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ABSTRACT

v

+ -
12 Sb2Fll , a dark blue crystalline solid, was prepared by

reaction of 12 with SbF5 using dried liquf% SO2 as solvent. The

compound melts at 122°C and i< moisture-sensitive. The presence of

+
the 12 cation was established by laser Raman spectroscopy and by X-ray

‘crystallography. The structure determination showed that the 12+ cation
has an I - I bond length of 2.557(4) 2.

The triatomic catioms I3+, IBr2+ and IC12+ were produ;ed in
acidic solutions and their Raman spectra were obtained using specially
designed spinning Raman cells. IBrZ%‘hnd 1012+ were also prepared as
the solid compounds IBr2+SO3F~ and IC12+SbC16— and their Raman spectra
were recorded. A simple valence force field treatment was applied to
the Raman data for these three sym;etric IX2+.cationsZ Férce constants
were calculated and the bond angles of the bent structures were
est;méted.

+
The triatomic interhalogen cation 1,Cl was prepared by direct

2
+ -
- reaction of ICl and SbCl5 to yield solid 1201 SbCl6 By a similar
halogen transfer process IzBr+SbC15Br- was “prepared from IBr and SbClS.

[

The Raman spectra of both of these dark-colored, low-melting solids were
obtained using spinning cell techniques. Observation of Raman bands
which could be assigned to a bending mode and to I ~ 1T and I - X
stretching modes established that these two iodine-containing cations
have an unsymmetric angular structure.

.

. . n+ - P
The existence of a new polyatomic cation In containing iodine

in a +1 oxidation state is proposed. This species has a strong Raman

} 4

ifi



= N
band at 195 cm l. The Raman evidence indicates that Inn+ exists

in H2804 and HSOBF solutions and alsoiin so}id or molten ISO3F.

iv
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_ CHAPTER 1

Introduction

1. Iodine Cations
ﬂ(a) Introduction P .o

The halegens are among the most glectgpnegative of the elements
and they occur most frequently as fluoride, chloride, bromide or iodide
fons in the -1 oxidation state. The heavier atoms in the group also
display an increasingly electropositive character and may exist in any
one of several positive oxidation states such as in the hypohalite (+1),
halite (+3), halate (+5) aﬁg perhalate (+7) series of compounds.
F;rthermore, there is evidence establishing the existence of a serjes
of positive ions containing only halogen atoms with no other element
present in the ion. Specifically, there are halogen cations, which
contain atoms of only one of the halogens, and interhalogen cations,
which contain.at least two halogens. "

0f the common halogens, }odine is the most electropositive and
thus is expected to show the strongest tendency to form positive ions,
There was eérly speculation (1) that the so-called 'positive halogen'
involved in the {odination of organic compounds was the iodine cation
I+ or a complex of I+ with wmolecular iodine. In 1938, while studying
the iodination of chlorobenzene, Masson (2) suggested that the brown
solutions formed by iodine and iodosyl sulfate in concentrated sulfuric
,acid contained I+, I3+ and 15+. Subsequent investigazions have

+ , .
(1) shown that I does not exist in solution as a monatomic

cation,



- L+ +
(2) confirmed the existence of th; 13 and I5 cations,

and (3) led to the discovery of an extensive series of halogen
and interhalogen cations.

+
(b) The I2 cation

Considerable 4dnterest was alsoc aroused by observations that
iodine forms blue solutions in certain solvent systems. Symons and
co-workers (3) obtained blue colored solutions by dissolving iodine or

iodine monochloride in 65% oleum. In a review '(3) published in 1962

which summarized their investigations they proposed that these solutions
+ - N
contained the I iodine cation. Aynsley et al. (4) also attributed the

blue color of 1F5 solutions containing iodine and a trace of water to

+ .
the 1 cation. Gillespie and Milne (5) subsequently established that

+
the blue iodine species is the diatomic 12+ cation and not I . 1In their
conductimetric, specE}ophofometric, and magnetic susceptibility experi-

ments, solutions of iodine in fluorosulfuric acid were oxidized with

~

peroxodisulfuryl difluoride. It was found that the concentration of the
blue cation reached a maximum at the 2:1 mele ratio of halogen to

oxidizing agent as in the equation

+ -
+ + 2 SO.F
2 12 3206F2 » 2 12 3

and not at the 1:1 mole ratio .as would be expected for the formation of

«

+ . . .
I ag¢cording to the. equation

- . -+ -
. O© + 50 F .
I2 + SZOGFZ +~ 21 2 3
+
They observed that 12. is a paramagnetic species with a magnetic moment

of 2.0 #0.1 BM, in agreement with the theoretical value. The peaks of

its visible absorption spectrum occur-at 640, 490, and 410 nm.
N . ,

~
. . .

¥



Solutions of iodine in oleum were reinvestigated by Gillespie

3

and Malhotra (6) who confirmed that the plue cation fiormed in this sol-

vent and also in disulfuric acid is f2+. Kemmitt et al. (7) studied

the blue solutions formed by iodine with Sb¥ TaFS, NbFS, AsF_ and PF

5 5
They interpreted their

5’
in iodine pentafluoride and by ijodine in SbFs.

results on the basis that the I cation is present in these solutions.

2

They also isolated some solids which were believed to contain iodine
cations. One of these solids was similar to the blue solid prepared
more than sixty years earlier in 1906 by Ruff et al. (8) from the

reaction of jodine and SBFS. It was thought to be (SbFS)ZI but it was

probably a mixture of SbF3 and a fluoroantimonate salt of 12+.

Vibrational data for 12+ were reported by Gillespie and Morton

(9) in 1969. They studied very dilute solutions of 12+ in fluoro-

sulfuric acid by laser Raman spectroscopy using 632.8 nm excitation
+
9 -

and observed the resonance, Raman spectrum of I It consists of a

fundamental vibrational stretching frequency at 238 cmﬁl and a series
of overtones. Gillespie, Milne, and Morton (10) observed that the blue

]

+ .
solutions of 12 in fluorosulfuric acid change to a red-brown color
when cooled to temperatures near —89°C, the freezing point of the
solvent. With evidence from spectroscopic, cryoscopic, conductimetric

+
and magnetic susceptibility measurements, they suggested that the 12

. . 2+ .
cation dimerizes to form the 14 cation at low temperatures:



The corresponding bromine cation, Br2

and Morton (11, 12) who oxidized bromine with S

+ i .
, was prnduced by Gillespie

206F2 in th? superacid ~

HSO3F - SbFS -3 SO3. The cherry red solutions have a maximum absorption
at 510 nm and the resonance Raman spectrum observed using 514.5 nm

excitation showed a fundamental stretching frequency at 360 cm—l. The

red paramagnetic salt, Br2+Sb3Fl6—, was prepared from bromine, bromine

-

pentafluoride and antimony pentafluoride by Edwards, Jones, and Sills
(13) who determined its structure by X-ray crystallography.

The Q12+ cation would be expected to be more unstable than Br2

+ . . . . .
or I2 . There is no firm evidence for its existence in solution or in

)

+
a solid but Cl2 has been observed in the gas phase at very low

pressures and a value of 645.3 (:m—'1 for the vibrational frequency was

v s d

obtained from the Electronic absorption spectrum (14). ’

+
(c) The I3 and IS+ cations

. +
Masson's (2) early speculations concerning the existence of I

3

and IS+ in sulfuric-acid solutions of iodine and iodosyl sulfate seemed

to be a possible explanation for the behavior of similar brown solu-
tions (1) formed by iodine.with other oxidizing agents such as iodate,
periodate and permanganate in strong acids. More recently, Arotsky,

Mishra and Symons (15) obtained conductimetric evidence that 13 is

produced from iodine and iodic acid in 100% sulfuric acid and they

suggested, on the basis of changes in the UV and visible spectra, that

+
I5 may be formed when iodine is added to 13+ solutions. Garrett,

Gillespie and Senier (16) later confirmed by conductimetric and cryo-

scopic studies that the I + cation is produced in sulfuric acid solu-

3



tions having the mole ratio 12/H10 = 7.0 according to the equation

3

I H.S0, - + + -
7T, + HIO, + 8 HyS0, > S T ¥+ 3 10" + 8 HSO, .

Thedir observation that the addition of more iodine caused no change
. x
in the conductivity or the freezing point of the solutions is consist-

ent with the theory that I

+ . i
5 is formed by the reaction

The 13+ and 15+ cations have also been characterized in fluoro-

sulfuric acid solutions. Gillespie and Milne (5) used 12/8206F2 mole

ratios of 3.0 and 5.0 to produce 13+ and IS+ in HSO3? solutions.

Attempts by Morton (17) to observe the Raman spectra of the cations

4

were unsuccessful due to the absorption of the exciting radiation by
the brown solutions. Dilution of the samples resulted in the obser-

vation, not of an I spectrum, but of the intense resonance Raman

3

-+
spectrum of traces of 12 in the solution.

The investigations by Garrett, Gillespie and Senior (16) of
iodine cations in the sulfuric acid solvent system also included the
study of brown solutions having the mole ratio 12/H103 = 2.0 which
corresponds to a +1 oxidation state.for iodine. The I+ cation with
only six valence electrpns had been considered to be unstable and,
in fact, no evidence was found fo; its existence. They interpreted
their results, as had Masson (2) before them, in terms of a dispro-
portionation of 1'+ into I3+ and IO+.

In 1965 Aubkg and Cady (18) reported the preparation of two
black solids which they mad; by reaction of 12 and SZO6FZ in the ab-

sence of solvent. With equimolar amounts of the reactants a black

s



diamagnetic compound having the empirical formula ISO,F was produced.

3
With the mole ratio 12/8206F2 = 3.0 or by the reaction of ISO3F with
jodine, the product was I_SO0,F, a compound which presumably contains

3773
the 13+ cation. ’

+
Evidence that the corresponding bromine cation, Br3 , 1s formed

in the Brz—SbF5 system was presented by McRae (19) in 1966. Gillespie

and Morton (11,12) showed that Br3+ is formed by the reaction of Br2

and S,0_.F, in HSO F—SbF5—3 S0, and they observed one of the Raman

2762 3 3

frequencies, a single band at 290 cm~l. Preparation of the compound

+ -
Br3 AsF6 was recently reported by Glemser and Smalc (20). They pre-

' ' + —
pared the brown solid by oxidation of bromine with 02 AsF6» or by

reaction of bromine and AsF5 with BrF3 or BrFS.

