCld]' cases, which are also cis-bridged structures, because of the
larger size of the bridging halogen in these latter molecules.
It has -been suggested 19 that these compounds containing the

[IC]2]+ cation could be represented és resonance hybrids of the type
+ - , - +
[IC]ZJ [Sb616] Ans [IC14] [SbC14] (5.1)

but since the [SbC]6]' or'[SbFGJ’ anions are barely distorted from
regular Oh geometry this does not appear reasonable. -t is more
reasonable to describe the structure of [IC]Z][SbFGJ as a nearly covalent
cis-bridged po]ymir.

1

The 9F NMR spectrum of & solution of 12C16/SDF5 in SO,C1F which

2
ultimately produced crystals of [ICIZJ[SbF6] is shown in Figure 5.3. It
is clear that in this solution, at low temperature, the [szFll]'

anion (1) predominates.

_ Fb --
Fb —FC
, Fb Sb
Fb
Fa -Fb
Sb
Fc Fb Fb
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The low field multiplet observed at -89.9 ppm (all shifts retative to

external CFC13) is assigned to the bridging fluorine Fa which couples to

Fb with JFa-Fb = 63 Hz.. The doublet of doublets at -111.9 ppm is due to
the eight equivalent fluorines Fb, Finally a high field quintet at -
-135.6 ppm is due to the two equivalent fluorines Fc such that JFc-Fb =
105 Hz. A partially resolved coupling of ca. 10 Hz to the bridging‘
fluorine Fa is also observed. Two additional weak lines in the spectrum
at -103.2 and :104.4 ppm are attributed to the presence of a small amount
of SbFS; the same lines are pfesent in .the 19F NMR spectrum of SbF5 in
50261F. Multiplets found at ~ -70 and ~ -31 ppm are thought to be due to
the presence of antimony chloride fluorides. Since no single sharp line
is observed in the spectrum this indicates thai there is no appreciable
quantity of [SbFs]' present in solution. Thus it appears that while the
[szFll]' anion is more stable in solution in the presence of excess
SbFs, the [SbFGJ' anion is able to stabilize the [IClz]+ cation in the
solid state, That Aubke and co-workers 27 were able to obtain a red
solid analyzing as [IClz][szFll] by pumping under vacuum on a mixture of
12C16and excess SbF5 remains something of a mystery. Presumably the SbF5
initially removes a chlorine from the 12C16 to produce an antimony
chloride fluoride which undergoes exchange with SbF5 to give a [szFll]'

salt according to equation (5.2).

12C16 + BSbF5 > 2[IC12][SDZF11] + ZSquC] (5.2)

Tt Sl —— i o W A
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The molecule SbF4CI has never been isolated but presumably rearranges to

produce other antimony(V) chloride fluorides all of which are quite

136-138

volatile. The lines at ~ -70 to -80 ppm in the 19F NMR spectrum

are thought to be due to these species. In the SOZCIF solution an
equilibrium between [Sb2F11]', [SbF6J' and SbF5 (5.3), probably exists
with the equilibrium lying largely to the left-hand side.

- «

[1C1,1080,F ;1 < [1C1,](SbF] + SbF, (5.3)

b) Structure of [IBrZJLszilll

The final atomic positional coordinates and the thgrmal para-
meters for [IBrzj[szFll] gre given in Table 5.5 and 5.6 respectively.
The bond lengths and bond angles of the molecule are given in Table 5.7.
The atomic arrangement in the molecule is illustrated in Figure 5.4 and a
stereoscopic view of the packing in the unit cell, along the ¢ axis is
shown in Figure 5.5.

The X-ray crystal structure of [IBrZ][szFll] consists of
infinite chains of {IBrz]+ cations each of which has the square-planar
geometry around iodine completed by bridging interactions to fluorine

atoms of two separate [szFllj' antons. These [Sb,F anions have

11]_
terminal Sb-F bonds averaging 1.84A, while the cation bridging Sb-Ff
distances are 1.868(12) and 1.862(12)A respectively. The bridging Sb-F
distances 1n the anion are 2.030(13) and 2.003(12)A, and the Sb-F-Sb bond
angle "is 157.3(6)°. The geumetry of the [SDZFfl]— anion ig

[18r,)(Sb,F ] 15 very similar to that wnich is found in [1,](Sb 1.17

2F11
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Table 5.5,

Atomic Coordinates (x 104) for [[BrZJ[SbZFll]

x/a y/b z/c
I(1) 3611(1) 7370(1) 955(1)
r(1) 2680(2) 8213(2) -329(2)
r () 4526(2) 6375(2) -203(2)
b(l -522(1) 10853(1) 3284(1)
b(2 1640(1) 9162(1) 2883(1)
F(1 -1195(8) 9880(9) 3875(10)
F(2 -104(9) 11231(9) 4582(9)
F(3 553(8) 9925(9) 3382(9)
347(8) 11681(8) 2694(10)
-1488(9) 11711(9) 3243(11)
-734(11) 10362(12) 1960(9)
2646(8) 8441(8) 2432(10)
1093(9) 9125(13) 1592(10)
2153(11) 10319(10) 2558(15)
945(11) 8133(10) 3306(12)
2101(10) 9250(12) 4218(10)

e i ot el e e oo,
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r

(o]

r(2
b(l

(1)
(1)
(2)
(1)
b(2)
(1)
(2)
(3)
(4)
(5)

(T2 ]

F(1
F(2

3

4

5
F(6)
F(7)
F(8)
F(9)
F{10)
F(11)

m ™M

F

Thermal Parameters for [IBrzj[szFll] a

Y11
638(9)
865(19)

1195(24)
481(9)
505(9)
624(79)
862(94)
683(85)
594(78)
676(89)

1125(120)
715(85)
716(101)

1080( 120)

1348( 147)
963(107)

U22

537(9)

687(17)
861(19)
455(9
473(9
623(8

ot N e

644(87)
1324(136)
653(85)
1660( 168)
608(91)
611(95)
1334(131)
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Table 5.6.

Uss

452(8)
609(15)
646(16)
165(8)
91(8)
16(34
(7
(7

@x »

536( 78
6
893(97)
1149(111)
490(74)
742(80)
662(83)
1825(161)
1277(128)

636(84)

UlZ

94(8)
5)
9)

=N
— O
o O
—

8

32
-42
-191(85

(

(

(

(8

(

(74)

(85)
342(79)

(72)

(

(

(

(

(

o

)
)
74

-9
177(78)

-261(108)
105(72)
272(110)
-14(83)

-128(95)
303(113)

~
~n

u .U

13 SRR
75(7) 5(7)
-140(14) -1(18)
185(18) . -86715)
34(7) 27(3)
58(7) 84(7)
244(66)  203(71)
_122(76)  -19974)
137(72) 50(74)
163(74)  222(77)

-8(82)  362(80)
11(81)  -182(33)
179(74)  ~127(72)

-162(76) — -85(99)
763(124)  131{112)
589(111) -255(92)

-171(80)  -440(93)

Temperature factors (x 104) 1n the form exp (- ZHZZZU H H. a a )

i3 ij i)
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Table 5.7.
Bond Lengths (A) and Bond Angles (°) for [IBrZJ[szFll]

Esthated Standard Deviations in Parentheses

(a) Bond lengths (A)

(1) - Br(l) 2.424(3) Sb(1) - F(5) 1.844(13)
I(1) - Br(2) 2.422(3) Sb(1) - F(6) 1.846(13)
1) - F(4)  2.845(12) $b(2) - F(3) 2.003(12)
I(1) - F(7)  2.782(12) = Sh(2) - F(7)  1.862(12)
Sb(1) - F(1)  1.838(12) Sb(2) - F(8) 1.823(13)
1) - F(2)  1.837(12) sb(2) - F(9) 1.832(14)
Sb(1) - F(3)  2.030(13) Sb(2) - F(10) 1.840(15)
1) - F(4)  1.868(12) Sb(2) - F(11) 1.829(13)

(b) Bond angles (°)

I(1) - Br(2)  100.0(1) F(4) - Sb(1) - F(5) 92.2(
I(1) - F(7) 85.1(3) < F(4) - SH(1) - F(6) 88. 7(
I(1) - F(4)  169.5(3) F(5) - Sb(1) - F(6) 95. 3(
I(1) - F(5) 80.4(2) F(3) - Sb(2) - F(7)  179.3(5)
(1) - F(7) 174.9(3) F(3) - Sb(2) - F(8) 87.8(
(1) - F(4) 89.3(3) F(3) - Sb(2) - F(9) 85.1(
(1) - F(4) 85.6(3) F(3) - Sb(2) - F(l0)  84.2(
Sb(1) - F(2) 91.2(6) F(3) - Sb(2) - F(11)  87.4(6
F(4) - Sb(1) , 151.6(6) F(7) - Sb(2) - F(8) 92.6(6)
F(7) - Sb(2)  153.3(6) F(7) - Sb(2) - F(9) 95.5(6
sb(1) - F(3) 84.4(5) F(7) - Sb(2) - F(10)  95.1(6)
Sb(1).- F(4)  169.3(5) F(7) - Sb(2) - F(11)  92.2(
So(1) - F(5) 95.5(6)  F(8) - Sb(2) - F(9).  89.8(8
Sb(1) - F(6) 90.5(6) F(8) - Sb(2) - F(10)  90.3(7)
Sb(1) - F(3) "83.1(5) F Sb(2).- F(11) 175.2(7)
Sb(1) - F(4) 87.8(6) F§§3:2> Sb(2) - F(10) 169.3(7)
Sb(1) - F(5) 94.9(6) F(9) - Sb(2) - F(11)  90.2(8)
sb(1) - F(6)  169.5(6) F(10)- Sb{2) - F(11)  88.8(7)
sb(1) - F(4) 84.9(5) Sb(1) - F(3) - Sb(2)  157.3(6)
Sb(1) - F(5) 177.9(5)
Sb(1) - F(6) 36.8(6)



F2

Figure'5.4.  Structure of [IBr,][Sb,F,] showing the
coordination sphere around iodine, including

[SbéF]]]' anions.
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The environment about the iodine atom, like the previous [IXz]+
cations discussed, is essentially square planar with two terminal I-Br

bonds and two bridging [---F interactions., This is the first

crystal structure reported for a compound containing the [IBrz]
and the I-Br bond distances are 2.424(3) and 2.422(3)A. These distances
compare to the I-Br distance in gaseous IBr (as determined by vibrational
spectroscopy) which is 2.470(5)A 139 and the sum of the covalent radii of
bromine and 1odine which is 2,484,133 Thevbridging [---Br interactions

in diphenyliodonium bromide 128

are substantially longer and average
3.2504. The I---F secondary interactions in [IBrzj[szFllj are 2.845(12)
and 2.782(12)A, both of which are significantly longer than the same
interaction in [IC]ZJESDFSJ (2.650(6)A, present work) but similar to
other 1---F secondary interactions which have been reported.!”,87,135
Using the relationship of Wiebenga and Kracht,!33 these bridging I---F
interactions in [IBrZ][szFllj have bond orders of ca. 0.35.

N As is the case of the compounds which contain the [IC]ZJ+
cation,19 there is significant deviation of the X-I-X bond angle from 90°
in [IBrz][szFll]. In the former compounds the Cl-I-Cl angle was found
to open up as the size of the anion decreased. However in the case of
[IBrz][szFllj the larger size of bromine compared to chlorine seems to
be the most important factor, and coupled with the longer secondary
contacts, the Br-1-Br bond angle has opened up to 100.0(1)°, The I-F-Sb
bridging bond angles in [IBrz][szFlll are 153.3(6) and 151.6(6)°.
[IBrZJ(szFll] is very similar to both [IC12][SbC16] and [IC]2][A1C]4] in

terms of the degree of deviation from planarity of the [IX2Y2]
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rectangular unit. A least-squares mean plane analysis of the [IBrZFZJ
fragment in [IBrz][szFllj shows that one fluorine atom lies +0,23A
out of the plane defined by the iodine and two chlorine atoms, while the
”—BEher fluorine atom remains in the [IC12] plane. The angle between the
two planes defined by Br(1)-I(1)-Br(2) and F(4)-1(1)-F(7) is 4.7°. The
analogous two planes in [ICIZ][SDFGJ have an angle between them of
13.9°. Thus in [IC]Z}[SbFBJ where the secondary interactiong between
cation and anion are strong, the [IXzYz] rectangular unit is distorted
from planarity more severely than in [IC12][SbC16],19 L1c1,10A1C1,] 19
aﬁd [IBrzj[szFlll where the longer, weaker, secondary interactions allow
the [IXZYZ] moiety to be less distorted.

As was previously mentioned [IBrz][szFll] was prepared by
reacting SbF5 with [Br in a 2.5:1 ratio, a reaction initially designed to
prepare the [IBr]+ cation, according to (5.4). Several subsequent

attempts to prepare the [IBr]+ cation were also unsuccessful, suggesting
218r + SSbF5 —%> 2[IBr][Sb2F11] + SbF3 (5.4)

that it is not possible to prepare this species, at least by this method.
Since the [12]+ 17 and [Br2]+ 140 cations have been identified by X-ray
crystallography it seemed reasonable that [IBr]+ should also exist. This
particular aspect will be discussed a& greater length in the-following
Chapter. If there had been excess Br2 present in the reaction mixture
which produced [IBr2]+ the following equation (5.5) could account for the

observed products. However the reaction was carefully repeated with the
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21Br  + Br2 + SSbF5 > 2[IBr2][Sb2F11] + SbF3 (5.5)

|

I8r first being prepared in situ and the same result was obtained. ~Thus
the [IBrz]+ cation is the product of a complex reaction.
The visible absorption spectrum of a very dilute solution of

[IBrZ][szFllj in 502 was recorded and found to have a band maximum at

360 nm, with a very weak shoulder at ca. 470 nm. These values agree

quite well with the absorption bands reported for [IBr2]+ in other

solvents,2%,14!

c¢) Structure of [18(0.7?911.2 [sbC1_]

The X-ray structure analysis of this material revealed

chlorine/bromine disorder in the cation, which has the approximate
stoichiometry [IBr0.75C11.25]+. In the early stages of the structure
determination the atoms which were later designated as XA and XB were
refined as bromines. However the isotropic temperature factors for these
two atoms were 0.080(14) and 0.092(18), both of which are much too high
for brpmine, thereby indicating that there is less electron density at
these positions thannhad been assigned. At the same stage of refinement
the isotropic thermal parameter for the iodine atom was 0.0288(4).
Varying the temperature factors of all the atoms in tﬁe structure
anisotropically, resulted in R1 refining to 0.075. The population
parameters of the twa atoms initially assigned as bromines were then
varied and these refined to 0.70 and 0.60 for the disordered atoms XA and
XB respectively, and gave an improved R1 = 0.049. A similar result was

obtained when the two atoms were initially assigned as chldrines; the
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population parameters refining to 1.54 and 1,38 for the diéorderéa atoms
XA and XB, respectively, Thus if atom XA is assigned as a bromine the
population parameter refines to 0.70, corresponding to a 24 electron
scatterer; while if it is assigned as chlorine the population parametér
refines to 1,54, corresponding to a 26 electron scatterer. Atom XA then
behaves, on average as a 25 electron scatterer, consistent with a
composition comprigeé of about 0.45 Br and 0.55 C1. Assignment of
disordered atom XB as bromine results in a population parameter of 0,60

(ca. 21 electrons) while refinement as chlorine results in a population

v
Ay

parameter of 1,38 (ca, 23 electrons). Thus an average 22 electron
scatterer would be comprised of about 0.30 BX and 0.70 Cl. These values
result in a cation with an overall stoichiometry which is approximately

[18r Cll 25]+. In the subsequent stages of the refinement the

0.75
scattering factor curyes for atoms XA and XB were calculated using the
curves for chlorine and bromine !'*2 and the above Qatios for each atom.
The scattering factor curve for XA as a function of sing/X was
constructed by taking 0.45 sfacBr + 0.55 sfacC] for each of the given _
values for sin6/X. «The resultant scattering factor curve for atom XA as
well as, the curves for C1 and Br are shown in Figure 5.6. An alternative
method for calculating the scattering factor Eurve for atom XA would be
~to take the value the population parameter refined to when XA was
initially assigned as C1 and scale the scattering.factor curve for C1 by
this number., The same calculation could be doné by assuming it to be Br.