The chlorine cation, Cl3+, hasvnot bgen detected in strong acid
solutions but it was characterized by Raman spectroscopy in the yellow
compound C1$+ASF6_ which Gillespie and Morton (21) prepéred from Cl
ClF, and AsF_ at -76°C.

2’

5

2. Triatomic Interhalogen Cations

In 1959 Vonk and Wiebenga (22) prepared the adducts of iodine
trichloride with aluminum trichloride and antimony pentachloride.

‘X-ray crystallographic study of the red-orange solids showed that they

4 6
the | ] . + .
containingytriatomic cation ICl2 . Aubke and Cady (18) reported that

way be regarded as the ionic compounds IC1, A1C1,” and IC1,’SbCl

the reaction of excess Cl2 with iodine fluorosulfate ISO3F produced-

. +
the orange solid IC12803F which also presumably contains the ICl2

cation. The electrical conductivity of molten ICl3 (specific

.



conductance = 9,85 x 10—3 ohm_lcm—l)(ZB) has been attributed to gﬁe

self-ionization: Y

. + _
2 1C1 -+ ICl2 + ICl4 .

From their studies of the system IZ—SISC1 both Ruff (24) in

5

1915 and more recently Fialkov and his co-workers (25) have reported

evidence for the compound SbClS.ZICl which may reasonably be formulated

+ - +
. as 1201 SbCl6 . The IZCl cation may also be present in molten ICl.
The electrical conductivity of liquid ICl (specific conductance =
3 -1 -1

4,52 x fO‘ ochm “cm at 31°C) has been attributed to the self-

ionization

+ -—
2 11 ¥ 1+ Icl,
or more recently to the Self;ionization

3101 < '12c1+ + 1C1,°

+
It has also been suggested (26) that if 12C1 is formed in a self-
ionization it might possibly be extensively disproportionated to give

S .
the 13 and IC12+ cations

+ > + +
2 12C1 “ 13 and ICl2 .

There' are also reports in the literature that IZCl+ and 1012+

. s . +
as well as the corresponding bromine~containing cations IzBr and IBr2

may exist in sulfuric acid solutions. Based on cryoscopic and conduct-
imetric measurements Garrett et al. (16) propésed that the addition of

3

IC1l or IBr to formally +1 iodine solutions (f.e.‘IZ/HIO = 2.0 in
Cl+ aﬁd IzBr+, respectively,
/ .

HZSOA) resulted in the formation of 12

This theory on the formation of triatomic dations in solution was

/ J



extended by Senior and Grover (27) who proposed that the addition of

+

Cl2 or Br2 to similar sulfuric acid solutions produced the ICl2 and

IBr2+ cations, respectively. Gillespie and Malhotra (6) gave conduct-

. \ + . .
imetric and cryoscopic evidence that the 1012 cation also exists in

soluﬁ&ons of ICl3 in disulfuric acid.

Several triatomic cations containing fluorine have been pre-
pared as the salts of very weakly basic anions. 1In 1965 Schmeisser
and Ludovici (28) reported the formation of two adducts of iodine

trifluoride - IF3.AsF5 which is stable to -20°C and IFB.SbF5 which is

stable to 45°C. An lgF nmr study (29) of the latter compound esta-

blished the presence of the IF2+ cation. The BrF2+ cation has been

identified in the 1l:1 adducts that bromine trifluoride forms with SbFS,

AsFS, and BF Edward#s and Jones (30) determined the crystal structure

3

6
by Christe and Schack (31) and by Surles, Hyman, Quarterman, and Popov

+.. + y
of BrF2 SbF, ; infrared and Raman spectra of BrF2 have been reported

(32). The C1F + cation has been shown to exist in the adducts of Cl1lF

2 3

. +
with SbFS, ASFS, and BF3. Vibrational frequencies for ClF2 which -

were first reported by Christe and Sawodny (33) were later reassigned

by Gillespie and Morton (34). The crystal structure of ClF2+SbF6

was determined by Edwards and Sills (35) aqd a structural determination

of C1F2+AsF6— was reported by Lynton and Passmore (36).

It has been established that the adducts AsFS.ZClF and

4 .
BF3.2C1F contain the Cle cation. Gillespie and Morton (21) published

Raman spectra of these two salts and reinterpreted the infrared spectra

reported previously by Christe and Sawodny (37). The literature

+ +
contains no reports of the formation of IZF or BrzF -



3. Laser Raman Spectroscopy

Briefly, Raman épectroscop& is. the study of light scattering
caused by molecules in solids, liquids, or gases. Those molecular
vibrations which cause a change in the polarizability of tge molecule
are Raman active vibrations whereas those which cause a cﬂange 4in the
molecular dipoie moment are infrared active. During elastic collisions
of the incident light with the molecules in Ehe sample thére is no
change in the energy of the light; therefore, the scattered light has
‘the same frequency as the light source .and is observed as a strong
band Vo called the Rayleigh line. Some collisions, however, are

inelastic and hence the scatée;ed light displays changes in its energy;
this is the basis of g%e Raman effect. If energy from the incident
light is transferred‘to the Fample then the'scattered light has less
energy and a series of bands, known as Stokes lines, having frequencies
less than v, w;ll be observed in the Raman spectrum. On the other haﬁd,
if energy 1s gained from the sample there is an equal but opposite
shift in frequency resulting in a series of anti~Stokes lines.* The
positions of the.bands are measured by the frequency shift Av, usually
expresseé in wavenumbers (cm—l). The bands form a spectrum correspond-
ing to the frequencies of the Raman active vibrations of the molecule.
The observed Raman spectrum, therefore, is characteristic of the molecule
under study and ‘'is independent of the frequéncy of the light source.
Considerable information regarding the geometry and bonding
of Lhe molecule can be derived from the Raman spectrum. The number
* These are less intense than the Stokes lines and in'many:déses

they are not observed; the intensity of the anti-Stokes lines
is related to that of the Stokes lines by the Boltzman factor.
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of Raman bands observed is relate& to the number of atoms in the mole-
cule and to their structural arrangement. The magnitudé of a Raman
shifct, i;g;_hv, the vibrational frequency, is related to the mass of
the atoms involved in the vibration and to the strengtﬂ of the chemical
bonds holding the atoms together. Diatomic molecules, both homonuclear
and heteronuclear, have a Raman active stretching vibration. Its
frequency v is related to the mass of the vibrating atoms ;nd io the

strength of the bond between them by the equation (38)

Ve
: 4
RS I A’
or N voo= MM
12
¢ = velocity of light N = Avogadro's Number
u = reduced mass M,,M, = masseg of the atoms _
f = stretching force constant (mdyn R7! if v is in cm })

For a bent triatomic molecule all three vibrations are Raman
s 0 '] . \ ]
and infrared active. Typically, the unsymmetric structure X ' Y (point

group Cs) has two stretching modes v, and vy having widely separated

1

frequencies, attributed to X-X and X-Y stretching vibrations, and a low
frequency bending mode V3. In this strycture the vibrational motion can
take place only in the plane of symmetry and therefore all three of the

vibrations are symmetric with respect to the element of symmetry. Thus
X

SN\
v v, and Vg of X Y are of type (a').

l ,
2.

2.
The symmetric structures X \X and Y Y (point group sz)
have a low frequency bending vibration v, (al) and two stretching vibra-

tions whose frequencies are very close together or coincident. The Raman



oyt

[

<

11

band for the symmetric stretch & (al) is generally much more intense

' ( *
than the band for the asymmetric stretch Va (bl). This occurs because

-

there is a much greater change.in the polarizaBility of the molecule

during the sy@@?tric stretching vibration than there is during the
asymmetric stretching vibration. ' ’ R

For the symmetric étructures a simple bélence force field treat-
ment of the Raman data may'be used to calculate the stretching force
constant f and the bending force constant d and to estimate ghe bond

angle o, Theseﬁquantities are related to the-observed frequencies V>

\

v, and v, by the three equations (38) given in the Appendix. This

2 3

valence force approximation considers those forces which resist extension

or compression of valence bonds in the molecule and those which oppose

- s

théibending or torsion of bonds. Forces between nonbonded ¥toms are not
directly considered; in the present case this refers to the forces
between the terminal atoms of the triatomic structure. This simplified
treatmént also assumes that there are.no interactions between the vibr§~
tional modes. However, if interaction force constants are included in
the expressions their calculated value is shown to be very small.
Therefore, .it is valid to consider them to be nqgligible. Two of the
observed frequencies (vz and v3) and assumed vaiues of the bond angle o
are useg’td calculate the force constants f and d. Then these values
together with the estimated values of & are used to calculate vl in
order to find which arbitrarily chosen value of o gives a ca%pulatedl 4
value of vl which is closest to the observed.value.

The recent application of laser beams as the excitation radiation

has greatly improved the effectiveness of Raman spectroscopy. A laser

* For these spectroscopic notations, the plane of the C
molecule is defined as the zy plane. 2v
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f

is the source of a beam of coherentlmonochromatic polarized light which
may easily be focussed on the sample td provide light/of high intensity.
It is important that the light source be véry strong becaﬁse the Raman

-+ T scattered light is very weak, with only one out of f06 incident photons
producing a Raman signal. The laser makes-possible the study of very
small samples, such as a drop of liquid or a single crystal,'for which a
mercury arc light source is not suitable; The use of monochromatic light
produces a spectrum having a single band for each Raman active vibration.

F .
The fact that the laser beam is highly polarized permits polarization

.gtpdieé to be performed;more readily than with a mercury arc lamp. The
intensities of the bands are measured, firét with a polarization analyser
placed betweéntthe éample and the spectrometer in a perpendicular position
and then in a parallel position with respect to the polarization of the
incident laser beam. A great reduction im intensity for a band, i.e. a
polarization ratio p where O < p <3/4, shows that the scattered light has
retained its polarization and ipdicates that the molecular vibration
giving rise to the Raman ban§ is a symmetri¢ vibration.