But, as Figure 5.6 illustrates, the first method of calculating a

composite curve using both the Cl and Br scattering curves gives better
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average values for the scattering factors of atom XA as a function of
sino/A, particuiar]y at small sin®/A, A similar scattering curve for XB
was constructeq by this method. In the final stages of the least-squares
refinement the population parameters of XA and XB were varied and both
refined to one, and the thermal parameters for these disordered atoms
were reasonable, indicating that the calculated scattering factor curves
for the disordered atoms XA and X8 are good models of their scattering
power,

A structure solution was also attempted in thé acentric space
group Pl to test whether the observed disorder in space group Pl was due
to a crystallographically imposed center of symmetry. Refinement in
space group Pl did not remove the disorder problem and the overall
agreement was not'improved despite the fact that the number of refined
parameters was nearly doubled.

The chemical significance of the disordered cation
[IBr0.75C]1.25]+ will be discussed later in terms of its Raman and
Missbauer spectra. Since the population parameters for the disordered
atoms XA and XB refined to different values, thereby indicating different
amounts of chlorine and bromine at these two crystallographic positions,
there could be some [IBrC]]+ cations present in the crystal structure,
‘It is difficult to say how reliable the individual population parameters
are for these disordered atoms and although the observed disorder f{s
Tikely [IC12]+/[IBr2]+ disorder it is also possible that the [BrICl]+

cation is present.

e e e
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The final atomic position coordinates and the thermal parameters
for [IBr0.75C]1.25j[SbC]6] are given in Tables 5.8 and 5.9 respectivel&.
The bond lengths and bond angles of the molecule are found in Table 5,10,
The atomic arrangement in the molecule is illustrated in Figure 5.7 and a
stereoscopic view of the packing in the unit cell along the b axis is
shown 1n Figure‘5.8.

The crystal structure of [IBrO.75C11.25][SbC16] 1s similar to the
structures of those compounds already discussed, and consists of 1nfinite
chains of two crystallographically unique alternating [SbC16]_ anions
trans-bridged througn cnlorine to he disordered cations, The two
crystallographically discreet [SbC|6]' anions are similar to each other
and not unusual in their geometries. Each {SbC]EJ' anion possesses
crystallographic symmetry in the form of an inversion centre since Sb(1)
is found at the special position (0,0,0) and Sb(2) is located at the
special position (0,1/2,1/2). As a result of the trans-bridged chlorine
interaction to the cations, the anions are distorted from regular 0h
symmetry to Ddh symmetry. In the Sb(1l) octahedron the average Sb-Cl
terminal bond distance is 2.3382 while in the $b(2) octahedron the
terminal Sb-Cl distances average 2.344A, The Sb-Cl bridging bond lengths
are elongated in these two octahedra to 2.416(3) and 2.422(3)4A
respectively. The C1-5b-C1 bond angles in both [SbC]G]' anions remain
close to the values expected for a reqular octahedron,

The disordered cation has the same square-planar geometry which
is found in other iodine(III) interhalogen catioms and the relevant

parameters are summarized in Table 5.11. The I(1)~XA and I(1)-XB bond

Lo v
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Table 5.8,
Atomic Coordinates (x 104) for [IBr0.75C11.25][SbC16]
x/a y/b z/c
I1(1) 3088(1) 5347(1) 3485(1)
$b(1) 0 0 0
Sb(2) 0 5000 5000
XA 4913(3) 8618(3) 3223(2)
XB 5441 (3) 13886(4) 1627(2)
C1(1) . 1391(5) 2008(5) 4379(2)
C1(2) 3077(4) 6714(5) 5539(2)
€1(3) -208(4) 6530(5) 3398(2)
C1(4) 6984(4) 1452(5): 9689(2)
C1(5) 8572(5) 6971(4) 515(2)
C1(6) 478(5) 1502(5) 1734(2)

o =
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Table 5.9.

a
Thermal Parameters for [IBr0.75C11.25][SbC16]

Ui Y22 Y33 Y12 U3 Y23
(1) 364(4) 367(4)  243(3) 28(2) 53(2) 32(2)
Sb(1) 125(5) 216(4)  203(4) -14(3) 61(3) 9(3)
Sb(2) 302(5) 250(8)  202(8) 18(3) 52(3) -2(3)
514(13)  450(12)  542(13) 21(8) 43(9) 18(8)
456(14)  668(17)  505(14)  -10(10)  174(10)  -44(11)
1) 662(20)  341(14)  366(14)  168(13)  198(13) 10(11)
2) 382(1%)  505(17)  461(17)  -90(13)  -21(13) 64(13)
3) 124(15)  430(15)  256{12) 91(11) 82(10)  106(10)
4) 383(15)  416(15)  491(16) 8§(11)  126(12) 92(12)
5) 507(17)  310(13)  491(16)  -56(11)  132(13)  129(12)
) ) (17) ) (14) )

582(18 512(17 263(13 131(12)  -110{11

Temperature factors (x 10 } in the form exp (- aniiujoiHjaiaj)
1J
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Table 5.10.

° a
Bond Lengths (A) and Bond Angles (°) for [18r0.75C]1.251[5bC]6]

1(1) -

1) -

(1) -

(1) -

Sb(1) -

XA - 1{1)
C1(6) - 1(1)
XA - 1(1)
XA - 1(1)
X8 - 1(1)
X8 - I(1)
C1(4) - $b(1)
CI(5) - $b(1)
CI{5*)- Sb(1)
CI(6) - Sb(1)
CI(6) - Sb(1)
C1(5) - Sb(1)
C1{8) - Sb(1)

Symmetry transformations are:

Estimated Standard Deviations in Parentheses

XA
X8
c1(3)
C1(6)
Cl(4)

- XB
- C1(3)
- C1(6)
- C1(3)
- C1(6)
(3)
- C1(6)
(6)
(6)
- C1(4")
- C1(6'")
- C1(4)
- C1(5Y)

(o TR AT S o S N AN
. . . . .

(a) Bond lengths (A)
427(2) Sb(1) - C1(5)
373(3) Sb(1) - C1(6)
927(3) Sh(2) - CI(1)
976(3) S(2) - C1(2)
383(3) sb(2) - C1(3)
(b) Bond angles (°)

97.67(9)  C1(4) - Sb(1) - C1(4")
81.11(9)  C1(5) - Sb(1) - CI(5")
172.71(9)  CI(1) - $b(2) - C1(2)
91.66(8)  CI(1) - Sb(2) - CI(3)
89.57(9)  CI(1) - Sb{2) - CI(1)
170.67(8)  C1(1) - sb(2) - ¢1(2')
89.82(11) CI(1) - sb(2) - c1(3tV)
87.61(11) C1(2) - Sb(2) - C1(3)
92.40(11) C1(2) - sb(2) - c1(2'¥)
90.18(11) C1(2) - sb(2) - c1(3'")
180.00(11) Cl(3) - Sb(2) - €1(3)
89.39(11) Sb(2) - CI1(3) - I(1)
90.62(11) Sb(1) - Ci(6) - 1(1)

(") -x,-y,-z;

(') l-x,1-y,-z;

N NN NN

.332(3)
.416(3)
.333(3)
.354(3)
.422(3)

180.00
180.00

(10
(
89.84(
(
(1

10)
10)
11)
90.98(10)
180.00(10)
90.16(11)
89.02(10)
89.51(10)
180.00(11)
90.49(10)
180.00(9)
109.29(10)
122.11(13)

(") l-x,-y,l-z;
(v} -x,1-y,l-z,

PP
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Table 5.11.

Geometry Around lodine in [IXZ][SbY6] and Related Compounds‘

[IClz][SbFGJ

19
[1C1,]080C1 ]
7 19
[1C1,]CAICT )
1.C1 130
[IBr2][Sb2F11]
[18rg 75014, 5]S0CT (]

[13][ASF6]

IYZ.

2.33(4)
2.29(4) .

2.29(4)
2.26(4)

2.38(3)
2.39(3)

2.424(3)
2.422(3)

2.427(2)
2.373(3)

2.660(2)
2.669(2)

sb
yd
N
T
sb
Toeoy X-1-X
(A) (°)
2.650(6)  97.2(1)
2.85(4)  92.5(14)
3.00(4)
2.86(4)  96.7(14)
2.88(4)
2.72(3)  94(1)
2.68(3)
2.845(12) 100.0(1)
2.782(12)
2.927(3) - 97.67(9)
2.976(3)
3.01(1)

3.07(1)

85.0(14)

85.3(14)

86(1)

85.6(3)

81.11(9)

101.75(6) 101.58 ©

Calculated here from atomic positions in reference 19.

Calculated here fraom atomic positions in reference 32.

124.42 € 11.1

a
IEZSSb [1X,Y,]
155.3(3)  13.9
116.8 7.9 "
114.8
116 4.1 °
i08 '
0
151.6(6) 4.7
153.3(6)
109.3(1) 0.9
122.1(1)

118.94 ©

[IXZYZ] represents the angle in degrees between the two planes defined by Ix2 and
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lengths are 2.427(2) and 2.373(3)A, respectively. These bond distances
may be compared to the [-Cl terminal bond distances found in the

[sbCl 17,10 [AICT,]” 19 and [SbF]™ (section (a)) analogues of [1c12]+
and the [-Br terminal bond distances found in [IBrZ][SbZFllj (section
(b)). The I-C1 bond distances in the [IC12]+ cations average 2.29A while
the I-Br bond distances in [IBrz][szFllj average 2,423A, The I(1)-
XA(XB) bond lengths are consistent with the previous discussion whereby
the disordered atom XA was found to have a higher percentage of bromine
than disordered atom XB. The I(1)-XA distance is the same as the I[-Br
distance in [IBr2]+ whereas the I(1)-XB bond distance is roughly midway
between the I[-Cl and I-Br average terminal bond lengths found above.
These distances are consistent with a formulation for the cation which
would include some [BrIC]]+. [t must be kept in mind that the final bond
distance between the I(1) atom and one of the disordered atoms, say XA is
the average distance between all pairs of these two atoms found at these
particular positions in the crystal structure.

The bridging contacts from the cation to the anion are through
chlorine rather than through fluorine as in the previous two structu}es;
these distances are I{1)---C1(3), 2.927(3)A and I(1)---C1(6) 2.976(35A.
The corresponding secondary interactions in [ftlzj[SbC16] 19 and

Cl 130

[1c1,][A1C1,] 19 average 2.90A while in I g» ~ a more covalent type of

2
compound, the bridging bond is much shorter at 2.70A. From the relation-
ship of Wiebenga and Kracht,!33 these bridging I---Cl1 interactions have a
bond order of ca. 0.45, similar to that which is found for the bridging

[---F interaction in [IC]ZJ[SbF6] (this Chapter, section (a)),
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The XA-I(1)-XB bond angle in the disordered cation is 97.67(9)°,
a value which is similar to that found in the other cations so far
discussed. Whereas the I-Xx-Sb bridging bond angles in [ICIZJ[SDF6] and
[IBrZJ[SbZFll] (section (a) and (b)) are large, 155.3(3)° and 151.6(6)°
respectively, the angles at the bridging halogens in
[18ry 5eC1, ,g]ISDCT ] are 109.29(10)% (I(1)-C1(3)-5b(2)) and 122.11(13)°,
(I(1)-C1(6)-Sb(1)), swmilar to the analogous angles found in
[1€1,]0SbCT ] 19 and [IClz][AlCla].19 Tﬁe trend observed here seems to
be that for a small bridging atom like fluorine, the angle at the
bridging atom needs to be quite large, whereas for a larger bridging atom
such as chlorine this constraint is not as critical and the angle can be
smaller. |

A least-squares mean planes analysis of the [IXAXBClz] fragment
of [IBr0.75C11.25][SbC16] has shown that C1(3) and C1(6) lie -0.02 and
+0.04A respectively out of the plane defined by XA-I(1)-XB and that the
angle between the planes XA-I(1)-XB and C1(3)-1(1)-C1(6) is 0.9°., This
cation is the most planar of the cations which have been discussed so'
far. The long secondary interac;ions from cation to anion coupled with
the large bridging halogen (chlorine) allow the cation to adopt a hear]y

perfectly planar arrangement.

d) Summary of Crystal Structures

The discussion in this Chapteh has dealt with the X-ray crystal
structures of three new compounds [IC12][SbF6], [IBrZJEszFll] and
[IBFO.75C11_25][SbC16]. The main structural features of interest in

these compounds have been concerned with the geometry around the iodine

LN Dot i =
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atom in the cations, i.e. the strength of the primary and secondary bonds

to iodine, and the various angles in the cation, particularly at the

4

bridging halogen atom., Table 5.11 summarizes these data for the above
compodhds as well as for some related compounds which have also been

’\

discussed.,

" (1) Mdssbauer Spectroscopy

The iodine-127 Myssbauer data for the iodine(1Il) interhalogen

cations, whose structures have been determined, and several related

compounds are presented in Table 5.12; the 129

127

I literature data have been

129

converted to their [ isomer shifts

I equivalents by multiplying the
by -0.345.113  The spectra were fitted as previously described

(Chapter 2) and the absorber line widths which were allowed to vary in
the transmission integral fitting are greater than the natural line width
of 1.27 mns'l. Figure 5.9 shows the 1271 Missbauer spectrum of
[(C6H5)21C1]2 measured at 4,2° X, wh%ch resembles that of the [IC14]'
anion in that transition no. 2 is well resolved at high negative
velocity.*”7 This means that the quadrupole coupling constant ezq127

Qq/h

is large and positive for this and for all of these square-planar
compounds, Since e127Qg is negative, the sign of the electric field
gradient must therefore.also be negative and hence the values are those
expected for a central iodine bonded to four ligands in the xy plane,
with the non-bonded electron pairs along the z axis. Examination of

Table 5.12 reveals that within experimental error these interhalogen

cations with the same terminal I-X interactions, i.e. [IQ]2][SbC16],

e e e s
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[IC]ZJ[Sbst, 12C16 and K[IC14]'H20 have nearly the same quadrupole
coupling constants despite the fact that the bridging I---Y interactions
are not the same, i.,e. I---Cl in [IC]ZJESbC16] and I---F 1in [IClz][SbFﬁ].
K[IC]a]oHZO, the only Eompound yith the iodine in an anionic species, has
the largest quadrupole coupling constant of this series. The constancy
in these coupling constants is at first somewhat surprising since in
Chapter 4 it was found that for a series of linear [X-I-Y]™ (X,Y = F, C1,
Br, I) anions the quadrupole coupling constant increased as the
electronegativity of both X and Y ligands increased. Apparently this
behaviour does not seem to carry over to bridging or secondary
interactions and indeed the previous crystallographic discussion found
that the secondary I---Cl1 interactions in [ICIZ][SbC16] were of roughly
the same strength as the secondary [---F interactions in [IC12][SDF6], as
judged by their very similar bond orders. . The implication is that the
total electron density in the xy plane does not change significantly in
these two compounds. It seems then that in these interhalogen cations it
is mainly the primary bonding interactions to the central iodine atom
which determine the magnitude of the quadrupole coupling constant.
Further evidence for this is found by examining the diphenyliodonium
halides. In these compounds the halogens form bridging bonds to the
fodine and the quadrupole coupling constants are at least 30% smaller
than in the anaiogous interhalogen cations.