Another innovation in Ram§n spectroscopy is the practice of spin;ing
the samplé. This minimizes excessive energy absorption from the beam

which is often a problem in the studylsf colored samples. The tendency of
colored solids to melt or dec?mpose and of colored solutions to boil makes
their study impossible if the sample is stationary. Kiefer and Bernstein (39)
devised a gpinning cell which was useful for some colored solutions; they
also designed a spinning disc arrangement (40) which was suitable for

certain colored solids. Modified versions of these arrangements which were

developed during this work are described in gregter detail in Chaptér 11,

-

-
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4. Structure of Halogen Cations

«

The diatomic cations are linear with a halogen-halogen bond
length which is expected to be less’than that in the neutral halogen
*
molecule, in view of the removal of an antibonding © electron during

cation formation

This shortening of the bond length was confirmed, in the case of the
Br2+ cation by Edwards et al. (13) in, their X-ray crystallographic

b -— ' , L]
stGdy of Br2+Sb3Fl6 . They found a Br-Br distarce of 2.13 A in Br2+

compared to 2.27 A in the Brz molecule. The shortening and strengthen-
ing of the bond is also reflected in the increased Raman frequencies

which were observed:-

360 cm_l for Br + in solution (11) (368 cm-1 in the solid) (13)

2 -
¢
compared to 318 <:m_-1 for the Brz molecule (&l). -
) +
The triatomic halogen and interhalogen cations X3+, XY2 and

X2Y+ are eﬁfected to have a bent structure resulting from a tetra-
hedral arrangement of four pairs of electrons in the valence shell of
the central atom of the cation. This is in contrast to the linear
3- and XYQ— which arises from a tri-

gfnal bipyramidal arrangement of five electron pairs in‘the valence

shape of the trihalogen anions X

shell of the central hélogen. Raman spectroscopy has Séen\gn effective
technique for characterizatjon of halogen and interhalogen cations and
in establishing that the least electronegative halogen always occupies
the central position. For example{ Gillespie and Morton (21) esta-

¢
+
blished by laser Raman methods that the C12F cation has the

.
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+ . .
. /Cl\ . F
unsymmetric bent structure CX F and not the symmetric form CI Cl

Vihs

which had first been reported (37).
The Cle+ cation was first characterized as a symmetrié angular

structure by infrared an8 Raman studies (33, 34) and subsequently this

' +
was confirmed by X-ray crystallography (35, 36). In ClF2 SbF6 the

C1F2+ cation was‘found to have a bond angle of 95.9° and a bond length

° —
of 1,58 A while in C1F,*AsF, the bond angle is 103° and the bond

6

length is 1.54 A. The BrF2+ cation has also been studied by X-ray

crystallography (30) and by infrared and Raman spectroscopy (31, 32)

to establish that it, too, has a symmetric bent structure. In

+
BrF,"SbF,” the BrF,” fon has a bond angle of 93.5° and a bond length

6

of 1.69 Z.

The only ‘ifodine-containing cation which has had its structure
determined (22) by crystallographic methods is IC12+. The bond angle
and bond length were veported as 92.5° and 2.31 A in IC12+SbC16_ and
96.7° and 2.28 R in IC12+A1C14_. Although these may be regarded as
ionic compounds it appears that in both cases there is a relatively
strong interaction between the cation and the anion by means of chloring
bridges. Recently Evans and Lo (42) reported 35Cl nuclear quadrupole
resonance (nqr) data for IC12+A1C14_ which showed that two types of
chlorine atoms are present in the compound. {\

The application.of the simple valence force field treatment of
Raman data to the study of halogen cation structure is demonstrated

by the work of Gillespie and Morton (21, 34) on Cl3+ and C1F2+. The

+ —
Raman spectrum of C}B AsF6 showed frequencies characteristic of the
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t

AsF6- anion and also three bands at 490 (split to 485 and 493), 225,

and 508 cm—1 which were assigned to vl, vz, and v3, respectively, Bf

the bent Cl3+ cation. The observed frequencies for v, and vg and

assumed values of the bond angle were used to calculate the stretching
force constant f and the bending force constant d which wete then used
to calculate vl. Good agreement with the observed value of v, was
. o
obtained.for a bond angle of 100° with force constants f = 2.5 ndyn A
o—
and d = 0.36 mdyn A 1. Similar treatment of the observed frequencies
- + - + - + -
for the Cle cation in the compounds CIF2 SbF6 , ClF2 AsF6 ,
+ - . .
ClF2 BF4 gave f values of 4.8, 4.7, and 4.6 mdyn A 1 and d values of

and

0.63, 0.62, and 0.61 mdyn A*l, respectively, for values of the bond

angle in the range 95-100° for all three compounds.

5. Purpose of this work

. The purpose of this work was to prepare iodine cations in

solution or in solid form and to characterize them by the application
of laser Raman spectroscopy. Some of the specific objectives of this

investigation were as follows:

N .
(a) To prepare a pure crystalline salt of 12 and to obtain

. . . +
Raman evidence for the hypothesis that 12 in solution dimerizes to

24
4

fgrm the I cation. ‘ .-

(b) To obtain by laser Raman methods the vibrational

) + .
frequencies of the known 13 cation. g

(c) To extend the investigation of the series of triatomic

)

s

wf



B Aipias,

interhalqgcp cabiops.of iodine By preparing the cations which iodine

-

16

forms with bromine and chlorine and establishing their struggure using‘

.

1asér Raman spectroscopy. Although this technique has proved useful

for characterizatiorn of cations containing fluorine apd chiorine,

e -

very few vibrétional frequencies have been publishedyforiiodine-

~
-

containing cations.

A2Y

-



CHAPTER II

Experimental Methods ’

1. Materials: Source, Preparation, and Purification

Antimony Pentachloride

Reagent grade antimony pentachloride (Allied Chemical Co.) was

used without further purification.

Antimony Pentafluoridet

Antimonf pentafliioride (Ozark-Mahoning Co.), doubly distilled

I

in an atmosphere of dry nitrogen, was transferred on a dry vacuum line
or in a dry box using dried syringes.

Arsenic Pentafluoride

Arsenic pentafluoride (Ozark-Mahoning Co.).was used without
further purification. It was transferred on a’ dried Pyrex vacuum line
fitted with Nupro valves (supplied by Niagara Valve and Fittings Ltd.,

, \ - ’
Hamilton) .. /

Bromine v

Reagent grade bromine (British Drug Houses) was dried over

o

k)
phosphorus pentoxide and distilled on a dried Pyrex vacuum line fitted

with Nupro valves. ” .
Chlorine .

. ¥
Chlorine (Matheson Co. Inc.) was dried by passing it through -

traps containing concentrated sulfuric ‘acid.

Fluorosulfuric Acid . ' X

.

Technical fluorosulfuric acid (Baker and Adamson) which had been

17
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~

purifieq by double d&stillétion as described by Barr (43) was handled

in a dryrbox using drled syringes. ; '

Iodic Acid ~—

Reagent grade iodic acid (British Drug Houses) was used directly.
Todine

Reagent grade iodine (Shawinigan Chemicals) was used directly.
Iodine Monobromide

4

. Reagent grade iodine monobromide (British Drug Houses) was used

£

directly.

Iodine Monochloride

Reagent grade/iodine monochloride (Eastman Organic Chemicals)
was used directly.

Todine Pentafiuoride

Iodine pentafluoride (Matheson Co. Inc.) was purified by
contacting it first with sodium fluoride to remove hydrogen fluoride
and then with mercury to remove iodine using trap to trap distillation

on a vacuum line fitted with Pyrex stopcodcks.

lodine Trichloride

Reagent grade iodine trichloride (British Drug Houses) was used

L

directly.

Peroxedisulfuryl Difluoride

Peroxodisulfuryl difluoride, which had been prepared by litera-

ture methods (44, 45), was transferred on a dried Pyrex vacuum line

fitted with Nupro valves.

S
v
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Sulfur Dioxide

_Sulfur dioxide (Matheson Co. Inc.) was dried over phosphorus
pentoxide and handled on a dried Pyrex vacuum line fitted with Nupro
valves.

Sulfuric Acid

1007 sulfuric acid was prepared by the addition of fumiwé

sulfuric acid to 95.5% sulfuriec acid.

Sulfuryl Fluoride
Sulfuryl fluoride (Matheson Co. Inc.) was transferred on a dried

Pyrex vacuum line fitted with Nupro valves.

2. Synthesis of Compounds

. Some of the salts of iodine cations were prepared by oxidation

‘of iodine with SbF5 or AsFS. Dried liquid SO2 was used as solvent and

the synthesis was carried out in a Dean apparatus (46), shown in

Figure 1. This Pyrex ves;el consists of two‘parallel ;eaction tube%
connected by a £ube containing a sintered glass filter of medium '
porosity. The apparatus was constructed’with a smail Teflon—-coated
stirring magnet in one of the thbes. The neck of each tube was joinéd
to 1/4" Pyrex tubing to which a ﬁupro valve was attached. The valve
permitted the closing of each tube or attacbment of the apparatus to a
vacuum line. ?he reaction vessel was thoroughly dried by warming under
~a dynamic vacuum. After several hours of pumping at room temperature,
dry air was adﬁitted to- the vessel which was then weighed.

In a typical synthesis SbF_ was transferred in a dry box to the

5

reaction vessel using a dried Pyrex syringe and the apparatus was
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Figure 1.

20

e

Dean apparatus for synthesis of compounds
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9 as transferred in

the dry box to the magnet side bf the vessel and the apparatus was

weighed. The required stoichiomerric amount/of I

re-weighed to determine the exact amount of I, present. The reaction

2
vessel was attached to the vacuum line and the magnet side was placed

in a celd, bath in the range 0° to -20°C to prevent sublimation of 12.

A bath of dry ice in trichlorethylene (~88°C) surrounded the other

tube during evacuation of air from the vessel and during distillation

of dried liquid SO2 (approximately 15 ml) onto the SbF Then both

5°
" tubes of the apparatus were placed in liquid NZ and the neck of each
tube was heat-sealed using a small hot flame.

When the reaction vessel and its contents had come to room

temperature, the apparatus was tilted so that the solution of SbFS in

S0, flowed through the filter to the tube containing I

5 and the magnet.

2

The empty tube was placed in ice-water and a little 802 was condensed: ’

into it to dissolve any trace of SbF. that had not been transferred. ¢ *

5

Again, the apparatus was tilted to bring the solution of SbFsin SO2

.into contact with the iodine. The tube containing the magnet and the
'12 and SbF5 in SO2 was placed over a stirriﬁg_motor. The mixture was
allowed to react for several days at room temperature to ensure that

the oxidation reéction was complete. One visible product &f the
reaction was SbF3. It is a wﬁite solid, insoluble in 802, which was
removed from the solution by filtration, achieved by tipping the
apparatus so that the solution flowed through the sintered glass
filter. To remove SO2 from the solution the magnet side was placed in

ice-water, then in colder baths, and finally in liquid N When the

9°
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transfer of 802 was complete the tube containing the solid reaction

product was separated from the apparatus by heat-sealing the connecting
arm. The tube was scored with a file and then opened in a dry box to
remove the solid product. ‘ .