There is however a correlation between ligand electronegativity
and quadrupole coupling constant similar to that found for the linear

[X-I-Y)" anions., As the terminal halogen bonded to the central iodine of

e e e et

i
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the cation is varied the magnitude of the quadrupole coupling constant

2 127 Lk + ¥ +

changes and e“q Qg/h for [IC]ZJ > [IBr0.75C11.25] > [IBrz] p) [13] ,

which follows the order of decreasing halogen electronegativity. Since
the disordered cation [IBr0 -75Cl1 25]+ has both chlorine and bromine

7

2q12

bonded to the central iodine e Qg/h 1ies between that for the [IBrz]+

and [IC12]+ cations. The 127! M&ssbauer spectrum of [IBr0'75C11‘25]—
[SbCls] was computed incorporating only one iodine site. [t was not
possible to resolve the spectrum into two sites which might arise from
say a mixture of [IC]2]+ and [IBr2]+ species since the isomer shifts’and
quadrupole coupling constants of these individual compounds are not
drastically different. Hence on the basis of Missbauer spectroscopy it
is not possible to ascertain whether the disordered caéion
[IBr0.75C]1.25]+ contains any discreet [BrICl]+ cations or whether it is
a mixture of the [IC]ZJ+ and [IBrz]+ cations.

As was previously mentioned the quadrupole coupling constants
found for the diphenyliodonium halides [thlsz (X =C1, Br, 1) are
significantly smaller than those of the [IX2]+ (x = €1, 8r, 1} cations
because in the latter compounds the quadrupole coupling constants are
mainly influenced by the strong primary iodine-halogen bonds 'whereas in
the [Ph,IX], series 128 the primary bond is from iodine to carbon., The
iodine-halogen bonds are less significant in determining the magnitude of
the quadrupole coupling con§tant since they are now long, bridging
interactions. For example the bridging I---Cl1 interactions in [Ph21C1]2

average 3.085A, a distance which is similar to the bridging I[---Cl

interactions in [IC1,](SbC1 ] 19 and [1c123[A1c14],H which average
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2.90A, It is once again noted that the quadrupole coupling constants in
these diphenyliodonium halides decrease with the decreasing
electronegativity of the bridging halogen. However changing the bridging
halogens in these compounds does not have as dramatic an effect on the
quadrupole coupling constant as varying the terminal halogens 1n the
[Ixz]+ cations because it 15 the primary bonds to 10dine which mainly
determine the magnitude of the quadrupole splitting. Thus 1n ihe [Ixz]+
cations, although the bridging or secondary contacts to the halogen atom

1n the anion are important in determining the sign of e2q127Qg/h their

contrit.t1on to the magnitude of e2q127

Qq/h is small.

[t 1s interesting to compare the quadrupole coupling constants of
the [IXZ]+ cations with the analogous [1X2]' anions. Although the
geometry around the 1odine atom In these two classes of compounds 15
drastically different (bent 1n the former if secondary interactions are
ignored and linear in the latter).these [IX2] pairs have remarkably
similar coupling constants. Hence the p-electror imbalance 1n these two
classes of compounds is nearly the same and this is reflected by their
respective Up vaJues (Tables 4.1 and 5.12).

The isomer shifts of the [IXZ]+ cations are all quite negative
with respect to the KI re}erence and also sigmficantfly more negative
than the corresponding [IXZJ' anions. The main contributor to this large
negative shift in the cations is the positive charge which causes the s-
orbitals to contract, resulting in a higher s-electron density at the

iodine nucleus. In addition, the [-X bonds in the amions, for example
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. (1-C1, 2.55(2)A; 13 1.8r, 2.695(2)A;% I-1, 2.90(2)A !**) are generally
significantly longer than the corresponding I-X bonds in the cations and
hence the s-electrons are not deshielded to the same extent in the
anions. The existing crystallographic data for the [[X2]+ cations is .
consistent with a valence bond description comprised of sp3 and sp3d2
cantributions. However the M3ssbauer data suggest that the s-chdracter
of the bonds 1s low, which 1s 1ndicative of a formulation for these h
compounds where localtzed p-orbitals form principally p-¢ bonds. The
isomer shifts of the various [Ixz]+ cations do not change very much frwn\
one compound to another, The first four compounds 1n Table 5.12 have
isamer shifts which are the(same within experimental errar, The isomer
shift for the central iodine atom in the [13]+ cation 1s hawever
significantly more posttive than these former four compounds where iodine
is bonded to chlorine and/or bromine. Presumably the iodine-iodine bonds
in the [13]+ cations are not as effective in removing p-electron density
from the central iodine atom. Perhaps also the positive chdarge is more
evenly spread over all these iodine atoms rather than being localized on

the central 1odine as 1n [IC12]+. Since the vsomer shifts in 127

I
Missbauer spectra are generally very small it 1s difficult to place any
stgnificance on the shifts of the first four compaunds i1n Table 5.12.
lZCl6 and K[ICI4]'HZO have the most negative isomer shifts and this 1s
probably because these two compounds are approaching the-situation where -
the central 10dine atom 1s bonded strongly to four atoms 1n a square-

planar geometry, The_1somer shifts for the diphenyliodonium halides are

much less negative than the shifts of the [[XZJ+ cations, as would be
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expected for this type of compound which conféins iodine-carbon bonds as ¢
the primary interdaction. The s-electrons are not deshielded to the same
extent as in the cations as a result of this,and also there is no
formal positive charge on the iodine atom in the [PhZIX]2 series., There
is perhaps also more participation of the s-electrons in the Bonds to
carbon, The variation in shifts within the group of diphenyliodonium
halides, as in the cations, 15 rather small.

Table 5,12 also gives the values of UD calculated for all these
compounds as well as the value of hp and hS calculated using equation
(4.6). Following the notation of Perlow and Perlow,!" 1n the case of the
[X-1-Y]" anions where the bond axis 1s the molecular symmetry axis, h_ =
IUpl while for the square-planar compounds np = 2Up. [t is immediately
evident that the agreement between 2Up and hp is not good especially fer
the diphenyliodonium halides. The values, for hS calculated for the
[Ixz]+ cations are all positive and indicate that a small amount of s-
electron density has been removed., The values of hS for the
diphenyliodonium halides however are somewhat high and perhaps reflect
some s-electron participation 1n the bonding scheme. However agreement
between Upand hp is notjvery good and therefore as was alluded to in the
previous Chapter, equation (4.6), which was calculated from the
MGssbauer data of the linear [X-1-Y] anions may not have general
applicability., Indeed the 1s5omer shifts and quadrupole coupling
constants for a series of compounds are as informative if not more

meaningful than the numbers which are calculated from these semi-
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empirical relationships. In essence the above data seems to imply that
the isomer shift and quadrupole coupling constant are not always strictly .
proportional as has been suggested.

Most of the compounds found in Table 5,12 have a significant eta
value so that although the principal axis of the electric field gradient
is along the direction of the non-bonded electron pairs there is some
degree of asymmetry in the x and y directions. In IZC16133 and
[IC]ZJ[SbC16] 19 where all the halogen ligands are the same and*thea
[IC14] rectangular unit is nearly planar, the value of n is small. But
in [ICIZ][SbFs] where the bridging chlorines of the previous compounds
have been replaced by bridging fluorines, and the [IC12F2] rectangular
unit is no longer planar, n = 0.25. Similarly in the remaining
compounds, if X and Y in the [Ix2Y2] rectangular unit are not the same

the value of eta ranges from 0.25-0.36.

(1ii) Raman Spectroscopy

Many of the interhalogen cations of jodine have been identified
and characterized on the basis of their Raman spectra. ™ The [IC]zj+
cation has been identified by Raman spectroscopy in the [SbCls]'.37v1“5
[AIC1,]7,37, 145 [SO,F]™ 2 and [$04C1]7 37 salts. The bent [1C1,]"
cation has C2v symmetry and thus three Raman active modes of vibration,
These are vl(Al), the symmetric [-Cl bond stretch; v2(A1), the C1-1-Cl
angle deformation mode; v3(81) the antisymmetric [-C1 bond stretch. The

frequencies of these vibrations for the [SbCl .~ 143 and (a1, 1 145~
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salts of [IC12]+ are found in Table 5.13. Also presented in this Table
are the frequencies of vibration for [It]zj[SbFGJ, [IBrZJ[szFllj and

[18r [SbC]6].

0.75C]l.25]
The Raman spectrum of DC]ZJ[SbFﬁj'was measured during the course

of this work and is similar to the spectra of the above compounds with

respect to the number of bands found. The deformation mode, v2 is found

‘at 142 cm'l. The symmnetri¢c and antisymmetric stretching modes have been

assigned to the bands found at 39§ and 387 cm'1 respectively. These
values are substantially higher than those which have been reported for
other compounds containing the [IC12]+ cation but there is no other
assignment which is reasonable. The Vo and V3 vibrations in the [IXZ]+
cations are usually found at a lower frequency than that of the parent
interhalogen; for example the [-Cl1 stretch in ICl occurs at 381 cm'l.
The I-Cl bond distance in IC! has been determined spectroscopically 1“7
and is 2.321A; while an X-ray crystal structure determination !9 has
found the I-Cl distance to be 2.351A in B-ICl. The I-C1 bond distance in
[IC]Z][SbFs] is 2.268(2)A which is somewhat shorter than that found in
IC) itself. This shorter, stronger b&hd in [IClz][SbF6] could accoupt
for the unusually high I-Cl stretching frequency. In addition to the
above bands, a fairly intense lattice vibration occurs at 55 cm'1 and a

1

weak peak at 291 cm™* has been assigned to v_ of the [SbF6]-anion-.“8

5
The Raman spectrum of the [I‘Brzj+ cation has been reported and
like all [IX2]+ cations should exhibit three Raman active modes of
vibration., The reported frequencies are, vy at 256 cm'l, v, at 124 cm"1
and v3 at 256‘cm'1.37 The authors suggest that the observation of only
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one stretching mode is due to the accidental coincidence of the two
allowed stretching modes. The Raman spectrum of a solid samplq of
[IBrZ][SbZFllj was recorded and is comparable to that obtained in 502
solvent. A very weak line at 123 em™! has been assigned as the Br-1-Br
deformation mode. A broad band centred at about 197 cm'1 is probably
due to a vibrational ‘mode of the [SbZFll]' anion. Peaks at 257 and

1 have been assigned to the antisymmetric and symmetric [-Br

232 cm”
stretching modes respectively of the [IBrz]+ cation., These assignments
are found in Table 5.13.

The assignment of the Raman spectra of the [IC12]+ and [IBr2]+
cations is very useful in the interpretation of the rather complex Raman
spectrum of [IBr0.75C11.25][SbC161. The Raman spectrum of the [BrIC]]+
cation has previously been reported by two groups. Aubke 35_31.27 have
reported the Raman spectrum IBrClSO3F while Shamir and Lustig 3% have
reported the Raman spectrum of [IBrC]][SbC]G]. The disordered compound
[IBr0.75C11.25][SbC16] was prepared during the course of this work by
using a method very similar to that used by Shamir and Lustig 38 to
prepare’[lBrCl][SbClﬁ]. This is a very complex reaction whereby an
equimolar mixture of IBr and SbCl5 is treated with an equivalent amount
of liquid Clz and allowed to warm up to room temperature over a period of
several hours. Aubke g£~31327 prepared IBrClSO3F by melting an intimate,
SO

equimolar mixture of IBr F and ICY,SO.F. -

2773 2773
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On the basis of X-ray crystallographic data alone it was not
possible to discern conclusively whether [IBrO 75C11 25]+ is cohprised of
a mixture of [IC12]+ and [IBr2]+cations or whether there are discreet

[IBrC]]+ cations present. The Raman spectrum of [IBr [SbC16]

0.75%1, 251
is shown in Figure 5.10 and is much more complicated than would be
expected from a single species such as [IBrCl][SbC]6]. As was previously

. + . .
mentioned the bent [IXZ] cations have three Raman active fundamentals,

hence a mixture of [IBrZJ+ and [IC12]+ cations should exhibit a total of

six Raman active modes of vibration. If the [BrIC]]+ cation (Cs

symmetry) was present exclusively there would be only three modes of

N
;;vfﬁqqtion due to the cation. A mixture of [1012]*, [IBr2]+ and [BriCi]"

'

cations would show a very complex Raman since the I1-C1(Br) stretches of
ggé [IClz]+ and [IBr2]+ cations would not be very different in energy
frsm the I-C1(Br) stretches of [BrICl]+. The Raman spectrum of
[IBr0'75C11.25][SbC16] has been assigned as fé]]ows. Peaks found at 174,
258, 296 and 336 cm'1 are assigned as [SbC16]’ anion vibrations according
to thé.Qesignations of Table 5.13. Additional peaks at 162, 187, 266 and
307 cm;'1 could also be [SbC]G]T anion peaks since there are two
crystallographically discreet anions present in the compound, and likely
two chemi?a]]y different anions present since one would be bridged to
[IC123+and the other to [IBr2]+‘ The symmetric and antisymmetric [-C)
stretches of the [IC12]+ cation occur at 362 and 356 cm'l*respectively
and are close to those reported for the [IClz]+ cation in [IC12][SbC16]
and [IClz]tA1Cl4] (Table 5.13). The peak at 129 cm"1 is the deformation-

mode of eithér [IC}Z]+ or [IBrZ,]+ and is probably the latter. The
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l l I I | l | |

400 300 200 100
AvY cm”’
Figure 5.10. Raman spectrum of [IBrO.75C1].25][SbC16] at -196°C usjng

5145 R excitation.
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symmetric and antisymmetric bond stretches of [IBr2]+ are at 250 and 242
ém‘l, again in good agreement with those previously reported (Table
5.13). Thus while Shamir and Lustig 3% and others 27 have 1nterpreted'
their Raman data as being consistent with the [BrIC]]+ formulation
exclusively, in view of the inconclusive X-ray crystallographic data,
Missbauer spectrocopy and the Raman data obtained here, it is concluded
that [IBrO.75C11'2§][SbC16] is primarily a crystallographic mixture of
[IClzj[SbC]sj and [IBrZJ[SbClﬁj although it is not possible to eliminate

the possibility that small quantities of the [IBrC]]+ cation may be

present.,



CHAPTER 6
The Preparation and Characterization of [I3C12][SbC16]

A. Introduction

The reactions of 12C16 with a number of Lewis acids, such as
SbC15,75 A1C13,75 SbF5 27( present work) and 303 126- have been thoroughly
studied. The hexachloroantimonate,’> tetrachloroaluminate,’S and more
recently the hexafluoroantimonate (present work) salts of [IClz]+ have
‘ all been well established by X-ray crystallographic studies.

In an effort to further the studies of the reactions of 12C16
with potential Lewis acid acceptors and synthesize new polyhalogen
cations of iodine the reaction of 12C16 with antimony(III) chloride was
investigated. This reaction produced a highly crystalline material whose

121Sb Mdssbauer spectrum indicated the presence of Sb(V) rather than

Sb(IIl).

It had been reported 33-3% that under suitable conditions iodine
monochloride combines with antimony pentachlo}ide to produce compound§
with the general formulae I[SbC]GJ'nIC1 (n = 2-4), i.e., containing the
cations [13012]+, [I4C]3]+and [[5Cl4]+. The existence of any of these
higher polyatomic cations of iodine has not been verified conclusively
unt{l now,

In this Chapter the X-ray crystal étructure of [I3C12][Sb016],
the first structure of an interhalogen compound of iodine codtaining a

cation of the general type [InCIn_lj+ is presented. The laser Raman

140
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spectrum and visible absorption spectrum of [I3C12][SbC16] are very
similar to the corresponding spectra which have previously been reported
for [IZC]][SbC16].37»38 A single crystal, sublimed from the product of
the reaction reported to produce [12C1][SbC16]-was found to have the same
unit cell parameters as [I3C12][3bC16].

Subsequent to the completion of this work Pohl and Saak !*% have
reported the X-ray crystal structures of the ESbCls]- and [A1C14]- salts
of [13012]+ as well as that of [I3Br2][SbC16]. Their crystal structure
determination of [I3C12][SDC]6] confirms the findings of this work.

These workers prepared their compound according to equation (6.1) More

3MC1 + SbCI, » [1401,]0S6CT ] (6.1)

-

recently still,Shamir and Thorup !5° have also reported the X-ray crystal

structure of [I3C12][SbC16].

B. Results and Discussion

(i) Structure of [I3glz][SbC]51 |

Crystal data for [I3C12][SbC]6] are found in Table 6.1,
Intensity measurements were made on a Syntex P21 diffractometer. The
details regarding data acquisition are also given in Table 6.1, Lorentz

and polarization corrections were applied to the data and the structure

was solved using coventional heavy atom methods. The iodine and antimony

atoms were located using a Patterson map, and subsequent Fourier maps

revealed the positions of the remaining atoms and confirmed the
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Table 6.1: (contd.)

)
The Delauney reduced primitive triclinic cell for this compound has

a' = 9,842, b' = 7,126, c' = 7.739A, o' = 91.17, B' = 134,35, v' =
95.44°, It is relééed to the above cell by the transformation
(011)/(001)/(111).

The extinction correction used followed the method of Larson

(A. C. Larson, Acta Cryst., 23, 664 (1967)).
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positional assignments of the heavy atoms., The structure was solved and

refined in the triclinic space group éﬁ and there was no improvement in 'ﬁj
Pl. A complete listing of observed and calculated structure factor

amplitudes may be found by consulting refe?%nce 129. The final atomic

positional coordinates are given in Table 6.2 and the anisotropic thermal ‘
parameters are found in Table 6.3. The bond lengths and bond angles of
the molecule are given in Table 6.4.

The crystal structure consists of [I3C12]+ cations and [SbClGJ'
anions which form infinite zig-zag chains as a result of a secondary
cation-anion interaction which occurs via a bridging chlorine atom, The
atomic arrangement is il}lustrated in Figure 6.1 and a stereoscopic view
of the packing in the unit cell is shown in Figure 6.2, The central
jodine atom of the [I3C12]+ cation lies on a crystallographic centre of
symmetry such that the cation is planar, and possesses C2h symmetry, The
[SbClGJ'anion is a slightly distorted octahedron with the terminal Sb-Cl
distances averaging 2.348A, while the bridging Sb---Cl1(1) distance is
somewhat longer at 2.416(2)A. The I(1)-I(2) bond distance in
[I3C12][SbC16] is 2.9057(6)A. This may be compared to the analogous I-I
bond distance found in the structurally related [15]+ cation,!5!
(2.896(2)-2.920(2)A) and the average I-I distance observed in various
symmetric and asymmetric [13]' ions.!32 The terminal 1(1)-C1(3) bond
distance in the [I3C12]+ cation is 2.333(1)A as compared to the [-C1 bond
distance !9 in p-IC1 which is 2.351(14)A, In 8-IC1, in addition to the
short 1-C1 bond (2.351A) there is another longer I---Cl1 interaction at

2.939(12)A which is almost colinear (175°) with the primary bond. A
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Table 6.2. Atomic Positional Coordinates of [1,C1,][5bClc] x 10%

x/a y/b z/¢
I(1) 1765.8(6) 8336.3(5) 682.0(7)
1(2) 0 0 0
Sb(1) 5000 5000 0
Ci(1) 3269(3) 4901(2) 2627(3)
C1(2) 6918(3) 7979(2) 2661(3)
Ci(3) 5817(3) 833(2) 3254(3)
ci1(4) 8420(3) 5637(2) 2661(3)

Table 6.3. Thermal parameters

Uy

u

]

u

a
for [1,C1,1(SbCT ]

U

u

22 33 12 13 23
1(1) 317(2) 311(2) 397(2) 191(2) 182(2) 268(2)
1(2) 298(3) 314(3) 360(3) 175(2) 159(2) 249(2)
Sb(1)  223(2) 187(2) 299(3) 99(2) 109(2) 155(2)
Cl(1)  411(8) 341(7) 390(7) 158(6) 229(7) 226(6)
C1(2)  476(8) 209(6) 475(8) 164(6) 254(7) 194(6)
C1(3)  333(7) 402(8) 478(8) 173(6) 174(6) 302(7)
Cl(4)  341(7) 517(9) 561(9) 241(7) 120(7) 363(8)

a Temperature factors (x 104) in the form exp (-2ﬂ2£ L UiniHjai*aj*)

LN
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Table 6.4. Bond Lengths (A) and Bond Angles (°) for [I3C12][SbC16] a

Estimated Standar.t Deviations in Parentheses

Bond _engths (A)

(1) - 1(2)  2.9057(6.
(1) - C1(3)  2.333(1)
(1) - C1(1)  2.941(1)

so(1) - C1(1)

sb(1) - C1(2)

Sb(1)

C1(4)

2.416(2)
2.341(2)
2.355(2)

Bond Angles (°)

(1) - 1(2) - I(1') 180.000(7)

C1(3) - (1) - I(2) 92.62(7)
C1(3) - I(1) - CI(1) 177.56(8)
CI(1) - I(1) - 1(2) 89.55(5)
[(1) - CI(1) - Sb(1)  109.75(5)
CI(1) - Sb(1l) - CI(2)  89.71(7)
(1) - Sb(l) - CI(2") 90.29(7)

Cl(1) - Sb(1)
CI(1")- Sb(1)
Cl{2) - sb(1)
Cl(2")- Sb(1)
CI(1) - Sp(l)
C1(2) - Sb(1)
Cl(4) - Sb(l

c1(1")
c1(2")
c1(4")

2 Symmetry transformations are: (') -x,-y,-z; (") l-x,1-,-2.

(
180,00(4

(

(

89.56(8)
90.44(8)
89.98(8)
90,02(8)
)
)

180.00(7
180.00(8)
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similar interaction is present in [13012]+ in the form of a secondary or
bridging I(1)---C1(1) co;tact at 2.941(1)A so that the C1(3)-1(1)---Ci{1)
angle is 177.56(8)°. These terminal and bridging iodine-chlorine
interactions are similar to those which occur in salts of [IC12]+.19

The C1(3)-I(1)-1(2) and CI(1)---I(1)-1(2) bond angles found in
[I3C12][SbC16] are 92.62(7) and -89.55(5)° respectively. These values are
very similar to those found for the analogous angles in [15][SbF6].

The bond orders of the strong bonding interactions found in
[13012][SDC16] may be estimated by using the relationship between
electrostatically corrected experimental bond lengths and calculated bond
orders established for a series of interhalogen compounds by Wiebenga and
Kracht,!33 Accordi}xg to this method the I(1)-I(2) bond distance found in
[13612][Sb016} corresponds to a bond order of ca. 0.6. The terminal
I(1)-CI(3) bond has® an estimated bond order of 0.9. The analogous
terminal I-I distances in thé [115]3+ cation 3! have an average bond
order of 0.85. It appears then that the I(1)-C1(3) interaction in
[13612][§bc1é] is of comparable strength to the corresponding I-1
interactions in [115]3+.

The vafiation innbond lengths "present in the [I3C12]+ cation from
tﬁe expécted values for bonds of bond order one suggests that it may be

described by the valence bond structures I-III.

“* I TI-I+ & I 1

a1 aQ

(1) (11) (111)
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Structures I and Il imply formal boﬁd orders of 1.0 and 0.5 for terminal
and central bonds respectively, while structure III, a minor contributor
to the bonding description, would have a formal bond order of 1.0 for

terminal bonds and O for the central bonds. An alternative charge

distribution in [I3C12]+ may be obtained by using the above bond order§ :

and a bond valence type formalism similar to that of quwn.153 According
to this method the sum of the bond orders to a particular atom must be
equal to the sum of that atom'; valency plus its charge, Since in
[13C12]+, the I(1)-I(2) bond has an estimated bond order of 0.6 and the
I(1)-C1(3) estimated bond order i 0.9, the central I(2) atom must have a
charge of +0;%, while the I(1) atoms much each have a charge of +0.5.

This is shown in structure IV,

-0.1
C1 '
0.6 0.6 | 0.9
+0.5 1 --- I --- I 40,5
0.9 | +0.2
a1
"0-1
(1V)

Since the bond order of the terminal C](3)_atoQ§ is 0.9 they must bear a
charge of -0.1 each so that the net charge on the [I3C121 moiety is +1.0.
Considering this charge distribution jt is reaSénable that there is a
secondary interaction between the  I(1) atoms of the catign which possess
the highest formal pasitive charge, and the C1(1) atoms of the [SbCIGJ*

anions, whereas the less positive, central I(2) atom shows no such

/
i

|
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interaction. The formalism employed above to arrive at this model is of
course semi-empirical, depending to a large extent on the method used to
obtain bond orders, and in neglecting the I(1)---Ci1(1) secondary

interaction assumes that the molecule is ignic.

(i1) Raman Spectroscopy

The laser Raman spectrum of a large crystal of [I3C12][Sbc16]
obtained at 1liquid nitrogen temperature using 6328A excitation is shown
in Figure 6.3; the observed frequencies and their relative intensities’.
are given in Table 6.5. The spectrum shows the three characteristic
Raman active fundamentals (one of which is split) of the [SbClGJ' anion,

The measured frequencies are 334 (vl, Alg)’ 296, 259 (vz, Eg), and 174

cm'1 (vs, ng), and are in good agreement with those of other salts

154 :
’ p 18

consistent with an effective lowering of symmetry in the anion, from 0h

containing the hexachloroantimonate anion. The‘splitting of v

to D4h (Eg + Alg + Blg) due to the interaction of the anion with the
cation via the bridging C1(1) atom, which distorts the Sb-Ci1(1) bond.
Thi{ effect has also been observed in the Raman spectra of

hexa fluoroantimonate and hexafluoroarsenate salts.!*® The remaining
lines in the spectrum apart fn9m~¢hq\low frequency lattice modes are due
to the vibrations of the cation. The}e are 3n-6 = 9 vibrational modes
expected and since [I3C12]+is centrosymmetric, (Céh symmetry) six are
infrared active, and three modés of Ag symmetry are Raman active, The
band at 354 cn™! with a shoulder at 348 cm ! is assigned to the I-C}

stretching mode of‘[I3C12]+. This splitting results from the isotope
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Figure‘6.3. Raman spectrum o% [I3C12][SbC16] at -196°C using

6328.3 excitation.
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Table 6.5. Raman Frequencies and Assignments for [I3C12][SbC16]

Relative
intensity

100

10
25
16
52

Frequency shift
-1
(cm )

40
48
57
66
88
97
112
126
174
184
259
296
334
348
354

Assignments

[1,01,. " Cop) [SbC1417 (0,)
lattice

Va(Ag) I-I-C1 b
vz(Ag) I-1 st,
"y (Ag)

v (A ) 1-37¢1 st
1790 35
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effect of 35C1 and 37C1, and the intensities of the peaks are in the
expected 3:1 ratio. The most intense band at 126 cm™1 fs the I(2)-1{1)-

C1(3) bend, while the remaining line at 184 em™ !

is assigned to the I-1
stretch. Both stretching modes of [13(:12]+ occur at a frequency lower
than that which is observed for free IC1 and 12 molecules (381 and 213
én~1 respectively 1“®) due to a weakening of the bond as a result of
additional interécfions.

The Raman spectrum of [I,C1][SbC1,] has been reported 37,38 and
although the relative intensities of the lines vary, the frequency shijfts
are nearly the same ﬁi_fﬂ?se reported here for [I3C12][SDC16]. It has
been proposed that the structure of [12C1]+ is that of a bent, asymmetric
[IZX]+ cation which would have CS symmetry and therefore exhibit three
Raman active modes of vibration, as'does [I3C12]+. However, as
previousty mentioned [I3C12]+ would have six infrared active modes while
[12C1]+ would have only three infrared active modes whose frequencies‘
would be coincident with those observed’ in the Raman. While these
authors 38 repért a satisfactory chemical analysis for [12C1][Sbc16] they
do not provide any .infrared data, which is critical to an unambigquous
structural assignment basgd upon vibrational spectroscopy. Unfortunately
-this is not a trivial matter and attempts to do thig have so far been
unshcéessfu] for ;evera1 reasons. In~sp1te 'of the availability of -
Fourie; Transform (FT) infrared spectrometers equipbed with far infrared
cépabilities, the efficiency and qua]fty of the experiment decreasés ]
rapialy at low energies, u;ua]]y resiulting in very broad lines compared

to those observed im the Raman, [I3C12][SbC16] and [12C1][SbC]5] as

\
i
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prepared by Shamir and Lustig 3% are both very moisture sensitive and
strong oxidants, reacting very.quickly with hydrocarbon mulling agents
such as nujol, and with polyethylene when the latter material is used as
a sample holder for neat solids. The fluorine contdining polymer FEP
(copolymer of perfluoropolypropylene and perf]uoropo]yethyiene) is inert
to the above compounds, however it transmits the 1ight poorly, absorbing

strongly from about 1600 to 450 em™ 1

205 cm~!,

, and exhibits a broad band at about

In view of the difficulties en;ountered with the infrared experi-
ment the procedure of Shamir and Lustig was repeated in an attempt to
prepare [IZCl][SbC16] and crystals were sublimed into quartz capillaries
by the method described for [I3C]2][Sb016]. A s%ng]e crystal suitable
for diffractometer measurements was obtained and it was found to have the
same unit cell parameters 133 a5 [1501,J[SbC1¢] and a quick structure
so]ut{on revealed that it was indeed [I3C12][SbC16]. This was verified
by examining a number of crystals. A large crystal of this material
exhibited a Raman spectrum identical to that of [13012][SbC16].‘

The preparation of [I3C12][SbC16] was effected by the reaction of
IéCIG with SbCl3 in SO2 solvent, Thus the antimony(III) undergoes

oxidation to antimony(V), while iodine(II1) has formally been reduced to

fodine(I) according to equation (6.2).

IéC]G + 25bC13 > ZIC] + 2§bC]5 . (6.2)

—— e —
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Subsgquent to this, chloride is removed from ICI by’SbC15 to produce [I]+
and [SbC]GJ‘. The [I]+ cation is an extremely strong Lewis acid and
requiFes stébiliéation by two moles of ICl, thereby producing
[14C1,](SbC1¢); equations (6.3) and (6.4).

3ICT + sbCl. > [1]*'21c1[5bc16]’ (6.3)

5

[137-21CI[sbCT 17+ [14C1,]05bCT ] (6.4)

Since the preparatibn‘was initially carried out using the stoichiometry
shown in equation (6.2), there is on]y'one mole of IC1 available per mole
of SbC]s, and not three moles, és the stoichiometry of equation (6.3)
requires. Thus the‘[I3C12]+ cation forms despite a shortage of Ic1.
These are just the conditions under which the [12C1]+ cation might have
béen expected to have been produced. It therefore seems unlikely that
tﬁe formation of [IZCIJ[SDCIGJ would result from the reaction of ICl with
an excess of SbC]S, as has been reported.3’ It is interesting to note
that the Raman spectrum of the material produced from the reaction of ICI
with excess SbC]5 is the same as that reported here for [I3C12][SbC16].
In a separate experiment it was a156 shown that the reaction of ICI yith
SbCl5 in a 3:1 ratio also produces [I3C]z]CSbC16] and this has been
confirme& subsequently by Pohl and Saak 149 who determined the crystal

structure of [13C12][SbC16] which was prepared using this method.