When AsF5 was used as the oxidant the general procedure was

similar except that the 12 was added first and then the required amount

of AsF5 was distilled into the.reaction vessel usiné a calibrated Pyrex
vacﬁum line. After the ;eaction was comple?e the solution was trans-—
ferred as before through the sintered glass filter. In this case the-
product was accompanied by AsF3 which is soluble'in 502. However, |
since AsF3 is wvolatile it was removed along with the 802 by

distillation.

3. Raman Spectra

Raman spectra were recorded using a Spex Industries Model 1400
spectrometer employing a double monochromator and a phototube detector
wit% a dc amplifier and a recorder. This instrument is a 5/4 metér
Czerny~Turner scanning spectrometer with 1200 gratings per mm blazed
at 7500 Z giving a dispersion of 5.5 K per mm.

The 632.8 nm exciting radiation was from a Spectra Physics Model
125 He/Ne laser giving aﬁproximately 80 mW at the sample. The laser
beam was reflected through 90° by a dielectric mirror and passed
vertically up the sample illuminator which consisted 6f a 20 Z half-

width spike filter, a half-wave plate, an iris diaphragm and an adjust-,

able condensing lens for focussing the beam on the sample.

Peak height was used for all intensity.measurements.
A -
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A Spectra Physics Model 140 grgon-ion laser provided 514.5 nm
or 488.0 nm excitation with a power output'up‘to 1,000 mW. This laser
was mounted parallel to the He/Ne laser and the beam was first reflected
through 90° in a hPrizontal plane b§ an adjustable dielectric mirror
and was then reflectéd'upwards through 90° by another dielectric migror
to attain a vertical direction before entering the the sample illumina-
tor. With this arrangement the plane of polarization of the beam was
at right angles to the.direction of observed Raman scattering, as
required, yithout the use of half-wave plates.

fhe Ram%& scattered.light frog the sample was observed at right
anglés to the incident laser beam. After passing through a polarization‘
scrambler the scattered liéht wgs focussed on the entrance slit of the
monochromator to give a sharp image. Polarizapion measurements were
taken with an analyser parallel or perpendicular to the incident beam.

Spinning Raman cells (described in the following section) were
clamped in the shaft of a émall electrical stirring motor. The motor.
was held in an aluminum frame as shown in Figure 2. It consisted of
‘three hor;zontal plates and two vertical plates which c¢ould be clamped
to the sample area of the spectrometér. -The rim of the stirring motor
rested in the uppermost horizontal plate and slits in these plates
allowed east-west and north-south adjustment of the plates and motor.

!
Then four thumb-screws were tightened to keep the plates and motor in

‘position. Three Teflon caps. on the underside of this horizontal

platform rested on three turn-screws, set in the vertical plates, which

allowed vertical adjustments.and levelling of the apparatus. Also
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Figure 2. Frame and motor for Raman spinning cells

|
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shown in Figure 2 is a mounting base for a Dewar vessel which was used
for low temperature operation. The base of the vessel consisted of
two optical flats through which the exciting light passed. The Raman

scattered light passed through the curved sides of the vessel.

4. Cells for Raman spectroscopy

(a) Sealed melting-point tubes .

Melting-point tubes were filled with a small amount of the
sample and temporarily sealed with a plug of Kel-F grease. This oper-
ation was performed %nside a dry box or dry bag, Then the tubes were
brought into the room and heat-sealed using a very small flame. The
sealed tube was mountéd horizontally during Raman study. If low
temperature was ;equired it was placed in a quart; tube having an
gvacuated jacket, silvered except for a baﬂd at the center. Nitrogen
was boiled off from a Dewar and passed tﬁrougﬁ the quartz tube to
maintain a low temperature which could be measured with a thermocouple..

A similar double-walled quartz tube Gas also available which

" " ‘ J
could accommodate 5 mm diameter tubes in a similar horizontal aprangej

ment for low temperature Raman studies.

(b) Vycor spinning cell for liquid 'samples
Colored solutions were étudied in a 20 mm diameter cylindrical
Vycor cell with an optical flat.forming the base. It was constructed
from one end of a Beckman UV cell. . The cell tapered to a narro& neck
which could be stoppered with alTeflon plug. Alter?atively, if 1/4"
Pyrex tubing was attached using a graded joint then it was possible to

flame~seal the neék while the cell was at low temperature on a vacuum
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line. This modification of .the Kiefer and Bernstein (39) rotating
cell concept permitted Raman study of solutions containing moisture-
sensitive or low-beiling solvents such -as HSO

F, H,80, and liquid SO

3 4 2°
A metal collar was attached with rubber cement to the neck of the cell
allowing it to be positioned in a rotating shaft which was driven by
a small electrical motor at approximately 1000 rpm.

A further modification was the provision for low temperature

Raman study which was achieved by surrounding ghe cell with a Dewar
having optical flats at the base. The Dewar was loosely plugged with

ﬁ9’ glass wool to allow free spinning of the motor shaft. Nitrogen was
passed through thé vessel and a thermocouple inserted into the chilled

cavity was used to measure the temperature. This arrangement allowed

the study of colored solutions at low temperatures. N

(¢) Pierced mirror arrangement for sélid samples
Crystalline samples prepared in, or transferred to, the Vycor

cell described above were positioned higher than the normal position
for solutions. A mirror was placed between the bottom of the spinning ‘
cell and the focussing iens of the laser beam so that,Raman scattering
from the spinning sample would be reflected towards tﬁe slits of the

. -spectrometer. This 9/16" diameter mirror of 1/8" thickness (manufac-—
tured by Applied Physics Specialties Ltd., Toronto) had a 1/26" diameter
hole, drilled at a 45° angle through the mirror disc, which allowed the
laser beam to pass through the mirror to the spinning sample, as shown
in Figure 3. This arrangement effectively placed the sample approxi-

mately one inch from its normal position and consequently the focussing
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lens and the collecting lens required adjustments in order to maximize
the‘intenéity of the Raman scattered light reaching the slits.

The use of a pierced mirror which reflects fhe Raman scattering
towards the slits of the spectrometer was first described by'Damsgard\\
and Bottger (47) in their study of opaque black solids held in a
stationary mount. Kiefer and Bernstein (40) had described a spinning
sample technique for solids in which the sample was pressed into the
circular groove of a rotating metal plate but‘this was not suitable for
moisture-sensitive cémpounds. Combining some aspects 6f these two

experimental arrangements has proven to be very useful for the study

of highly colored moisture-sensitive solids.

(d) Pyrex spinning cells .
A simple Pyrex cell arvangement with no mirror also permitted

Raman spectra of moisture-sensitive colored solids or solugions to be
obtained at room temperature without volatilization or decomposition'of
the sample in the laser beam. Figure 4 shows a round bottom Pyrex
reaction tube of approximately 2 cm diameter which was tapered to a 1/4"
diameter neck that could be conveniently stoppered with a Teflon plug
or heat-sealed. A collar of electrical tape allowed the cell to be
held firmly in the shaft of the electric motor described earlier. The
spinning cell was positio\ s¢o that the laser beam struck the curved
bottom of the cell at a tangential angle of less than 45° and the Raman
“scattering was analyzed at 90;’to the incident beam. This arrangement

permitted both preparation and Raman study of a sample to be carried

out in .the same tube.
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- . CHAPTER 1I1

. + _
Preparation of 12 szFll

1. Introduction

+ N
The blue I2 cation has been characterized in solution in

fluorosulfuric and disulfuric acids by conductimetric, spectrophoto-~
metric and magnetic measurements (5). A study of the Raman spectra (9)

of dilute solutions of I + in HSO_,F showed that the stretching

2 3
frequency'of the cation is 238 cm—l. This suggegted that 12+ has a

stronger and shorter bond than the 12 molecule which has a stretching

- o
frequency of 213 cm 1 and a bond length of 2.66 A.

+
No pure crystalline salt of 12 sultable for X-ray crystallo-

graphic structure determination had been prepared. 1In 1906 Ruff (8)
gnd his co-workers had isolated a blue solid from a solution of I2 in

SbFS. It had the apparent'composition (SbFS)ZI and probably contained

+ N
the 12 cation, a fluorocantimonate anion, and some SbF3. In 1968

Kemnitt et al. (7) reported the preparation of some colored solids that

contained iodine.. The product which they isolated from a sblution

. ] /
of I2 and IFS in SbFS contained traces of a white crystalline solid

which sublimed at 100°C leaving a blue-black solid whose scomposition

was close to that required for ISbF5 or IZszFll. The white impurity

1) + —
.was probably IFA SbF, , an adduct of IF_ and SbFS, which 1s reported

6 S
(48) to melt at 103°C. They prepared another blue solid by the reaction

of 1., with excess SbF

2 5,according to Ruff's method described above.



In this case the product must have contained SbF, as an impurity

3

which would account for the reported wide melting range of 110-130°C.

A recently developed preparative method (46) has proven to be

. ot
very effective in a number of syntheses involving SbFs. It employs

4

dried liquid suylfur .dioxide as solvent, in which'SbF3 is insoluble,
and a specially designed reaction vessel containing a filter. Use of

this method seemed likely to produce a pure crystalline salt of the

12+ cation. . »

2. Synthesis ‘ -

A description of the Pyrex reaction vessel (Dean apparatus) *

used in the preparation of 12+Sb2F11— and the general preparative

method followed are given in Chapter II. “A weight'df 2.152 g SbF5

(9.93 mmoles) in dried liquid SO, was added to 0.88 g finely ground
%,

2
£y
12 (3.47 mmoles) and the solution was stirred for one week at room

temperature. White SbF, precipitated from the blue solution and was
f -

3
removed by filtering through the sinLéted glass divider of the reaction
vessel. Remoyal of the solvent by distillation yielded a dark blue

cryétalline solid which melts sharply at 122-123°C. This preparation

is described by the equation

-

80, . .
2I,+5 SbF. —==5=> 2 I, Sb F. + SbF

2 5 . 20°C 2 °P2711 3 -

The compound is moisture-sensitive and was handled in a dry atmosphere.

*
The elemental analysis was in satisfactory agreement with that calculated

h

* Analysed by A. Bernhardt Microanalytical Laboratory, Elbach,
West Germany



for I2 szF1

1 -
Found " I, 36.73; Sb, 35.27; F, 27.63

Calculated I, 35.93; Sb, 34.48; F, 29.59

3. Vibrational Frequencies

+
2 SPoFyy

\5»

Crystals of I " sealed in a melting point tube were

studied at room temperature using Raman spectroscopy with 632.8 nm

.

N 4 . 4
He/Ne excitation as described in Chapter II. An intense I2 resonance
Raman spectrum with a fundamental at 238 cm_”l and two overtones at 476
and 712 (:m--1 was observed in agreement with spectra reported (9)

’ , + . . . . )
earlier for 12 in fluorosulfuric acid solution. No anion peaks were

*

observed.

+ s
_A sample of 12 Sb,F was .ground to a fine powder and placed

2711
between AgCl windows which were clamped firmly together.' These

operations were performed in a dry box. Absorption at 660 cmnl, at-

tributed (49) to Sb2F ", was observed. in the infrared'spegtrﬁm. The

11

reported (50) weak peak‘at 485 cm—1 which indicates fluorine bridging
' \ :

ih‘the szFll— anion was not observed.

A pale blue sample of iodine pentafluoride was placed in a 5 mﬁ

tube for Raman study using 632.8 nm excitation: Normally this liquid
is'bé}orless but if traces of 12 and moisture are present a blue color
forms which Aynsley et al. (4) had attributéd to I+u When it was

shown (5) that the blue species formgd by oxidation of 12 in oleum or

+ v
HSO3F is 12 it was assumed, on the basis of UV and visible absorption

spectra, that the blue IF5 solutions must also contain I2+. Raman
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evidence obtained here confirms this assumption. In addition to the .

reported (51) Raman peaks for IF the characteristic resonance Raman

5)

spectrum 6f I consisting of a band at 238 c:m“l and an overtone at

2

476 cm*l was observed.

4. Behavior of IZ+ at Low Temperature

One reason for synthesizing an I

+
2 salt was to prepare

solutions of 12+ which would be suitable for low temperature study.

Gillespie, Milne and Mortqn (10) had reported that IZ+ solutions
prepared by ox}datioﬂ of I2 with SZO6F2 in HSOBF showed changes in
their properties when cooled‘from room temperature to temperatures
in the range -70°C to -90°C. They observed that the color changed

' from blue to red-brown and the 640 nm absorptidn peak characteristic

of + decreased while new peaks at 470, 357, and 290 nm appeared.

I
2
Magnetic, cryoscépic and electrical conductivity evidence also suggested

+
,that a new species was being formed. They proposed that 12 dimerizes

t
|

i . S
at low temperature to form the diamagnetic 142 cation:
s+ 2 2+
21 « I
N 2 4 {

The structure of this cation was not known and oné purposé of the
present work Qas to investigate this-species by Raman spectroscopy.

In addition to the stﬁdy of the formation of 142+ in solution,
an attémpt was made to breparg a séliq compound containing the 14

+ - «
Sb,F to liquid N, temperature (~196°C)

2 211

produced‘no change in the bfﬁé color of the compéund. However, a

dimer. Cooling solid 1 9

~

. + - ; ’ o
blue solution of Iz SbZFll in SOZFz- 802 changed color around -85°C
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and then a red-brown solid precipitaged from solution during further
cooling to -110°C. The reaction tube (a 5 mm diameter Raman tube with
1/4" diameter Pyrex neck) was attached with a Nupro valve to a vacuum
line for removal of the solvgnt.’/zﬁe/tube was surrounded with pro-
gressively warmer baths and pumping continued until the solvent
mixture was éompletely removed, leaving a brick-red powdery solid. For
Raman study the reaction tube was .placed horizontally in a Dewar, as
described in Chapter II, but no spectra could be obtained. Even at
low temperature the 632.8 nm laser beam decomposed the saﬁple causing
a blue spét to form where the beam had illuminated the red sample.
Although temperatures around -75 to —-85°C had been required for
formation of the red colored species,'onée the solvent was removed the
red solid was stable up to gpproxiﬁétely ~50°C. Then the solid
changed irreversibly to a dark blue-black solid. |

The color change displayed by solutions of I +, however, is
reversibie and temperature‘dependgnt. Solutions of 12+ were prepared
" in

- . ‘ . P + t
by oxidizing 12 with 8206F2 in HSO3F or by dissolving I2 SbZFll

HSO3F: The low temperature Raman study embloyed’meltingrpoint tubes

or Vyco% spinning cells arranged as described in Chapter IT. As the
1

_temperahure decreased, the intensity of the 12+ peak at 238 cm
d;minished but no new peaks were observed with either 632.8 nm or
514.5 nm laser excitation.. Possibly the concentrations studied, while

+
correct for detection of the I bands at room temperature, were too

2

dilute for-obtaining a Raman spectrum of the low temperature species

which probably would not display a resonance Raman effect. Even if the
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experimental difficulties could be overcome it is unlikely that Raman
data could be used to characterize the low temperature species. Iodine
may be present, not as 14

two or more iodine species formed by disproportionation. A mixture of

formed by dimerization, but as a mixture of

polyatomic iodine cations probably could ndt be differentiateq by Raman
spectrbscopy. The alternate hypothesis of a dispreportionation reaction
involving formation of cations having oxidation states other than + 1/2
is discussed below. This‘hypothesis is consistent with the earlier
cryoscopic, magnetic, conductimetric and absorption data.

Gillespie, Milne, and Morton had considered.that the dispro—

portionation represented by the equilibrium

-

. s 1.t 2 2+

2 L, +1i

m;ght exist ‘at low temperature put then they had rejected this
possibility because (a) é cation such as 122+ wés not known to exist,
(b) existence of molecular 12 in HfO3F'seemed unlikely,/and (¢) there
would be no decreasehgn the number of particles present in solution,
which would be inconsistent with the observed cryoscopic and conducti-
metric data. However, data presented in Chapter VI suggest that there
is a new polyatomic cation Inn+ in which iodine has a +1 oxidéti;n
state. The'value of n is not known but it is probably 2, 3 or 4. The
cation has a sfrong Raman band and so it must contain two or more iodine
z,vthe species having an oxidation
+

. . +
state less than +1/2 could be I3 or 15 . The following disproportion-

atoms. Then, instead of molecular I

ations, therefore, are possible:
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-
g1t T Aot *
2 n 0 3
+ > 12 _ nh +
‘= m—

In fact, complex equilibria involving three species could exist in this

system, as described by the following equatiomns

+ - 2+ + +
o , 6 12 ~ 2 12 + 13 + 15
+ > 3+ + +
10 12 « 2 I3 + 3 13 + I5
+ - 4+ + +
6 12 “ I4 + 13 + Is

There was no Ra@an evidence for any of these species and therefore these
proposed disproportionatiéns are speculative. Formation of these species
~would, however, be consistent with the observed absorption §pebtra. A
summation of the observed absorption bands.for Inn+ (290 and 460 nﬁ),
I3+'(305 and 470 ;m) and IS+ (2?6, 345 and 450 nm) results in¢the

reported absorption spectrum (290, 357 and 470 nm) of the low temperature

+

species formed by I2 . Thus the earlier experimental results may be

re—iﬁterp}eted on the basis of a disproportionation of 12+ to form two

. or more iodine species with oxidation states other than +1/2.

5. X-ray Crystallography . B

The structure determination (51a) of IZSbZFll was done by

Dx. C. avies and Dr. P.R. Ireland. It showed that IZSbZFll (formula

N {
weight 706.30b is monoclinic, C2, with a = 13.283(5), b= 8.314(3),

c = 5.571(2) A and B = 103.75(2)°. A projection of part of the structure
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down the b axis is shown in Figure 5. TaBle 1 lists selected bond
distances and angles and the atomic' positional parameters from which

(-]
these are derived. The shortest I -—-- F contact is 2.89 A indicating
that the structure is essentially ionic. The distance between the
two symmetry related iodine atoms, i.e. the I - I bond length in the
12+ cation, is 2.557(4) A.
6. Conclusions
followed

2F11

by Raman and X-ray studies of the solid have shown that it contains the

Preparation of the blue crystalline compound 128b

+ ,
I2 cation. The fundamental stretching vibration of this diatomic

species is 238 cm—l, unchanged from the frequency observed for 12

(-]

jr fluorosulfuric acid solution (9). The jiodine-iodine distance of the
cation is 2.557 A which is, as predicted, shorter than the bond distance

of 2.66 A in the I2 molecule. For the analogous bromine molecule and

[+] o

cation a similar reduction in bond length from 2.27 A to 2.15 A is
. i

accompanied by an increase in Raman krequency from 318 gm—l (41) to

368 émﬁl'(360 (:m"1 for Br + in solution) (11, 13). Althoygh the C12+

2
ion is not known as a stable species. either in solution or in the solid’
state, the stretching frequency and bond length have been obtained from
its electronit spectrum in the gaseous state at low pressure (14).

Table 2 summarizes the stretching frequencies, absorption maxima, bond

lengths and calculated force constants of the halogen molecules and the

+
2

cation compared with the X2 neutral molecule is consistent with the

diatomic halogéﬁ cations. The stronger and shorter bond in the X
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*

removal of an electron from an antibonding m orbital in the formation
of the cation. Photoelectron spectra obtained (52, 53) from the I2
and Br2 molecules were reported recently and have been used to assign

y + +
the electronic spectra of the 12 and Br2 cations.

+
The color change from blue to red exhibited by solutions of 12

. ; 4+
at low temperature has been attributed to a disproporticnation of 12 .

This hypothesis was discussed in relation to the previously proposed

L] . -+
theory of dimerization of I2 to form 142+. Disproportionation of

+ ., . . .
I2 is thought to produce two or more iodine species, one of which may

+
be a new polyatomic iodine (+1) cation Inn -which is discussed further

in Chapter Vi. ‘ L
Halogen cations are highly electrophilic species that can exist
only in the presence of molecules aﬁd anions of very low basicity.
Fluorosulfuric acid, disulfuric acid, sulfur dioxide, antimony penta-
fluoride and iodine pentafluoride are suitable solvents for the

2 2 3

2 moles of 12 with one mole of SZO6F2’ there is no evidence for the

formation of I +. Although T *+ is formed in HSO.F by oxidation of

- + ,
formation of a solid fluorosulfate of 12 when this ratio of reactants
is combined in the absence of a solvent. In their study of the

) /

12 —ASZO6F2 system Chung and Cady (54) have confirmed the existence

of 1803F and I,S0.F but found no solid with a composition corresponding

3773
to IiSO3F. Similarly, Merryman, Corbett and Edwards (55, 56) have found
no evidence for a tetrachlorocaluminate of Iz+ in the 12— IC1 - AlCl3

» +
system. Apparently solvation of the 12 cation is important in its

formation.
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A

In the present work a stable crystalline salt of 12+ was ob-

tained with the very weakly basic anion szF using the very weakiy

11

basic solvent SO0,. Several other compounds cohtaining the Sb
f

anion
2

2F11
have recently been prepared and their structures determined. The

beZFll— (57), XeF Sb.F,.~ (58) and

SbZFll ions in the compounds XeF 2F11

3

+
BrF, S (59) have asymmetric-fluorine bridges and the extent of

4 SPoFyg

this asymmetry increases with increasing interaction between the cation

and the SbZFll

contact. This is accompanied by a lengthening of the Sb-F bond. The

anion as shown by the length of the shortest cation-anion

data are consistent with an increasing interaction between the cation

+ .
and the anion in the series/XeF3 , Xef+, BrF4+ indicating that these

cations become increasingly acidic, i.e. increasingly good electron

>

. . + -
pair acceptors in this order. 1In L, Sb,F however, the structure of

2772711

the szFll— jon differs from that found previously. In the present case

the %Aion has a symmetric fluorine bridge with a twofold crystallo-

graphic rotation axis passing through the bridging fluorine. The long

cation-anion contact distance, although shorter than the sum of the

van der‘Waals tadii, indicates that any interaction between these two

ions is véry small and accordingly one may consider that in this case
11

there is an essentially "free" symmetric Sb2F " ion. One may also

cation is less acidic than the cations listed

~

2

above and although it is strongl& electrophilic it is not such a strong
. + .