3
=,
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The reaction of 12 with SbCls in excéss Cl2 at -78°C reported by
Shamir and Lustig 3% to produce [1,C11{sbC1 ] is very compleiw In view
of the information obtained from single crystal X-ray measurements here
it appears that this material is in fact [13C12][SbC16], and this has
recently been acknowledged by the original authors. 159 Wnhen this
particular reaétégg was repeated it was noted that a yellqw solid
remained behind when the excess liquid C12 was removed at -78°C, After
warming to room temperature this solid quickly turned black. Also, while
it was reported that the reaction was near]y'quantitative it was found in
this work that the I,/SbCl. mixture had to be treated with liquid C1, at
least three times in order to ensure complete reaction. In order to
identify this yellow solid which is formed initially at low temperature
the Raman spectrum of the reaction mixture was measured at -196°C,
immediately after the C12 had been removed at -78°C., This is shown in
Figure 6.4, There is evidence for the presence of 12016 since the Tlines
at 342, 312 and 197 cm-1 are very close to the frequencies of the three
most intense bands of IZCI6 156 (344, 314 and 198 cm'l). The lines at
367, 360, 266 and 170 cm“1 are also aobserved in the Raman spectrum of
SbCl¢ at -196°C.'57 Thus at low temperature the sample appears
essentially to be a mixture of 12C16 and SbC]ss If a small amount of
[I3C12][SbC16] has formed, the lines of its speg}rum arg masked by those
of the former two constituents. After warming %B room temperature for a
few hours the same sample exhibits a Raman spectrum identical to that of
{13012][Sbc16]. g;fre:is no evidence fqruthe formation of [IClz][SbCI6]

which is usually produced by the reaction of I,C1, with excess SbC15.7S

=
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Figure 6.4. Ramad spectrum of 12 + SbC]5 + CIZ (after removing

excess liquid C12) at -196°C using 5145 A excitation.
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Had there been evidence in the Raman spectrum of the reaction mixture for
the formation of IC1 (v I-C1, 384 cm'l), the subsequent formation of
[13612][5b616] could be envisioned to occur by the same mechanism as
suggested previously. Also, since there is no [IC12][SbC16] formed, one
possible explanation for the formation of the observed product is that as
the reaction mixture begins to warm, the I2C16 formed at low temperature
dissociates. The 12 and C]2 may recombine to form IC1, ultimately
producing [I3C12]; by interacting with SbCI5 as discgjfed above.

In addition to the crystallographic and Raﬁgﬁ evidence presented
above it was found that the visible absorption spectrum of [I3C12][SbCl6]
in 502 has a band maximum at 440 nm., This is very close to the band
maximum of 450 nm which has been previously reported for [12C1][SbC16].38

The preparation of [IZCIJ[SbC16] has also been reported by
several other| authors. Corbett et al.39,%9,158,159 nave reported
the re;ults of phase studies on IZ/ICIISbCI5 mixtures which indicate the
presence of [12C1][Sbé16]. They also interpret their 35Cl and 127, NQR
measurements as being consistent with this formulation. The work
described in this Chapter has however cast considerable doubt on the
existence of [12Cl][SbC16], at least in so far as it was reported by

other workers.37,3% There is still no X-ray crystallographic evidence

for the existence of any asymnetric [IZX]+ or [XIY]+ interhalogen cation

of iodine, In Chapter 5 the X-ray crystal structure of [lBrZJ[szFII]

was described, It was the product of a reaction initially designed to

prepare [IBr]+, another asymmetric cation, whose existence still has not

been established. Also the X-ray crystal structure of
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[IBr0.75C11.25][SbC16] was described and it was concluded to be primarily

a crystallographic mixture of the symmetric [IBr2]+ and [IC12]+cations
although the presence of some [8rIC1]* could not be ruled out. In this ~
Chapter it has been suggested that the [I]+ initially formed during a
chemical reaction (equation (6.3)) is stabilized by two moles of ICl to A
ﬁroduce [I3C12]+,’rather than by one mole to produce [12C1]+. It is 3
difficult to determine whether the dhiving force behind this behaviour is
the preference of iodine to maintain some degree of symmetry in the

cation, e.qg. [IX2]+, [12]+, [I3C]2]+, etc., or that being the least
electronegative halogen iodine wants to form bonds to as many other atoms
as is possible. This would make the central positions in these cations
more desirable than terminal positions., This observation seems to be
contrary.to the conclusions of Aubke and co-workers 27 and others

58’15“ who suggest that asymmetric interhalogen cations are
thermodynamically more stable than are the symmetric cations. It is
possible that these asymmetric cations do exist in solution and in the
molt n state where they can be stabiliz{) by additional interactions with
solvent or neighbouring molecules, however gonc\u§jve proof in the solid

state can only be provided by an X-ray crystal structure determination.

(1i1) Mossbauer Spectroscopy
e 127

Th I Myssbauer spectrum of fI3C12][SbC16] is shown in

Figure 6.5 and the Myssbauer parameters are, for the central iodine

site: e2q127Qg/h = -2917(50) MHz, isomer shift = -0.96(9) mms L (relative

to KI); and for the outer two fodine atoms e2q12709/h = -2490(22) MHz,
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isomer shift = -0.85(4) mms"1 (relative‘to KI), and eta = 0.69(2). The
value of xz/degree of freedom was 1.18, TA = 0,54(2) and the absorber
Tine width was 1.73 rrms'1 for bqth sites, In the initial stages of the
fitting procedure the contributions of the two different iodine sites
were fixed at their respective molar compositions, In the final stages
of the fitting procedure this constraint was removed and the relative
Contribugion refined to 0.30, which compares to the value of 0,33
expected from the formula.

The quadrupole coupling constant for the central iodine site in
[I3C12][Sb616] is significantly larger than that which Hés been measured
for the central fodine site in Cs[1;], which is -2515 MHz.®! The. average
[-1 bond distance * in Cs[IB] is 2.93A while the analogous distance in
[I3C12]+ is 2.9057(6)A. The shorter bond distance in the latter compound
probably contributes to the larger quadrupole coupling constant observed,
however as was discussed previously the central iodine atom in the
[I3C12]+ cation bears a net charge of about +0,2. This would cause a
larger p-electron imbalance and hence coupling constant than is found for
the [13]' anion, Presumably this factor also contributes to the rather
negative isomer shift of -0,.96 mms ™1 measured for the central iodine
site, '

The other fodine site. in [13C12]+ consists of the two outer
iodine atoms which have a very unusual geometry. The geometry around
these two iodine atoms may be viewed according to VSEPR 18 as a very
distorted trigonal bipyramid such that there is one fairly strong I-I

interaction in the equatorial plane along with two lone pairs of
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" Figure 6.5. . }271 Mb%sbauer spectrum of [13612][56016] measured at 4.2° K
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electrons, and one strong and one weak axial I-Cl interaction. This
distorteq geometry accounts for the large eta value of 0.69 méasured for
this site...An eta value this large leads to some ambiguity in the sign
of e2q127Q /h but the choice of a negative coupling constant resulted in
the best computer fit to ihe spectrum, The quadrupole coupling constant
for this §ite was -2490 MHz which is significantly smaller thap that
measured' for the central iodine site. fhis at first glance seems unusual
since the central iodine site has only two I-I interactions while the
other two iodine atoms have one each of an I-Cl and an I-I interaction as
well as an additional weak I-;-Cl interaction. Howevér in VSEPR
terminology 18 the central iodine site has two axial bonding electron
pairs and three equatorial non-bonded electron pairs which create a large
) positive electric field gradient. The other iodine site has a geometry
consisting of two axial bonding electrén pairs (althoqgh one is weak),
two equatorial non-bonded pairs, and,ong equatorial bonding pair. This
geometny'presumab1y does not creaée as lérge an electric field gradient
as. that of the centra] site since tbe br{dging i---Cl.bond does not
remove a significant amount of p-electron density from the iodine atom.
Also the princ1pal axis of the electric field gradient i3 not as c]early
define&hhs in the central s1te, hence the large eta value. The centrql
1odine atom in [13][A5F6] has a simi]ar geometrical arrangement to the
two outer iodine atoms in [I3C12] , at least 1n terms of the strong

'1nteract1en% and the quadrupole coup11ng constants can be compared. The

2 127

s1gn of e Q /h is positive in the former compound, however the'

»

AU
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magnitude of e2q127

Qg/h is similar (2267 MHz compared to -2490 MHz). The
isomer shift for the outer two 1odtne atoms in [130123+ is -6.85 mms’l,
which is reasonable since the 's-electron densfty should be fairly high,

and is’ comparable to that for the central iodine in [13]+ which is
-0.59 mms™t, .
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' CHAPTER 7

1271 Mossbauer Studies of Some Chalcogen-lodine Cations

A. Introduction

Compounds between sulfur and jodine were for a, long time thought
not to exist.'®! However Passmore and co-workers 87-99 and
others !92-185 paye recently been successful in isolating compounds

containing sulfur-iodine bonds. Many of these novel compounds have been

~characterized by X-ray crystallography, but hitherto very little

spectroscopic information on these interesting compounds has appeared.

The iodine-sulfur system has also been extended further down group(VI)

and there are now also examples of cationic species in which iodine is

bonded to selenium °! and tellurium.?3
The iodine-chalcogen cations provide a nice series of well

127

characterized compounds whose I Mossbauer spectra may provide more

detailed information about the nature. 6f the pondiﬁg at the iodine atom.
This is the first series of compounds in this thesis where iodine is not

bonded to other halogen atoms and hence it will be interesting to compare

the M3ssbauer parameters with those obtained previously for the other

compounds. The electrons in the bonds of these chalocogen-iodine
compounds should be less polarized than in the “interhalogen compounds’
since the electronegativities of iodine and the chalcogens are ‘similar.

E
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The Mdssbauer parameters obtained for [12][Sb2F11] will also
provide a useful comparison to some of these compounds in terms of the
structures involved. Finally the Myssbader parameters of these

compounds will be compared to those for an organo-sul fur iodidé whose

jodine-129 Mgssbauer spectrum has been measured,!®

B, Results and Discussion
e 127

-

Th [ MOssbauer parameters for the compounds studied are

summarized in Table 7.1 and the correspondidg spectrum of [571][SbF6] is
shown in Figure 7.1. The isomer shifts of all these compounds are

negative with respect to the reference compound KI and since SR/R is
negative for 127I this means that thé\s-érectron density at the iodine
nucleus is higher in the formeé compounds than in KI. This cou]q(ge
achieved by the removal of p-electrons from the iodine atom as a ;esult
'of bonding to thé chalcogen atom, and since p-electrons shield the s-
eiectrong, their remoya] would cause an increase in the effective s-
electron density. A]so if the positive charge of these cations’ resides
to.any extent on the iodine atom then the s-electrons will be contracted
more strongly than the p-electrons, also resulting in a higher s-electron
density at the iodine nﬂcleus; Both of these effect; could be operating
éimultaneous]y.‘ The range of isomer shifts observed here are very
similar to those which were mea§ured‘for the linear iodine éomgounds'in
Chapter 4. What appears clear here is that the bonding to jodine in

the chalcogen-iodine cations is principally of p-character and that there

is 1ittle involvement of the iodine 5s-electrons in the bonding to the

e
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Figure 7.1.- - '¢’I Mbssbauer spectrum of (S,11[SbF;] measured at 4.2°K.

The solid line represents the best fit to the data.
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chalcogen atom, If the s-electrons were invélved to any extent‘in the
bonding, a more positive isomef shift with respect to KI would be
expected, as_in say KIO4 where the s-electrons are clearly inv;]ved in
the bonding. o |

The compounds which contain the [S7I] unit (TabTe 7.1) have
structures in which the exocyclic S-1 distances are nearly constant at
2.347(6) to 2.355(7)A. Secondary I---F contacts which range from
2.926(9) to 2.99(3)A in these compounds complete an essentially linear
Sel---F arrangement. The MOssbauer parameters for the exoéyclic iodine
~atom in these compounds are essentially the same. The isomer shift of
the iodine atom in these [571]+ compounds is more negative than that
found for the iodide anion and cpu]d be the result of the different
charges on thé iodine; positive in the farmer and negative in the latter
case.”,The [571]+ cations all .have large negative quadrupole ;ogpling
constaats, indicatiné a non-spherical distribution of electrons about the
iodine: whereas the iodide anion has a sphérica] distribution of
electrons and heﬁée there is no electric field gradienf. The quadrupole
coupling constants~ﬁeasured for thesélcompounds are up‘to 20% ‘smaller
than ‘those of the lipear (x-1-Y]) anions. This is mainly because in the
[X-1-Y]™ anions the iodi&e’atom is bonded to electronegative halogen
atoms while in the sulfur-iodine compounds, the pﬁimary ond is to an atom
of similar elecirohegativity. Since the qua@rupole coﬁpling constants
are negative for the sulfur—fodine compounds there is am excess of E

electron density in the xy plane about the iodine atom compared to the z

direction which is taken to be along the §-1---F internuclear axis. From
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2 127

the measured values of e Q /h U, the p- e]ectron 1mba1ance can be

p’
ca1cdlate¢ using equation (1. 25) and these values are found in Table 7.1,
. For the [S7I] compounds UD > 1 indicating that the iddine has had
slightly more than one p-electron removed from the noble gas electron
configuration of 1", This removal of p-electrons from the iodine i's
consistent with the observed iricrease in s-electron density compared to
the iodide anion as reflected by the more negative isomer shifts., If the
assumption is made that Up = hp then one can calculate hS from expressiod
(4.6) which leads to small positive values for hS in all cases but_one;
An alternative approach is to assume that there is no s-electron
ébntribution to the bond between iodine and sulfur and one can then use
the measured iéomer shift to calculate hp from expression (4.6). These
values are also found in Table 7.1 and although the agreement between hp
calculated from expressioq (4.6) and Up calculated from the quadrupole
coupling constants is reasonable in a few cases, there are 1érge
discreﬁancies in a number of cases. Thus as was concluded in previous
Chabters these semi-empirical correlations do not have the general
applicab@)ity that has hitherto been assumed.

The quadrupole coupling constants are also much-more negative .
than those meqsured for molecular ;ggcies such as CH,I and CFéI 33 and
are more like the value found for the central iodine in [13]—.61 The

secondary I---F fnteraction in these [S I]+ cations is rather long at
7

2,964 (cf. L---F in [IC1,][SbFC], 2.6504) but plays a significant part™fo

™~

inf]uenc1ng the distribution of electrons about the 1odine, keeping it in

an essentially linear arrangement. Potasek 119 has measured the\129-
\

« N g
f\
k)
R

: I - \“) )
| \ \\

N



171

iodine Mdssbauer sﬁéctrum of RSIZQI (R = N-p-ch]orophenyl-2-(benzj1-‘

129 1

oxycarbonamide)-3-methylbutanamide) and found nTe = -0.41 mms ~ and

equzgqg/h = -1510 MHz. After conversion.113 to their 127-iodine

equivalents (127GZnTe = -0.14 mms’1 and e2q127Qg/h = -2153 MHz) their

values resemble those found for the RI (R = CH3, CF3, etc.) compounds 35
rather than the cations reported here. This is consistent with the
molecular nature of the}ﬁivénd RSI compounds compared to the charged
species discussed here whe}e strong cation-anion interactioﬁs occur,

The second iodine site in the compound [(571)21][SbF6]3°2AsF3 has
a slightly less negative isomer shift but sihilar quadrupole coupling
constant compared to the values found for ;xocyclic iodine atom in the
[S7I]+ cations. This indicates that there is a somewhat lower ;-electron

density at the central jodine in [(S7L)-I-(S7I)] than for the S,-I---F

7
iodine. This perhaps indicates that there is less positive charge on
thisAcentral, bridging iodine than on the exocyclic iodine, since the
debree of p-character in the bonding of these iodines is approximately

the same.

X-ray crystallography has shown that [5214][A5F6]2 has the novel
distorted right triangular prismatic structure wiﬁh oné S2 unit

asymmetrically bonded to two I2 units: S-S, 1.828(T1)A; 11-12,

2.597(2)A;  S-1,, 2.858(6)A; S-I,, 3.195(6)1.88 Preliminary X-ray data

indicates that [Se214]2+ has a similar structure.’! - An attempt was made
PR \ «

to fit the spectra of these compodnds to two unique,ioqine sites, but

~with little success; the Missbauer fitting program diverges after only i

a few cycles. Suitable refinement of the spectra accurred when only one
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site was incorporated in the fitting procedure, and when the value of the
asymmetry parameter, n was allowed to vary in the case of [5214]2+. The
x2 va]ue/for the latter refinement is somewhat high, although not
unusual, perhaps suggesting that the bulk sample contained a small amount
d} impurity or decohposition product which of course would not be present
in the s{ngle crystal selected from the bulk material and used for the X-
ray sfructure analysis. The selenium analog gave a much better spectrum
and a good fit to the data was obtained; when the value of eta\wag
allowed to vary a marginally improved fit was obtained. This.may be
because the asymmetry parameter is compensating for the pfeseﬁce of two
slightly different fodine environments wnich are probably present in the
compound. The isomer shifts of the [5214]2+ and [Se214]2+ cations are
similar to those found for the exocyclic siie_in the [S.,il]+ containing
species, but in view of the structures of these cations the [LZJ+ cation
provides a better comparison. |

The discussion will therefore digress at this point to interpret
ihe MSssbauer parameters of [Izj[szFll]. Oxidation of iodine with
antimony pentafluoride produces [12][Sb2F11] whose vibrational spectra
and crystal structure have been reported.l”? Analysis of the Mssbauer
speé%rum of this compound gives an isomer shift which is more negative
and a quadrupole coupling constant which is smaller £han in mo{ecular
iodine (Table 7.1). ‘The"more negative isomer shift in [r2]+ means that
the s-electron "density at iodine has increased. The most reasonable

interpretation of the changes which occur on oxidation is based upon a

molecular orbital description. The M.0. description for 12 is such that



173

there is one net o(pz? bond, i.e., ogz(pz)nuz(px)nuz(py)ug*z(px)ug*z(py).
Oxidation results in the removal of a 75* electron from a p-n orbital
and the I-1 distance shortens from 2.66 to 2.55A.'7 This removal of a
p-n electron éeshields the S5s-electrons, increases the s-electron
density, and the isomer shift becomes more negative., The net positive
charge of the [12] unit also causes the s-electrons to contract more
relative to the p-electrons resulting in an effectively higher s-electron
density. Removal of this antibonding m electron means that the [-1 bond
has acquired n character, The p-electron imbalance Up is related to the
electron occupation numbers Ux’ Uy and Uz of the Py py and P, orbipals
by equation (1.26), i.e. Up = -U+ 1/2(Ux + Uy). For each iodine in the
iodine molecule then Up becomes equal to -UZ + 2 while for [12]+’ u_ =

p
'Uz + 1.75. Since n is small, Ux = Uy = 1,75. Up is therefore reduced

2 127

and a decrease in e“q Qg/h to -1951 MHz for [12]+ is observed. This

gives a value of Up of 0.85 (Table 7.1) and U, is thefefore 1.75 - 0.85 =
0.90. Using these values forlUx, U.y and Up, the value for hp, the number
of p-electron holes can be calculated from equation (1.28), d.e. hp =
6 _(Ux + Uy + Uz) = 1.60. Calculation of hp using equation (4.6) gives a
value of 0.92 which is not in. very good agreement with the hp value
estimated above,

Passmore and co-workers 99 have estimated that each [12]_unit in
[SZI¢}2+has a charge of +2/3 and hence the Missbauer barameters for
[5214]2+ and presumably [Se2I4]2+ would be expected to lie between those
of I, and [IZJ+. In fact the 1somér shift for the iodine atoms in ~

[SZX4]Z+, assuming one site only, is more negative than that of [12]+.
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This suggests that the charge on each of the [IZ] units in [5214]2+ is
greater than +2/3. [Se214]2+ however has an isomer shift between that of
I2 and [12]+ indicating a higher s-electron density than in 12 but Tower
than in [12]+. The quadrupole coupling constant of [5214]+ is nearly the
same as that found for jodine suggesting that the degrée of p-electron
participation in the bon&ing is the same. For the selenium analog the
quadrupole coupling constant is much larger, 1nd1catihg a greater p-
electron imbalance at iodine and this is consistept with the more
positive isomer shift also observed. Presumably there is better orbital
over1ap‘between the orbitals of selenium and iodine than sulfur and
fodine, thereby allowing the charge on [Se214j2+ to be more delocalized.
| The remaining two cations‘[SeI3]+ and [Tel3]+ may be compared to
the isoelectronic group (V) tri-iodides, AsI3. SbI3 and 8113 whose 129-
iodine MSssbauer spectra have been measured.!®® In the trigonal
pyramidal [Te13]+ cation the average Te-1 bond is 2.667(1)A and the
I-Te-I bond angle is 99.90(3)°.%3 Secondary contacts between tellurium
and fluorine atoms of the anion are also present at 2.88(1)A completing a
pseudo-octahedral geometry around tellurium. [SeI3][AsF6] 32 ﬁs\
isomorphous and probably isostructural with [TeI3][AsF6]. The structur;s
of the neutral group (V) tri-iodides, A;I3,167 SbI3,168 and Bil, 168 3¢
similar to that of [TeI3][AsF6] where sgcondary contacts from tellurium
to fluorine atoms of the anions have been replaced by long interactions
from the central metal atom to iodine atoms of adjacent molecules. In
AsI3 and SbI3 the arsenic ‘and antimony atoms are significantly displaced

from the centres of the iodine octahedra and have three short contacts to

<
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iodine at 2.556(4) and 2.68(10)A respectively. The octahedra are
comp]eteﬁ by secondary contacts to iodine at 3.50 and 3.316A
respectively. In B1‘I3 however, the bismuth atom is situated at the
centre of the iodine octahedron (Bi-I, 3.1A) so that the lone pair of
electrons is stereochemically inactive in this compound. One might then
exp;ct similar Mdssbauer parameters for these two series of compounds
since the same gross structure is observed by both systems and any
differences could perhaps be attributed to the difference in charge
.and/or to the nature of the secondary contacts to iodine. Since tﬁe
iodine atoms in [Tel3]+, and presumably also in [Sel3]+} are nearly the
same distance from the central element the spectra were fitted assuming s
6nly one {odine environment, The isomer shifts are similar to those of

the other cations reported in Table 7.1, but are more negative than the

shifts 186 for Asl3, Sbl3 and Bii3 (mean -0.34 mms'l){ after these have
129

113

been converted from their I values, This is probably due to the

charge on the cation which contracts the s-orbitals, thereby increasing

the effective s-electron density. ‘ '

127

Okuda et al. %9 fiave reported ~“'I NQR data for Tel, while Jones

129

and Mauguin 170 have recently reported the I Mossbauer spectrum of

TeI4 as well as of several other tellurium-iodides. The latter workers

were able to resolve three independent jodine sites a result which is

consistent with the X-ray crystal structige of Tel 7

4
iodine atom in Tel4 was found to have a quadrupole coupling constant of

The terminal

1190 MHz and an isomer shift with respect to the ZnTe source of

1

0.70 mms~ ", The second site which was assigned to the iodine which
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bridges two tellurium atoms had equzgog/h = 600 MHz, n = 1.0 and the

isomer shift was 0.30 mns'l. The final site which corresponds to the

iodine atom which bridges ﬁhree tellurium atoms showed no quadrupole

1

coupling and the isomer shift was 0.40 mms™ ", The first site in Tel

4°

i.e, the terminal iodine atoms provide the best comparison with [TeI3]+
2q1270g/h _

1700 MHz and the isomer shift with respect to KI is -0.10 mms‘l. The

"and after conversion !13 to their 127-iodine equivalents e

jsomer shift of the [TeI3J+ cation is more negative than the neutral
compound and as was mentioned eariier the s-orbitals of the iodine atom

~dfe contracted in the cation causing a higher effect%ve s-electron
density and hence a more negative isomer shift., The quadrupole coupling
constant of iodine in [T913]+ is somewhat larger than the converted
coupling .constant of Teia. This indicates a larger p-electron imbalance
in the former compound and i§/€;used by the removal of more p-electron
density in [TeI3E|+ because of the shorter Te-1 bond., The Te-I boqd
distances in [TeI3]+ average 2.667A 93 while in Tel, 171 the average
terminal Te-I bond distance is 2.768A.

The quadrupole coupling constant of [Selai+ is substantially more
negaiive, than that of [TeI3]+, which is consistent with the higher
electronegativity of the central atom in the former compound. However,
both compounds have quadrupole coupling constants which are significantly
larger than those found for the neutral group (V) tri-iodides. Since the
fodine environments é?L essentially the same in both the neutral and
charged species the larger quadrupole coupling constant in the latter

compounds must be a consequence of the positive charge and smaller size
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of the group (VI) cation compared to the iSQelectéonic group (V) neutral
species. Both of these factors contribute to the shorter M= bond
observed in the catidnic species creating a lardér electric field
gradient and hence a more Hegative quadrupole coupling constént in the
cations. ?he Myssbauer parametefs of [TeI3]+ and [SeI;]+ clearly

indicate that there is considerable p-character in the M-I bonds.
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Application of I Mdssbauer Spectroscopy to Chemical Problems’

A. Introduction

rn e e v e

The previoys Chapters in this thesis -have dealt with the

examination of the Myssbauer parameters of some series of iodine

~

compounds in order to try and understand the factors which affect these
parameters and also to determine the type of bonding which takes place in
the various compounds. Several new interhalogen cations of iodine were

prepared and characterized and their Mossbauer spectra were measured.

During the course of this work it also became possible to utilize 1221

M&ssbauer spectroscopy to help sort out some interesting chemical

problems ‘and this Chapter will present these results.

The nature of the colour change which occurs on cooling solutions

of the [12]+ cation in various solvents’has puzzled chemists for some

127

time. Measurements of the [ Mdssbauer spectrum of frozen solutions

v . #

of [12][Sb2F11] in HSO3F together with some recent work of Gillespie and
Kapoor have elucidated the nature of the species formed at low
temperature,

The relative electronegativity of the —OTeF5 ligand with respect
to fluorine has been speculated upon a number of times recently and
because of the extensive chemistry whith is developing with this -OTeF5

ligand it is important that its electronegativity be established. 1271

178
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Mossbauer spectroscopy in conjunction with:I?QXe Missbauer and 125Te

and 129Xe NMR spectroscopy have conclusively established the

electronegativity of the -OTeF5 group .

(i) The [1,1°" cation

/
Iodine has been known for many years to produce deep blue

solutions in 65% oleun and it was initially thought that the b]ue co]our

wdas due to the I cat1on.95

However it was firmly established in 1966
that the species in solution is in fact [IZJ . Since then the [12]
cation has been characterized by X-ray crystallography 17 in the
[szFllj' salt, by its characteristic resonance Raman spectrum 72 and by
magnetic susceptibility measurements, 29,173 which have established its
paramagnetism. Aubke and co-workers 173 have recently developed an
improved synthesis for [12][Sb2F11] and re-affirmed the existing magnetic
susceptibility dgta. It was noticed early on that as solutions of [12]+
were cooled, the colour changed from an intense blue to a deep red-brown
near the freezing point of the solution and this colour change was moni-
tored by uv-visible absorptio% spectroscopy.17“ Aubke and co-workers 173
have re-examined the susceptibility data of [IZJ[SbZFll] and observed a
drop in the susceptibility with temperature which was too large to be
attributed to a temperature independent contribution (TIP) and which they
have accounted for by suggesting that there is an interaction of an
antiferromagnetic nature between contigquous [12]+ cations in the solid
117

lattice. The crystal structure of [12][Sb is consistent with

211
this interpretation since the [12] cations are not insulated by
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intervening diamagnetic atoms, and are aligned in chains along the c axis
of the moﬁoclinic crystals so that the closest intermolecular distance is
4.29A. Also, while the magnetic moment of solid [IZ][szFll] is 2.0

+ 0.1 BM 29 which indicates the presence of one unpaired electron, the
magnétic susceptibility of an 12/5206F2 solution !7* was found to
decrease with decreasing temperature until the species formed at low
temperature becomes diamagnetic. Thus in the solid st;te where the ions
are not free to move there seems to be an antiferromggneticiordering of
the electron spins while in solution, where the ions are mobile, a
significant interaction between pairs of [12]+ cations occurs with a
concomitant pairing of electrons. It is the structure of this}species
formed in solution at low temperature which has been the subject of
controversy for some time. It has been suggested that the [12]+ cation
dimerizes extensively at low temperature to produce a diamagnetic [14]2+
cation. There are at least three possible structures which the [14]2+
cation could adopt: a tetrahedral structure, a rectangular-planar
structure, and an acyclic chain structure might be reasonable. Since the

2 127 127

sign of e"q " 'Q. /h and n can be determined from [ Mossbauer spectra,
g -

the principal axis of the electric field gradient and hence the geometry
around ‘the iodine atom may also be determined. The possible structures

suggested above for the dimer would be expected to give rise to quite

127

different 1 MOssbauer spectra.
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B. = Results and Discussion

(1) The [1,1%" cation
me 127

I Myssbauer parameters of [12][Sb2F11] and a frozen
solution of [I1,]1[Sb,F ;] in HSO3FAare found in Table 8.1, The .
corresponding spectra are shown in Figures 8.1 and 9.2 respectively. The
NBssbguer spectrum of the solid [12][552F11] was measured using
approximately 400 mg of sample which was thoroughly mixed yith dried
teflon powder. The solution sample was prepared by dissolving
[Le][szFll] in Hso;F and syringing it into the Kel-F sample holder. The
holder was then cooled slowly to ensure that the blue solution turned
completely red, and then it was frozen in liquid nitrogen, This
procedure was repeated on a second sample to ensure that the Myssbauer

parameters obtained were reproducible and that maximum conversion from

monomer to dimer had been achieved.

The [12][Sb2F11],was prepared 7 by the reaction of I, with SbF,
in S0, solvent according to equation (8.1). '

2L, + BSbF. > 2[L,J[Sb,F ;] + SbF, (8.1)

It was found however that in order to produce pure [IZJ[SbZFllj, as

shown by its Raman spectrum, at least a 10-15% excess of SbF_ over the

5
2.5:1 ratio of SbF5:12 is required and furthermore the mother liquor
should be decanted from the first crop of crystalline material obtained.
The Myssbauer parameters obtained for [IZJ[SbZFll] were
discussed in Chapter 7. As Figure 8.1 shows, transition no, 2 is well

resolved at positive velocity indicating that e20127Qg/h is negative

PO
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Table 8.1.

12{1 Mossbauer Parameters of [Iz][szFll] and Related Species

Compound Isomer shift e2q127Qg/h r on TA xz/degree
(mms'l) (MHz) (mms-l) of freedom
(1,100, ;] ~0.68(1) -1951(11)  1.72(7)  0.19(2) 0.72(2) 1.02
[1,108b,F, J/HSO,F  -0.73(2) 1969(17)  1.99(9) 0.88(2) 0.58(2) 1.38
(‘[14][A5F6]2 -0.81(2) 2007(15) 1.78(8) 0.85(2) 0.74(2) 2.39
[14][A5F6]2 a -0.71(1) 1933(20) 1.43(5) 0.84(1) 2.52(5) 2.88
(amorphous) ’
: [14][SbF6]2 b -0.84(2) 1951(13) 2.01(5) 0.91(1) 1.20(2) 5.58
a

The reaction of 12 with AsF5 in SO2 solvent produced crystalline [14][A5F6]2
while the same reaction in 502C1F resulted in immediate precipitation of an
amorphous powder whose Missbauer spectrum is consistent with [14]2+.