4 -

conclude thaé the I

) + +
electron pair acceptor as XeF, , XeF and BrF

3
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TABLE I
Selected Bond Distances, Angles and Structural Parameters
for 12+Sb2Fll_
Bond Distances (R) Angles (Degrees)
Sb-F(1)-Sb' 166(3)
fntramolecufar
F(1)-Sb- 69(2
- 2.557(4) (1) F(2) 169(2)
Sb-F(1) 2.001(7) T3 85(2)
-F(2) 1.83(2) "F) 85(2)
i 86(2
-F(3) 1.96(4) 2 (2)
FQ) | 78(4) ~-F(6) 82(2)
F(5)  1.80(k) F(2)-sb-F(3) 20(2)
_F(6) 1.87 () ~F(4) - 93(2)
-F{5) 99(2)
. ~F(6) 89(2)
Intermolecular
’ F(3)-Sb-
1-Fe2) 2.89(2) (3)-Sb-F(#) 91(2)
-F(5) 170(2)
~F(6) 87(2)
F(4)-Sb~F(5) 93(2)
~F(6) 171(2)
F(5)-Sb-F(6) 88(2)
© Structural Parameters 4
Atom . X Y A
| 0.0733(1) 0.0 0.8871(5)
Sb 0.3558(1) -0.006(1) 0.5437(5)
() 0.5 0.022(7) 0.5
F(2) 0.224(1)  0.009(7)  0.588(k)
F(3) 0.316(2) 0.136(4)  0.256(6)
F (L) 0.342(3) -0.179(5) 0.350(7)
F(5) 0.415(3) -0.119(6) 0.815(8)
F(6) 0.390(2) 0.180(4)  0.733(6)

b
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TABLE I

Stretching Frequencies, Absorption Maxima, Bond Lengths and

Force Constants of Halogen Molecules and Diatomic Halogen Cations

Stretching Principal Bond Force

Frequency Absorption Length Constant

’ cm-‘1 nm R mdyn Z_l

' 12 213 500 2.66 1.70
1" 238 646 2.56 2.12

' Br, 318 410 2.27 2.38

B, 360 510 2.13 .05 °

Cc1, 554 330 ‘ 1.98 3.16
c1,” 645.3 - - 4.29
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CHAPTER 1TV

+
Study of the 1., <cation
-

-

1. Introduction

+
The I3 cation had first been postulated in 1938 (2). Since

1960 several grodps have confirmed the existence of the ion in solution
by conductimetric and cryoscopic methods as described in greater detail
in Ehapter I (5, 15, 16). Brown 13+ solutions were prepared by the
oxidation of iodine by iodic acid in sulfuric acid (equation 1) or by
reacting iodine with peroxodisulfuryl diflyoride in fluorosulfuric

acid (equation 2).

7 I, + HIO, + 8 H250

+ + -
5 5 ~ 51, + 310 + 8HSO (1)

4 3 4

: + -
31, + S,0F," + 21, +2S0F (2)

In the absence of a solvent the latter reaction of 12 with 8206F2

produced a dark brown solid formulated as 13803F (18). This compound

+ ; : .
presumably contains the I3 cation but no structural determinations

have been reported.

' +
Vibrational frequencies of I also remained unknown due to

3

the experimental difficulties caused by absorption of the laser
excitation by the highly colored solutions. Gillespie and Morton (9)
attempted to overcome this problem by studying a very dilute solution

+
of I3 in HSO3F (equation 2) sealed in a melting-point tube. 1Instead

+
of observing the 13

+
resonance Raman spectrum produced by traces of 12 .

Raman spectrum they obtained the interesting

They used laser
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excitation of 632.8 nm which is close to the 640 nm visible absorpt?on

+ .
maximum of I, . Consequently, an intensely strong I

2 resonance Raman signal

2

was produced and the much weaker Raman scattering of the solvent and of

+ .
the 13 cation were not observed. It seemed likely that the difficulties

+ .
encountered in observing the 1 vibrational spectrum could be overcome

3

by adjusting the following conditions of the experiment:

+
1) Raman cell. The solutions of 13 studied previously had

been diluted until they were almost colorless to avoid the problem of
boiling which occurs when colored solutions sealed in capillary tubes
absorb laser beam energy. Use of a spinning Raman cell/would be

expected to minimize this problem and allow much high concentrations ~~

. +
of the brown-colored 1 solutiond to be studied. (/

3

‘ +
2) Solvent. In fluorosulfuric acid the diatomic 12 cation

shows some disproportionation to I and to an iadine (II1l) species

3

but in sulfuric acid this disproporticnation occurs to a greater extent

particularly if the solvent is slightly aqueous, i.e. <100% HZSOQ.

+
Since the triatomic 13 cation is stable in either of these acid

. +
solvents it appears that interference from I would be minimized if

2

slightly aqueous sulfuric acid rather than fluorosulfuric acid were

+
used as the solvent for Raman studies of 1., .

3
3) Wavelength. The resonance Raman effect (RRE) of 12+ is
particularly strong when 632,8 nm excitation is used, but by choosing
an exciting wavelength which does not coincidé with an 12+ absorption

maximum the' RRE would be decreased. Therefore, changing to the 514.5 nm

argon laser line would minimize the resonance Raman signal of 12+vwhich



previously had eobscured th? I spectrum. -

3

+ .

2. Preparation and Raman Spectra of Solutions of I3 .

]

Solutions containing the I cation were prepared by reacting

3

iodine and iodic acid in the mole ratio 12/HIO3 = 7.0 in HZSO4 as

solvent according to the equation

. + + -
, ) ( 7 12 + HIO3 + 8 H2804 > 5 13 + 3 H3O + 8 HSO4

The mixture,6f 2,9286 g\l

9 (11.5 mmoles) and 0.2954 g HIO3 (1.68 mmoles)

“in 86 ml H SO4 was stirr

flask ppbducing 0.1 M 13+

at room temperature in a Pyrex stoppered(

solution which was very dark brown in color.

% excess of oxidizing agent ensured that there would not be any

"unreacted iodine.or any iodine in an oxidation state less than +1/3.

"Portions of this solution were diluted to app;oximately 0.025 M and

were studied in the Vycor rotating Raman cell Qsing 514.5 nm laser

". excitétion. In addition t; the expected so}vent peaks’the Raman spectra
obtained had bands at 114, 207 and 233 cﬁ—l. '?he lqw frequency section

+

of a typical spectrum is presented in Figure 6 aié shows the three
c

~ Raman bands which may be attributed to the I tion.

3
The earlier cryoscopic studies (15, 16) had suggested that the

+
15 cation is formed in dilute solutions of H2804 having the mole ratio

12/H103 = 12.0 as described by the equation

. : .
12 I, + HIO, + 8 H.80, =+ 5 I.  + 3 H,0  + 8 HSO,™
2 3- 274 5 3 , 4
. Accordingly, 2.3227 g I, (9.15 mmole) and 0.1327 g HTO, (0. 754 mmole)
) ‘were dissolved in 60 ml dﬁ 100% HZSOA' Portions of the brown solution

were diluted for Raman study in a rotating cell as described above and
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Figure 6. Raman spectrum of 13 in sulfuric acid’
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spectra were recorded using 632.8 nm and 514.5 nm laser excitation.

Peaks were observed at 70, 115 and 207 cm—l, of which 115 and 207 cm—l

-+
correspond to observed frequencies for 13+. While it is likely that 15 -

is formed as outlined in the above equation (which describes, in

e

+ +
effect, the reaction 13 + 12 -> IS )}, it appears that Raman spectro-

scopy is not a suitable technique for characterization of this cation -

- + +
the solution probably contains both 13 and IS in equilibrium and,

+
also, the Raman spectrum of 1 would be expected to be very similar

v

5

* but with additional low frequency bands. Therefore,

-
>

to that of 13

although the observed frequencies of 70, 115, and 207 cm--l appear to be

reasonable for I *

5 > ‘they may not be assigned with certainty to the

+
15 cation&

2

A

3. Preparatioﬁ of solid salts of 13+

~

4+
The blackK compound I3SO3F had previously been prepared from

iodine and 8206F2 by Aubke and Cady (18) and a-sample of this material

was prepared following their procedure. In the absence of a solvent,

0.2990 g S,0,F, (1.52/mmole) and 1.2633 g I, (4.97 mmole) weré heated

6
in a Pyrex reaction tube to 90°C and then cooled in liquid N2 to break
up the product. After pumping on the solid to remove any unreacted

12 the black compound was transferred within a dry box to a Vycor cell
(described in Chapter II). Unfgrfunatel& even with the use of spinning
cell techniques it was not possible to observe a Raman spectrum for
I3SO3F,probably because of its intense absorption in the visible

spectrum. Where the laser beam had illumindted the sample there appear-

ed to be a~'"track" on the cell indicating decomposition of IBSQ3F.
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Iodine was also oxidized with AsF5 in an effort to obtain an

- +
AsF6 salt of the 13 cation. The general preparative method used

employing liquid SO2 as solvent is described in Chapter I1. Reaction

of 0.2711 g 12 (1.070 mmoles) with 1.07 mmoles AsF_ yielded a brown

5

+ _
solid, which very likely was the compound I AsF6 produced according

3

to the equation

+ -—
3 I2 + 3 ASFS +’/2 I3 ASF6 + ASF3‘

i

|

~
but no elemental analysis was done to confirm this and the sample de-
composed before any Raman studies could be done. Probably no Raman
peaks would have been observed in view of the problem of absorption

consistently encountered -for solids containing the dark colored 13

cation. . : L
: /

Some attempts were made to produce a solid 13+ salt with szFll‘

as the anion according to the equation N /

+
312 + 5 SbF5 + 2 13 Sb Fl

2

1 + SbF3.