The reaction of 12 with Sb‘F5 in the appropriate ratio produced a crystalline

solid whose Missbauer spectrum is also consistent with the presence of [14]2+.

posed
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Figure 8.1. ]271 Mossbauer spectrum of [12][SHgF]]] at 4.2°K. The solid

line represents the best fit to the data.
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I Myssbauer spectrum of [12][Sb2F]]] dissolved in HSO3F
measured at 4.2°K. The solid line represenfs the best fit to

the data.
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and tha£ the principal axis of the electric field gradient is along the
iodine-iodine axis. This is consistent with the X-ray crystal structure
of [I,1[Sb,F,,]. 17 The Mgssbauer spectrum of the frozen solution of
[12][Sb2 11]/HSO F (Figqure 8.2) is dramatically different.from that of
the pure solid [I ][Sb 11] It is immediately evident that the sign of
2 1270 /h has reversed from negative to positive and that eta has become
very large. The magnitude of the quadrupole coupling constant however,
is essentially unchanged (Table 8.1) as is the isomer shift? These
Mossbauer parameters of the frozen soldtion of [12][Sb2 11] are
consistent with a structure for the dimer which is square- or
rectangular-planar (I1). The iodine atoms in this arrangement are
envisaged as being in a distorted square-planar arrangement as & result

of the interaction

1
]
]
* g’
rtcseanr—ten -
t
]
1

13
1
1
L

(1)

between the two [12]+ monomer units, with further longer range inter-
actions to fluorine atoms of the [szFllj' anion or even to fluorosulfate
groups. The large valye of eta (0.88) is consistent with this structural
arrangement since each iodine atom would experince one strong interaction
to another iodine atom while the remaining interact{on would be

presumably much weaker. It is not too surprising that the magnitude of
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e2q127Qg/h and the isomer shift have not changed relative to [Izj+, since

the immediate environment of the iodine atoms has not changed

-

dramatically from that in the solid state. The other two possible
structures which were suggested for the dimer, namely a tetrahedron of

iodine atoms and an acyclic chain can be discounted since in the former

case the sign of ezq127Qg/h would probably be negative, while in the

latter case there would likely be at least two different 10dine
environment@i which would give rise to a very complex Mdssbauer

spectrum,

¢
These MGssbauer results on the [14]2+ cation 1n solution have

‘been verified in the solid state in collaboration with Gillespie and

175

Kapoor. These workers have reinvestigated the reactions of I, with

2
the Lewis acids SbF_ and AsF.. The reaction of I, with AsF_ using the

5 5 2 5
stoichiometry of equation (8.1) produced a very dark crystalline material
whose 1271 Mossbauer spectrum and parameters are essentially the same
as those of [12]+ in frozen fluorosulfuric acid solution. Preliminary X-
‘ray crystallographic data have shown the material to contain a

rectangular-planar arrangement of iodine atoms with the bond distances

indicated in (I1).

2.573(6)

b 3.270(7)
T —1
(11)
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Equation (8.2) shows the correct stoichiometry for this reaction. Even

though the reaction

S0

2
21, + 3AsF5 —=> [14][A5F6]2 + AsF3 (8.2)

was initially carried out with a large excess of Ast the anion generated

is [AsF6]' and not [ASZFII]'.- [n fact there are no examples of compounds
which contain the [ASZFll]- anion, presumably because of the weaker Lewis

acidity of AsF5 compared to SbFs. The same reaction in SO,CIF rather

2
than SO2 solvent produced an amorphous powder whose Mossbauer
parameters are similar to those of the crystalline material produced in
502' It is possible that the crystalline material was slightly

contaminated. The compound 1s much less soluble in SO,CIf and when it

2
forms it immediately precipitates in an amorphous state. This behaviour
indicates that [A5F6]" cannot stabilize the [12]+ cation and since
[AsFﬁ]' 1s unable to dimerize to [AsZFll]' the stability of the cation is
enhanced by its own dimerization., Since it has beén shown 17% that
solutions of [12]+ become diamagnetic at low temperatures, the [14]2+
cation should also be diamagnetic by virtue of the pairing ¢of the single
unpaired electron of each [12]+ cation. It is interesting to note that
the dimerization of the [12]+ cation produces another symmetric cation.
Gillespie and Kapoor 175 have also repeated the reaction of 1

2
with SbF5 according to the stoichiometry of equation (8.2) producing a

127

dark crystalline material whose [ Mossbauer spectrum also indicates

A
the presence of [14]2+. [t 1s not possible to determine at this point
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whether the anion in this compound is [szFIIJ- or whether it has
remained as [SbFa]'. It is clear that in the original reaction to

produce [12][Sb2F11] (equation (8.1)) the excess of SbF_ present allows

5
the [Sb2F11]° anion to form which is capable of stabilizing the [12]+ 1

cation. /s

The Mdssbauer parameters of the various [14]2+ compounds (Table
8.1) are all very similar and nearly the same as those of [12]+ in frozen
fluorosulfuric acid solution, indicating that the same species is present
in-all cases, namely [14]2+. The spectra of the compounds containing the
[14]2+ catlon are not fitted quite as well as [I2]+ as shown by the high
x? values and this could perhaps indicate the present of some impurities
particularly in the compound designated as [14][SbF6]2. The small
differences in isomer shift could be a result of the different anions in
the compounds, which might cause small structural differences. Also the
[Iz]+ cation in frozen HSO3F which dimerizes to [14]2+ will probably be
completely “solvated. As Table 8.1 indicates, the isomer shifts of the
[14]2+ cations are generally slightly more negative than that of [12]+.
This indicates a somewhat higher s-electron density which is probably
caused by withdrawal of p-electrons as a result of the bonds formed
between monomer units. The sign of e2q12709/h in these compounds is
somewhat awoiguous because of the large value of eta. However slightly
better computer fits of the spectra were achieved with a positive quag-
rupole coupling constant as shown in Table 8.1. Also the rectangular-

planar structure of the cation indicated by the preliminary X-ray crystal

structure data for [14][A5F6]2 is consistent with a negative electric

2
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field gradient, i.e. an excess of electron density along the z axis,

which is perpendicular to the plane of the molecule, and hence e2q1270 /h

9
would be expected to be positive on these grounds.

The [14]2+ cation ip the rectangular-planar structure contains
28-2=26 electrons or 13 electron pairs. The two [12]+ monomer units
account for two bonding electron pairs and eight non-bonding pairs for'a
total of 20 electrons. Thus there are three pairs of electrons
remaining. If the interaction between the two [Iz]+ monomer units were
ztrong a further two electron pairs could be assigned to these two bonds
tﬁereby leaving two electrons unaccounted for. If the dimer was square-
planar with all the I-1-bond distances the same, the cation could be
viewed as a 4n+2 aromatic system where n=0. However since the distances
between the [Iz]+ units are much longer than the I-I distance in [12]+
this model does not apply. Both the X-ray crystallographic and
Missbauer evidence suggest that the interaction between the [12]+

monomer units is weak but it is well within the van der Waals contact

distance of 3.96A, 3%

C. introduction

(1) The Electronegativity of the -0TeF_. Ligand

Since the first synthesis of HOTer by Engelbrecht and Sladky 176

a substantial number of derivatives of the elements containing -OTeF5

177

groups have been prepared. In general, the -OTeF5 group dppears to be

" capable of stabilizing the same oxidation states as -F and indeed nearly
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a}l of the chemistry of -OTeFS compounds has been developed by analogy
with the existing fluorides. For example, the -OTeF5 analogs of
Xer,”a,179 XeF4,180 XeOF , 181‘and XeF 181 have all been reported
though lXe(OTeFS)6 has not been fully characterized,

In view of the large number of —OTeF5 compounds, the question of
the effective group electronegativity of -OTeF5 relative to that of -F
has been speculated upon a number of times. An estimate of the electro-
negativity of the -OTeF5 group has been made using 1H NMR spectroscopy by
the application of the equation of Dailey and Shoolery 8?2 (re-evaluated
here using Pauling electronegativities). A Tlinear plot of the differ-
ence between the chemical shifts of ghe methy]l and methylene protons of
XCH,CHy (X = I, Br, CI, O‘TeF5 or F) 183 yields a group électronegativity
of 3.88 for -OTeF ¢ (coefficient of determination, R® = 0.99). Although.
HF is capable of displacing H()TeF5 from its compounds, it has been argued
that the —OTeF5 group possesses an electronegativity greater than that of

-F.%% The latter electronegativity order is based upon the observation

that in the reaction of IF5 with the ligand-transfer agent B(OTeFS);, the
square-pyramidal shapes of the resu]tlhg structures i.e., FaIF4_n(OTeF5)n
were maintained, but no axial fluorine substitution was observed. These
results seem to conform to the valence shell electron pair repulsion
(VSEPR) predictio;!s,18 although nowhere in the literature is it clearly
noted that the least electronegative ligand occupies the axial position
of a square-based pyramidal molecule. This conclusion régarding the

stereochemistry observed in AXSE-type molecules has apparently been

inferred by extending arquments pertaining to trigonal bipyramidal
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molecules, which conform without éxception to VSEPR predictions. Steric
effects resuylting from mutual hindrance of the -OTeF5 groups, which might

account for preferential occupation of the equatorial positions by -OTeF5

groups, appear to have been ruled out on the basis of the crystal

structures of the related trans-F,Te(0Tef), 18% and Te(OTef )¢ 188

compounds.

~

Attempts to quantify relative group electronegativities by

examining the P=0 stretching frequencies, 31P chemical shifts and 31P-lgF

5 OSeFS,

C1) have led to the ambivalent conclusion that the electronegativities of

spin-spin coupling constants of the series 0=PF,X (X = F, OTeF

-0SeF and -0TeF; are approximately equal to that of -F.%°

In order to establish the relative electronegativity of -OTef

5
. . . 129 125
versus -F, a series of compounds were examined using Xe and Te NMR,

129Xe 127

and and [ Mossbauer spectroscopy. Both techniques are

sensitivé to changes in electron density at the nucleus of interest and
are therefore iceally suited to an investigation of relative effective

electronegativities of the directly bonded ligands. In the case of the

129Xe nucleus, the Mdssbauer results are complimented by NMR results on

the same nucleus. The compounds to be discussed were prepared using

published methods 98,179-181,185-190 py prof G, J. Schrobilgen of

the Chemistry Department at McMaster University, who also measured the

129 125

Xe and 129

Te NMR spectra. The Xe MGssbauer spectra were measured
by H. de Waard at the Laboratorium voor Algemene Natuurkunde,

Rijksuniversteit, Westersingel 34, 9718 CM, Groningen, The Netherlands.

N e ke o v

—a ¢
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D. Results and Discussion

(i) The Electronegativity of the -OTeF_ Ligand \\
\ ~

Both tellurium and xenon possess isotopes having nuclear spins of

1/2 and natural abundances and sensitivities which allow ready

123

observation by FT NMR spectroscopy, i.e., Te, 0.87%, ¢ - 0.89;

125 129

Te, 6.99%, D¢ = 12.5; Xe, 26,44%, D¢ = 31.8 (DC = natural abundance

sensitivity relative to natural abundance 13C).

The present body of experimental data shows that the range of chemical
shifts not only'increases with Z for a particular group but also
increases with Z for a particular period. It may also be anticipated
that the chemical shifts of these heavy nuclei will exhibit greater
sensitivity to the effects of substituents than lighter NMR nuclei. It

125 129

is partly for this reason that Te and Xe where chosen as NMR probes

for assessing the relative electronegativities of -F and —OTeFS.

Of the known xenon fluorides and oxyfluorides, XeF XeF4 and

2’

XeOF4 have been shown to possess well-defined -OTeFS analogs, i.e.,
179 180 _ 181 .

Xe(OTeFS)Z, Xe(OTeF5)4 and O-Xe(OTeFS)A. F]uor}ne-19 and

xenon-129 NMR parameters have been reported for these species. However,

a common solvent for the fluoride and its -OTeF5 analog has not been used

in the majority of cases and in the case of Xe(0TeF and 0=Xe(0TeF

5)4 5)4’
two different chemical shift conventions seem to have been used., It has
been demonstrated that xenon chemical shifts are very sensitive to sol-
vent effects and that this sensitivity increases with increasing number
of xenon lone pairs. In some instances, solvent effects can account for
up to 200 ppm shifts %' (c.f. chemical shifts of fer and Xe(OTeF ), in
CFC]3 and SOZC1F solvents at room temperature, (Table 8.2}). In order to
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compare the relative effective electronegativities of -F and -OTer, in a

meaningful way, the 129Xe chemical shifts of the -F and -OTeF5 analogs :

were measured in the same solvent at the same temperature and referenced

to pure liquid Xe0F4, the accepted reference for 1?9Xe chemical

125

shifts.1%2 The “’Te chemical shifts of TeF,, Te(0Tef and Te(OTeF )

5)q
were also measured for the first time (Table 8.2). The 1ZSTe NMR

6

parameters for TeF6 have been reported previously elsewhere,193 but were

remeasured here under the samettemperature and solvent conditions as for
Te(OTeFS)S.

Differences between 125Te and 1

29Xe chemical shifts for the -F
and -OTeF5 analogs consisténtly show that the -OTeF5 group is
sigpificant]y more shielding towards the central NMR nucleus than -F
(Tab]e-8.2). This strongly arques {n favor of an —OTer group that is

less electronegative than -F,
129
e

-

Th Xe chemical shift differences (48 = 8F derivative - S80TeF

5
derivative) for [XeF]+ and [XgOTeFSJ+ (898 ppm) and that for Xe(OTeF5)2
and.XeF2 (438 ppm; 219 ppm/group) not only reflect the lower effective
electronegativity of -0TeF5, they are also in accord with the anticipated
relative bond orders derived from a simplified MO treatment,''" i.e.

[XeX]+ (X = -F or -OTeFS) is described in terms of a two center-two®

]

electron bond (bond order, 1) and XeX2 in terms of a three center-four
electron bond (bond order, 1/2). Hence, the chemical shift changes per
group are greater for systems of greater bond order, e.qg., 2c-2e bonds
such as in [XeX]+ and TeX4 (in the case of TeF4 and Te(OfeF5)4, the

chemical shift contribution from one 3c-4e bond is averaged with
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Footnotes to Table 8.2:

IUPAC’conventions have been used in reporting chemical shift data
(Pure Appl. Chem., 1972, 29, 627; 1976, 45, 217), i.e., a positive,
chemical shift denotes a positive frequency and vice versa.
Tellurium-125 spectra have been referenced with respect to saturated
aqueous Te(OH)6 at 24°C where the chemical shift conversion with
respect to neat (CH3)2Té is given by o[(CH3)2Te] = 6[(0H)6Te] + 710.9.
Xenon-129 spectra have been referenced with respect to liquid XeOF4 at
24°C,
F and F' denote the equatorial and axial fluorines, respectively, of
the OTeF_. group,
e 125, 192 . . . .

Te-""F coupling not observed due to rapid fluorine chemical
exchange. )
A and E denotge axial and equatorial OTeF5 groups, respectively.
1,1,2-trichlorotrifluoroethane.
Coupling between the central atom nucleus and F' of the OTeF5 group

could not be resolved.

d 129Xe-lgF spin-spin coupling

The value represents the directly bonde
constant,

[nitial concentrations of FXeOTeFS; the latter compound
disproportionates 1in SOZCIF solvent yielding an equilibrium mixture
) of XeF2, FXeOTeFé and Xe(0Tef
Reference (193).

Reference (191-192).

Owing to the lability of the Xer group on the NMR time scale, only
129Xe-lgF spin-spin coupling is observed (see ref. (193)).
Initial concentrations of [XeOTerj[AsF6] dissolved at -48°C, not

warmed above -48°C prior to recording the spectrum.

5) 7

one

Fb and Ft denote the bridging and terminal fluorines respectively.
t NMR spectra were recorded by G. Schrobilgen.
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contributions from two 2c-2e bonds). The bonding in Texs—type molecules
may be approximately described in terms of three 3c-4e bonds, conse-
quently, the Te chemical shift difference for TeX, (166 ppm; 41.5 ppm/
group) is expected to be larger than for TeX6 (71.5 ppm; " 11.9 ppm/group)
owing to the higher average bond orders anticipated for TeX4 species. It
is interesting to note that the 129Xe chemical shift difference per group
for XeF4 and Xe(OTeFS)4 (207 ppm/ group) is nearly identical to that for
XeXz. This is in accord with a description of the bonding in XeX4 in
terms of two 3¢-4e bongs. Although the Xe-X bonds of XeOX, may be
described in terms of two 3c-4e bonds, the value derived for XeOX4 is
small (53 ppm/group) compared to those of XeX\2 and XeX4. The Xe=0 bond
serves to diminish the difference in deshielding effects between —OTeF5

and -F, The less electronegative -OTeF5 groups place more electron

density onto the central xenon. A greater contribution from the valence
+ -
bond structure Xe-0 results, and serves to remove much of the additional

electron density on the xenon of the -OTeF5 compound. This is supported
by a somewhat lower Xe=0 stretching frequency for the -OTeF5 compound
(0=XeF,, 920 cm™!; 0=xe(0TeF), 882 en~l, this work).