-

The general preparétivg method which employs liquid’SO2 as solvent was

followed. The products obtained appeared to be mixtures of dark-colored

solids, indicating that SbF instead of forming SbF_.SbF, (i.e. the

5’ 5 6

S anion), had reacted with iodine to produce oxidation states

b2F 11
!
higher than +.1/3. It was necessary, therefore, to adjust the I,:SbF,_-

'

2 5
ratio so that the simple SbFG— anion would be formed and the iodine ox-

idation would stop at the + 1/3 state yielding a salt of the I3+ cation.

A -mixture of 0.7423 g 12 (2.94 mmole) and 0.6455 g SbF5

(2.96 mmole) in dried liquid 502 was stirred for one week in a Pyrex
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reaction vessel. White SbF3 precipitated from the brown solutionmn
and was removed by filtering through the sintered glass divider of

the reaction vessel. Removal ¢of the solvent by distillation yielded
f

'

a black crystalline solid which is believed to be the new compound

I3+SbF6— produced according to the equation

+ -—
3 I2 + 3.SbF5 - 2 13 SbF6 + SbF3.

. + .
Again, it was not possible to characterize the I3 cation by Raman

spectroscopy even with the use of a spinning cell because of absorption
i

f / Cae .
in the visible spectrum. However, the solution obtained by dissolving

the solid in 100% H,SO, was studied in a spinning Vycor cell (described

2774

in Chapter II) using 514.5 nm excitation. The Raman spectrum obtained

+
was identical to that observed for 13 solutions which had been prepared

by oxidizing 12 with HIO3 in HZSOA' Polarization ratios p of 0.4, 0.3

and 0.8 were obtained for the 207, 114 and 233 cm.—l bands, féipectively.

r

4. Qaucglations and COnclu§ions

The observation of three frequencies that may be attributed to
the i3+ cation leaves no doubt that it has the expected angular structure.
The stronély polarized bands observed at 207 and 114 cm—1 for this ion

in sulfuric .acid solution are clearly the symmetric stretching vibration

‘Vl (al) and the bending vibration v, (al), respectively. The observa-

tion that the band at 233 cm—1 is depolarized confirms its assignment
to the asymmetric stretching vibration Vg (bl) of the I3+ cation.
For this symmetric structure the simple valence force field

treatment described in Chapter I may be used to calculate the stretching’
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and bending force constants and-to estimate the bond angle. The
results of these calculations are in Table 3. They give good agree-
ment for an approximate bond angle of 114° with stretching force

o ©
constant £ = 1.7 mdyn A 1 and bending force constant d = 0.31 mdyn A 1.

+
3

. . + _
is appreciably lower than that of  the 12 ion at 238 cm 1 but it is

close to the frequency of 213 cm—l reported (41) for the neutral 12

It may be noted that the average stretching frequency of I at 220 cm_1

molecule. 1In fact, the calculated stretching force constants of 12 and

13+ have the identical value of 1.7 mdyn A'.1 compared to the higher

value of 2.12 mdyn A-l for 12+. This is consistent+with the fact that
1 .

in terms of the simple valence bond structure I/ I both bonds have a

formal bond order of 1.0 compared to 1.5 for 12+.

The bond angle of 114° calculated for I3+ in solution is

+ + )
larger than the values obﬁgiﬂed for ICl2 and IBr2 . These two inter-
halogen cations, studied in solution and as solid salts, are discussed

in Chapter V. Their spectra have the 12 and Vg bands very close

together or coincident and hence the calculated bond angles are in the

range 90 - 95°. For I3+, however, v, and'vé differ by 26 cm—l and the

structure of the cation appears to be similar to that of H20, SO2

or NOZ' These three molecules show considerable differences in their

2 and Vg frequencies and the calculated and OZngved bond angles are

larger than 105° (14). Recenfly Merryman, Corbétt and Edwards (55,56)

repdrted a value of 97° for the bond angle of 13+ in the black solid

I3+A1C14—. Based on 1271 nuclear quadrupole resonance studies they

. predicted a charge distribution of + 0.21 and + 0.24 for the terminal
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S
TABLE ITI
° Force Constants for I3+ in H2804 Solution
v, = 207 v, =114 v, = 233 cm ©
1 ) 2 3
Angle . f <} Calculated vy
deg mdyn«A— mdyn A—l' cmml
. /
95 1.94 0.351_ 237
100 1.87 0.339 229 /
105 1.80 0.328 221
110 ) 1.73 0.316 213
115 1.68 0.304 205 -



)

- iodiqe atoms and + 0.76 for the central iodine atom with a bond angle

* of 97° between the bonding orbitals. Both the nqr treatment and the

force field treatment of Raman data give bond angle estimates which are

+
approximate; also, the bond angle of T in solution may. possibly be

3
greater than the angle in a solid salt such as‘I3tAlC14—. In the study
. of the IZ - ICl - AlCl3 system the phase Isl\:lC14 was also obtained. It

is described as a greenish-black metallic-looking compound which melts

at 50.0 - 50.5°C. Chung and Cad§ (54), on the other hand, found no

«

evidence for ISSO3F in the 12— SZO6F2 system but reported obtaining a

new compound I_.SO_F. In both of these phase studies there was no
7 3 ’ ? ~

evidence of the formation of a compound containing I However, 1

+.
2 3
appears to form readily and to be stabilized by edither SO3F— or AlClA—.
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CHAPTER V

Triatomic Interhalogew Cations of Yodine

1. Introduction

The six possible triatomic interhalogen cations which contain

+ +
iodine azé one other halogen have the general formulae IX2 and-IZX s

where X =‘F, QI, or Br. The first cationm of the series to be identified

Nwas IC12+. In 1959 Veonk and Wiebénga (22) prepared”two adducts of the

interhalogen compound ICl3 by reacting it with the Lewis acids SbCl5

and A1C13. X-ray crystallography established that the two orange

solids are essénqially ionic compounds although there is apparently some

cation-anion interaction via chlorine bridges. The bond angle and bond

»

° -+
+,were reported as 92.5° and 2.31 A in ICl2 SbCl6 and .

The 35Cl ngr studies of Evans and

length of ICl2

o
96.7° and 2.28 A in IClz+AlC14 .
Lo (42) have also confirmed that there are two chemically different

types of chlorine present in IClz+AlC14_.

Senior and Grover (27) gave conductimetric and cryéscopic

evidence that IC1 + is formed in 100% sulfuric acid by the addition

2

of 012 to solutions of H2804 containing iodine and iodic acid in the

mole ratio 12/H10 = 2.0 which corresponds to a nominal +1 oxidation

3

+
state for iodine. Similarly, IBr2 was reported to form when Br2 was

-

added to identical HZSOA solutions. The overall equationm,

5%, +SIX, + 3 H,0' + 8 HSO,

2 12 + “HIO 3 4
SO

+ 8 H

3

2774
was presented to describe the formation of these two cations.

- » o
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. ) + . .
Gillespiée and Malhdtra (6) showed that ICl2 is formed in disulfuric

acid solution by the ionization of ICl In contrast to its behavior

3
in disulfuric acid, ICl3 is only sparingly soluble in 100% sulfaric

acid. Senior and Grover, however, found ICl3 to be soluble in a

solution of I2 and HIG3 in 100% HZSO4' On the basis of a single set

+
of conductivity measurements they suggested that ICl may also be

2

3 to sulfuric acid solutions containing

3

formed by the addition of Icl
iodine and iodic adid in tﬁe @ole ratio IZ/HIO3 = 0. 33 which corresponds
to a +3 oxidation state for iodine. This reaction was described by

the following equation: .

I, + 3 HIO, + 10 ICl, + 24 H.SO, » 15 Icl. T + 9 H.0o" + 24 HsO ~.

2 3 3 2774 2 3 4
+
Ultraviolet-visible absorption spectra were reported for 1012 and
IBr2+; IC12+ shows absorption maxima at 360 nm and 452 nm, while IBr2+

has a maximum at 358 nm and a broad shoulder at 540-nm.

In 1965 Aubke and Cady +(18) prepared an impure sample of
orange IC12803F by reaction of iodine fluorosulfate with ekcess Clz.
Quite recently Yeats, Wilson and Aubke (60) prepared pure-samples of
1012803F and IBrZSO3F by a similar method. The compounds were

characterized by elemental analysis and by infrared study. Incomplete

Raman spectra were also reported — three bands at 380, 360 and 161 cm"1

i

+
were reported for ICl2 but were not assigned and only one frequency

at 256 cm*l was reported for IBr2+.
The early studies of the 12 - SbCl5 system by Ruff (24) and

later by Fialkov et al. (25) provided evidence for the existence of

the. compound SbC]S.ZICl. In view of the identification of
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interhalogen cations in other ‘adducts #f interhalogens with Lewis acids

it ‘has been suggested that SbClé.ZICl could reasonably be formulated

+ -
as IZCl SbCl6 , but there was no X-ray structure determination or

vibrational study reported in the literature to confirm this. Also,
there has been no previous report of the preparation of a ’‘crystalline

. +
salt of IZBr+. Garrett et al.(l6)suggested that the cations 12C1

or IzBr+ were produced in solution by the addition of ICl or IBr to

solutions of HZSO4 containing I2 and HIO3 in a 2:1 mole ratio. Their

interpretation, however, was not conclusive because their conductimetric

and cryoscopic data could also be interpreted in terms of a dissociation

to 13+ and IC12+ (or IBr2+) cations.

+ L]
Evidence for the existence of IzF' has not been reported. The

+ + -
IF cation, however, has been characterized in IF, SbF by 19F nmr

2 2 6
+ s
spectroscopy (29). Schmeisser et al. (28) prepared IF2 at low
temperature as IF2+SbF6- and IF2+ASF6—, whHich were described as unstable

yellow solids. The present investigation of iodine cations did not
include those containing fluorine; it was concerned only with those
interhalogen cations containing iodine bonded to chlorine or(bromine.
These species were expected to have a darker hue than theryellow color
2+. IC12+ is known to be orange and the SbClS.21C1

+ .
adduct, which is believed to contain 1201 , is dark brown. The iodine-

reported for IF

+ +
bromine cations, IBr2 and IzBr , were expected to be red-brown.