Table 8.3 summarizes the 129 127

Xe and I Myssbauer data for

pairs of structurally related molecules in which the axial fluorines in
XeF2 and the equatorial fluorines in XéF4, 0=XeF4 and IF5 molecules are
replaced by the -OTeF5 group. The geometry remains the same in each pair

and the M3ssbauer parameters should then reflect the effect of

P

replacing a fluorine by the —OTeF5 group. The influence that these

1igands have upon the parameters will depend upon their relative electron
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Table 8.3.

Mossbauer Data for -F and -OTeF5 Derivatives of Xenon and lodine

Compound [somer shift Quadrupole Line width
splitting
AEQ r

(mms-l) (mms_l) (mms'l)
XeF, ° 0.2(2) 39.7(4)
Ke(OTeF ), 0.1(3) 38.3(3)
xef, ° 0.40(4) 41.04(7)
Xe(OTef ), 0.9(1) 36.1(2) 8.8(2)
0=Xef , ° 0.5(3) 18.1(5)
0=Xe(0TeF ), 0.7(1) 15.7(1) 8.8(2)
IFg -1.39(4) © 1171(33) ¢ 2.73(20)
FI(OTeF ), -1.36(4) © 910(37) ¢ 2.31(18)

a 129Xe isomer shifts are relative to the xenon B-hydroquinone

clatbrate and were recorded by H. de Waard,

Data from reference (194).

¢ i271 lsome} shifts are relative to KI,
d 1271 quadrupole couplings are given in the more usual form of
e2q127Qg/h 1n units of MHz; for'127l 1 mms~l = 46.46 MHz.

<

g e "



200

withdrawing powers, i.e., upon their relative electronegativities and
upon the nature of the banding in these molecules. Three types of
molecules are represented here which may be described according to VSEPR

rutes,!® as ALE 5, AXE, and AXE. In valence bond terms the bonding

could be described as sp3d and sp3d2. However, it has already been

established, ' **

based upon the trends in the isomer shifts of a large
series of xenon compounds, that the bonds between ‘the central xenon and
the ligands only have a very small degree of s-character. The isomer
shifts reported here, which are a measure of s-electron density, confirm
this conclusion. The 1somer shifts for the iodine compounds are quite
negative, 1ndicating 4 high s-electron density at the 1odine nucleus.
This suggests that the I-F bonds are principally of p-character and that
there 1s Ii1ttle involvement of the iodine 5s-electrons 1n the bonding.

With one exception, the isomer shift differences between the
fluorides and the -OTeF5 analogs lie within the errors of measurement for
both the xenon and iodine compounds. In all cases the changes 1n isomer
shift are only a small fraction of the widths of the observed resonance
and as a result no realistic 1nterpretation can be given for the changes
in this parameter.

Fortunately, the changes 1n the quadrupole splitting are much
greater than the errors in the measurement and thys parameter 1s
therefore much more useful as a structural tool. The fact that the
quadrupole splittings for the -F and -OTeF5 analogs are very similar s
added confirmation that their structures are of the same type, i.e.,

Xe(OTeFS)2 is linear like Xer while Fl(OTeF5)4 has a square-based

[
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pyramidal geometry like IFS' The larqest quadrupole splittings are

observed 1n those cases where the bonding ligands, -F or -OTeFS, are !
along one axis, Xe(OTeFS)Z, or in the same plane, Xe(OTeF5)4, while non-
bonding electron pairs occupy the remaining positions 1n the structure,

These arrangements credate the largest electric field gradients and have

the largest quadrupole splittings. The quadrupole coupling constants in
-

the XeX2 and XeX4 (X = -F or -OTeFS) compounds should of course have

opposite signs since VZZ 15 1n the equatorial plane for XeF2 but 1n the

axial direction for XeXd. In going from Xe(OTeF5)4 to O=Xe{0Tef

5)4, the

quadrupole splitting drops by 20.4 mms-1 while 1n the XeFa/XeOF4 pair the
drop 1s 23.9 mnsul. This 1s the effect of replacing a non-bonded
electron pair (zero electroneqativity 18) by an electronegative oxygen.

129

Figure 8.3 shows the Xe Mossbauer spectrum of a mixture of Xe(OTeF

5)4
and 0=Xe(DTeF5)4. The identity of these species was confirmed by NMR as

discussed earlier,

One can see from Table 8.3 that for a given fluoride, replacement
of -f by -0TeF5 results in a decrease in the magnitude of the quadrupole
splitting. This occurs whether the central atom is xenon or iodine and
1s a reflection of the relative electron withdrawing power of the -F
compared to the -OTeF5 group. The greater thg electron withdrawal 1n the
x- and y- directions as compared to the z-direction (which contains the
non-bonding electron pair(s) in the AX E, or AXSE compounds) the greater

472

the quadrupole sphitting. The reverse 1S true for Xer and Xe(OTeFS)

where the ligands are along the z-axis and the non-bonded electron pairs

are in the xy-plane. Clearly, these results establish that -F is a more

e T
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electronmegative ligand than -OTefs. From the nearly linear relationship
between the quaq;upole splittings of'XeFZ, XeCl2 and XeBr2 195 and the
Pauling electronegativities of the ligand atoms (coefficient of
determinatiop, R2= 0.98), the corresponding Pauling electronegativity of
—OTeF5 can be estimated. The interpolated value for —OTeF5 derived from N
the observed quadrupole splitting for Xe(OTeF5)2 is 3.87 compared to 3.98
for -F. This compares to a value of 3.88 obtained from the NMR method as

mentioned previously.

The MOssbauer spectrum of IF5 has been reported by Bukshpan,

196 4ho used the 1291 jsotope. This isotope gives much better

resolved spectra than the 127[ isotope, but because the earlier workers

et al.

were not sure of the purity of their sample, the spectrum of a pure
sample was measured using the natural 1sotope. The Mdssbauer

parameters obtained for IF5 agree reasonably well with the earlier data

after converting the 1291 data to their 127

line width for the 127IF5 spectrum is substantially greater than the

I equivalents. The computed

natural line width, i.e., 2.73 compared to 1.27 mms'l. This large line
width is attributed to the fact that in the solid state, at -80°C there
are three crystallographically discrete, albeit chemically equivalent,

97

iodine sites.? This interpretation is consistent with the results

obtained by Kuz'min ggggl,lga who measured the 2T NQR spectrum of IF.
at 77° K. These workers were able to resolve three crystallographically
non-equivalent iodine atom positions having a population ratio of ca.
3:4:3, whose resonance frequencies were 1025, 1031, and 1067 MHz., The

127[ spectrum of FI(OTeFS)4 shown in Figure 8.4 gives a more acceptable
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L
line width, suggesting that only one iodine site is present. The shape
of the iodine spectrum immediately gives the sign of the quadrupole coup-
ling constant, which is positive, indicating that there is an excess of
electron density in the z-direction, i.e., that direction which contains
the non-bonded electron paitr and the axial fluorine. In the case of the
xenon spectra, the sign of the interactions cannot be determined by
inspection and must be 1nferred from the geometry of the compound.

NMR and Mdssbauer spectroscopy have shown that -F is more
electronegative than -OTeFS. On the bdsis of the observed geometry of
FI(OTeF5)4 and VSEPR implications it was previously concluded that
-OTeF5 1s more electronegative than -F. [n the case of the trigonal
bipyramid where the axial and equatorial regions of space are clearly

geometrically unique there appears to be no exception to VSEPR which

predicts that the axial position = a{yays occupied by the most electro-

negative ligand.!® In tH cioz L0 i oquare-based pyramid however, which
may be regarded as a,;;.uddi%giah;dsou, ?h.Kdifference between equatorial
and axial positions( om0 SUD Ly :gcﬁ“'u t a ligand's preference for
a particular regionY .:*tg ;;kzﬂf}fﬁum.hﬁ ng, thereby making predic-
tions more difficult. P

It is difficult ¢t uﬁﬁ.zAv _itable examples with which to

™

compare FI(OTeF5)4 and EIEEE:F2T9(0T3F5)4° It has been found for the
series of compounds R-IF4 (R = OCH3, CF3, CZFé, etc.) that the least

electroneqative R group remains axial,'®® as might have been expected.
However, there also exist examples in the‘main group, where VSEPR has

enjoyed most of its success, in the transition metals, and even 1n the
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actinides, where the most electronegative ligand in fact occupies the
axial position of a pseudo-octahedral molecule, to which the square-based

pyramid may be classed. In 102F4' 200 poth cis and trans isomers are

known to exist despite the fact that doubly bonded oxygen normally
prefers to adopt pseudo-axial positions (double-bonded oxygen is thought

to exhibit steric characteristics similar to a non-bonded pair of elec-

201

trons). Similarly, the reactions of TeF6 with various alcohols 292

result in the formation of di-substituted products where, although the
cis isomer predominates, some trans isomer is also formed. The reaction

of telluric acid with anhydrous HF 203 resylts n fluoro-substituted

19

species whose F NMR spectra are consistent with the presence of

(HO)STeF, trans-(H0)4TeF2, jgg-(H0)3TeF3 and mgg—(H0)3TeF3. Totsch and

4 HOTeF40CH3
and (CH3U)2TeF4 and have demonstrated that the isomer ratio of (HO) TeF4

Sladky 2% have recently isolated cis- and trans-(H0),TeF
2
is kinetically and not thermodynamically controlled. In the tungsten
hexahalide system NFXCIS_X 205 an compounds in the series are known,
including all geometric isomers. Fluorine-19 NMR studies 206 have also
shown that all isomers of the FXU(OTeF5)6_x system exist in solution,
Thus, in pseudo-octahedral molecules there appears to be no
strong preference for the least electronegative ligand to remain in the
pseudo-axial position. The above examples suggest that it is perhaps not
a good idea to base electronegativity differences of attached ligands
solely upon the observed stereochemistry and VSEPR arguments since other
effects (kinetic, thermodynamic, etc.) may.become important, particuldr]y

when these differences are small. /



CHAPTER 9

Summary and Conclusions

A. Summary

This thesis has undertaken an extensive study of several

different series of iodine compounds by means of 127

I Mossbauer
spectroscopy in order to obtain more detailed information about the
bonding in these molecules. Initially a number of apparently octahedral
or cubic inorganic iodine compounds were examined so that a suitable
singfe line absorber could be selected as a reference conpound, The
literature data to date have been reported either with no reference
compound, i.e. against the source, or against a variety of compounds.
This of course makes comparisons with the literature data very difficult
since the shifts are usually very small. Many of the compounds examined
(Table 3.1) gave very broad resonances and close examination of existing
X-ray crystallographic data for these compounds revealed that small
distortions fgom true cubic symmetry were present. Cul, a compound

generally thought to contain iodine in a cubic environment exists in many

t phases and polytypes, which results in a resonance having a

oad and variable line width, As a result of this study it was
ded that KI is the best available reference material and hence it
recommended that this compound be adopted as the universal reference

127

material for I MOssbauer spectroscopy. All the isomer shifts in

this thesis are quoted with respect to KI unless otherwise stated.

N7

PR



208

N
§:§m~ tﬂiougxcustomary to use the semi-empirical relationships

L niid i Eh;pt:, i to convert isoﬁer shifts and quadrupole coupling
:?;nif 13?0 :»-an¢;p-orbita1 populations. It was felt that the !
‘ genetQi :ppifc;ﬁ:?ity of equation (i.29) was questionable since it was

establizﬁea 47 using only a limited number of iodine compounds., This

expression has been re-evaluated (Chapter 4) and equation (4.6) was the

result, It was found that there was considerable scatter in the data

used to establish (4.6) and the agreement between the values of hp

derived from this equation, and Up from the quadrupcle coupling constants

was generally poor. Equation (4.6) was also used to calculate values for’

hp and hS for the data p;esented in Chapters 5 and 7 and again the

results were not very good. It was concluded that an expression of this

type does not have general applicability and is not very useful at all

when discussing different classes of compounds where the bonding is

likely to be quite different. Equation (1.29) was established by

assuming that the isomer shift and quadrupole coupling constant are

linearly dependent parameters but the results presented in this thesis

clearly show that the isomer shift and quadrupole coupling constant do §
not always respond equally to changes induced by the ligands surrounding

the iodine atom.

During the course of examining some interhalogen cations of

iodine by,127l Mdssbauer spectroscopy (Chapter 5), several new cations
were prepared and characterized. In view of the data presented here on
some interhalogen cations of iodine it was concluded that the existence,

in the solid state, of the asymmetric {sz]+ (X = C1, Br) cations is
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doubtful. The cations [IZJ+ 17 and [Brz]+ 140 are known and have been
characterized by X-ray crystallography but it is doubtful that [IBr]+
exists even though according to Evans and Orchard,%%7 the adiabatic first
ionization potential of IBr is less than that of Brz. [t is suggested in
this thesis that asymmetric cations are unlikely to exist and that [IBr]+
would rapidly rearrange to a more symmetric species. The asymmetric
cation [BrICl]+ has still not been identified by X-ray crystallography
and am attempt to prepare this cation in the present work resulted in a
disordered cation of approximate stoichiometry [IBFO.75611.253+° This
cation is thought to be a crystallographic mixture of [IBrz]+ and

[IC12]+but the presence of some [BrIC]]+ cation cannot be unambiguousiy

ruled out,

This thesis has demonstrated that 1271 Mdssbauer spectroscopy

is a good diagnostic tool for determining the effect of various ligands
on the central Jjodine ;tom and also for determining the gross geometry
around the iodine atom by allowing a determination of the sign of the
quadrupole coupling constant. The‘degree of asymmetry in the structure
is also reflected by the magnitude of the asymmetry parameter, eia. 1271
Missbauer spectroscopy was demonstrated to be invaluable in determining

tthe nature of the species formed when solutions of [12]+ are cooled, and

also-in iscertaining the electronegativity of the -OTer ligand rq]ative'

to -F.

B .
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8. )Future Direction of Research

The work presented in this thesis has opened up several new

avenues of interest which could be pursued in future work. The
Mossbauer spectra of three Eluor1ne containing linear triatomic anions

of iodine, namely [CYIF] , (BrIF] and [IFz]',were presented and in view

of the very unusual Mdossbauer parameters obtained, the X-ray crystal
structures of these compounds would be of great interest, Similarly it

would be useful to extend the [IX2]+ (x =C1, Br, 1) series of cations to

include the [IFZJ+ cation since [IFZJ[SDFGJ has been identified by 19F

5

NMR spectroscopy.2 [f this cation follows the trend established by the

former cations it would be expected to have a quadrupole coupling
+ ~
s

Since [12)+ is paramagnetic it would also be very interesting to

constant larger thanithat of [ICIZ]

examine the Mgssbauer spectrum of this cation in a very large external
magnetic field., The magnitude of the resultant splitting in the
Missbauer spectrum should be a reflection of ‘the applied field and the
induced field caused by the unpaired electron on iod€fhe. Although many
paramagnetic compounds have been examined in magnetic fields by
Missbauer spectroscopy, this would be the first example involving a

main group element. These experiments may also shed some light upon the
antiferromagnetism Bf [IZJ[SDZFIIJ which has been suggested by Aubke and

3

co-workers, !’ Subsequent experiments would of course involve the

examination of the frozen solution of [I2]+ as well as of solid [14]2+ in
a magnetic field. The};}amagnetism suggested for the [14]2+ cation of

1

Gillespie and Kapoor 7> could most easily be established by bulk

susceptibility measurements on the solid compounds.

B
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