Although vibrational spectroscopy was very useful for the

. +
identification and characterization of ClF2 and ClZF+, standard

infrared techniques were not apﬁlicablé in this study because the
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bending frequencies and ;he I1-I,TI-Br, and I -~ CL st;etching
frequencies were expected to occur below 400 cm—l. Also, the appli-
cation of Raman spectroscopy, while very suitable for the study of low
frequency vibrations, would be hampered in this case by the deep color
of the samples. Highly colored samples absorb energy from the laser
beam and therefore solutions tend to boil and solids tend to decompose
during Raman study. Consequently, all of the spinning sample teéhniques
described in Chapter II, which were designed to overcome these problems,
were employed. These new methods allowed Raman spectra of highly

colored iodine cations to be recorded at room temperature.

2. The IC12+ cation

Crystals of orange IC12+SbC16— were deposited on the.flat bottom

of a Vycor spinning cell from a hot solution of ICl, in excess SbCl5 and

3
. . R
. then the supernatant solution was decanted. The elemental analysis of

the orange solid was in good agreement with that calculated for

+ -
ICl2 SbCl6 :

Found I, 23.94; Sb, 22.63; Cl, 53.16.

Calculated I, 23.84; Sb, 22.87; Cl, 53.28

Raman study was performed at room temperature using 632.8 nm and the 45°
plerced mirrorkarrangement described in Chagpter II. The observed

Raman spectrum is shown in Figure 7 and the Mrequencies are given in
Table 4. An identical, but weaker, spectrum was obtained when a crystal

* Analysed by A. Bernhardt Microanalytical Laboratory,

Elbach, West Germany.
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S

sealed in a melting-point tube was studied at low

6

temperature using 632.8 nm excitation.

of IC12+SbCl

The Raman spectrum for IC12+SbC16_ showed bands at 323, 269,

250 and 175 cm * which may be assigned to v,, v, (split into two peaks)

1’
and VS’ respectively, of the octahedral SbCl6— anion. These values
may be compared with the vibrational frequencies (v1 = 335, v, = 291,
Vg = 174 cm—l) reported by Beattie et al. (61) for the SbCl6— anion
in AsClA+Sb016—. The remaining peaks mayv be assigned to a lattice

- . +
vibration (70 cm l) and to the symmetric bent ICl2 cation. A low
frequency band at 148 cm—l is assigne& as the v, bending mode of the

cation and an intense doublet having peaks at 370 and 362 cmTl is

+
assigned to the symmetric stretching vibration v, of 135Cl and

1 2
I3SC137Cl+, respectively. The observed difference of 8 cm—l between

these two bands due to the chlorine isotope effect agrees with the
expected difference in frequencies calculatéd by substituting the
masses of 35Cl and 3701 in equation (3), given in the Appendix.
The observed 3:2 ratio of peak intensities for these two bands is

also in agreement with the expected 9:6:1 ratio of I3SC12+, 1350137C1+,

and 137012+ populations based on a chlorine isotope abundance of

75% 3>c1 and 25% 3'c1.

There are no bands outside of the 355 - 370 cm_1 region of
the spectrum which can reasonably be assigned to the asymmetric vibra-
tion V. This band, therefore, must coincide with or be very close to
the vy band. The v3 band was expected to be less intense than vy and

the isotopic splitting was also expected to be less than was observed

for vy By substituting the masses of 35Cl.and 37Cl in equation (1)
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of the Appendix, a value of 4 cm—l was calculated for the splittings .
of Vi3, compared -to the observed splitting of 8 cm—l for vy These

ban@s overlap each other so that the total intensity of v, plus v

1 3

for each of the two most abundant cationic species is maintained at

a 3:2.ratio.  Apparently, then, the overlap of vy and Vq is symmetric

\ ) : -1
and, therefore, the most" reasonable estimates for v3 are 368 cm

- * J
for 135C12+ - and 364 cm 1 for 135C137Cl+. Thus vy and Vg have very

o) . .
similar frequencies; this is consistent with a bent structure having

3 bond angle close to 90°. A shoulder which could not be resolved

may be assigned to vy (356 cm_l) and vé (~360 cm~l) of 137C12+. /

,

Strictly speaking, the simple wvalence force field treatment

*

of Raman frequencies using the equations given in the Appendix is

-

applicable to a bent triatomic structure only when both terminal

atoms are identical, i.e. are the same isotope. In this case the

6
ent isotopic types of IC12+. One may, however, select the bands due

'
+
to the most abundant isotopic species, I3SC12 , from the spectrum

obsefyed spectrum of IC12+SbC1 consists of bands due to three differ-

and use their frequencies for the calculations providing that a chlorine
mass ?f,35.0 is also used. Althoughnv3 is not known<ifig;l§, the
estimated value of 368 cm‘l may reasonably be used for calculation

of £ and d. The results of the calculations for 135C12+ are summarized

-~

in Table 5. Agreement of the calculated v, frequency with the observed

1

vy frequency otcurs wﬁ%n 90° is chosen for the bond angle. A stretching

force constant £ of 2.1 mdyn £t and a bending force constapt d of

0.19 mdyn &1 vere calculated for the IC12+Acation in solid IC1 *sbel

I

2 6y’



Force Constants for IClZ+ in IC1

vl = 370

Angle
deg

90
92.5

95

)

£
mdyn A”

2.16
2.14

2.12

TABLE V

1

148

+ -—
2 SbCl6
-1
Est. v3 = 368 cm
d Calculated v
Tog ' -1 1
mdyn A cm
0.187 370
0.186 366
0.184 363
{
»

60



61

b .

“ﬂeérreporteﬂ by Shamir and Rafaeloff (62). The observed frequencies

)Quring this investigation the Raman spectrum of IC12+SbC16—
agreescloseiy as shown in Table 4 but there are some differences iﬁ the
assignments. The two strong bands which they observed at 366 and‘

372 cm--l tgey assign to 21 (symmetric stretchigg) and Vg (asymmetric
stretching), respectively, on the basis of polarization measurements
performed on a single crystal. Polarization measurements on a solid

are meaningless unless the orientation of the crystal with respect to
the laser béam_is known; this information was not reported. It would
appear from their data that it is the 372 cm—l peak wﬂich is more
strongly po}afized and thus it should be assigned to vy and not to Vge
Also, their assignment is contrary to the observation that the intensity
of the symmetric stretching vibration is generally greater than the

intens¥gy of the asymmetric stretching mode. >

\

Wilson and Aubke have assigned the 161, 360 and 380 cm_1 bands of

IC12803F to Vo Yy and Vys respectively (65). The v, value compares

with that reported here but the other two banqtvaré 20 o::m'"1 apart instead

of being coincident as observed for IC12+§bCl6 . (This splitting is too

great to be an isotope effect). The assignment of the more intense band

4
3 2

jons in this:study have a weak Va band. Also, the reported assignments

(380 cm_l) to v, is contrary to the observation that all of the IX

give a calculated angle of 105° which is inconsistent with the results

of this stuay and of the crystallographic study. Possibly the 380 cm_y

band is due to IC1l (v = 381-cm-l) in the sample.



62

/

: +
Solutions containing the IC12 cgtion were produced by two
methods. Dried chlorine gas was bubbled through 3.2 ml of a stock

: *
iodine 1 solution that had been placed in a narrow tube. After 10

minutes the color changed from greenish-brown to a light orange. The
solution was studied without further dilution in a Vycor spinning
cell using -514.5 nm excitation.

Another solution was prepared by placing 0.174 g I 0.0430 g

2?

HIO ana approximqtely 20 ml of 1007 H in a stoppered Pyrex flask.

3

While the mixture was stirred slight warming of the solution occurred

259,

from the heat of the stirring n#tér. After the addition of 0.1430 g

ICl3 the gréen solution became orange. A Raman spectrum was obtained

using a Vycor spinning cell and 514.5 nm excitation. Spectra were

recorded with the analyser parallel and then perpendicular to the
¢ 5
incident laser beam.

The two orange sulfuric acid solutions had identical spectra.

A typical spectrum is shown in Figure 8. 1In additioﬂ to solvent peaks

/
-+

two peaks were observed which may be attributed to ICl2

The weak

peak at 148 qm—l-may be assigned to the bending mode 2 and the

»

stronger peak at 387 cm.'1 may be assigned to I — Cl stretching. In ) J/

solution the v, and v

1 modes are coincident and tbhe isotopic splitting

3 -

is not resolved. Therefore, only one peak was observed. This peak is

* A stock solution of 100% HZSOA containing 124ﬁ103 in the

~ ratio 2:1 was prepared by dissolving 2.0359 g I2 (8.02 mmole) and

0.7168 ¢ HIO3 (4.07 mmole) in 88 ml of 100% HZSO in a glass-

4
stoppered Pyrex flask. This ratio of reagents produced a brown
solution containing iodine in a +1 oxidation state with the

concentration of I+x equal to 0.232 M.

— &
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TABLE VI

Force Constants for IC12+ in H2804 Solution

_ _ -1
Vq ¥ Vg = 387 vy 148 cm
Angle £ d Calculated vy
°-1 °-1 -1
deg mdyn A mdyn A cm
90 2. 44 0.190 " 389
92.5 2.42 0.188 385

95 . 2.40 0.186 " 381
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in the region where the 392 and 422~cm"l peaks cf H2804 (63) occur.
It is superimposed on the 392 <:m_'l peak whose normgl intensity is
shown by a dotted line in Figure 8. The I-Cl stretchiné frequency
of 387 cgfl observed for 1012+ in solution is higher than the

values (362 and 370 cw ©) for the cation in solid IC12+SbC16—. This
is probably caused by removal of chlorine bridging betw§en the cation
and the anion, In the polarization study &he peak at 387 cm’"1 showed
a marked decrease in intensity. This indicates that this Raman band
is strongI& pélarized, with very little contribution from vy which is

coincident with and much less intense than vl, and confirms the

+
2

The results of simple valence force field calculations for the

assignment of the band to the symmetric stretching vibration of ICI

ICL + cation in H 1

2 804 solution are given in Table 6. Using v, = 148 cm

2 2

and Vg = 387 cm—1 the calculated vl,value equalled the observed value

of 387 cm-—l when 91° was chosen for the bond angle. A stretching

o .
force constant k of 2.4 mdyn A 1 and a bending force constant 4 of

~ [+]
0.19 mdyn A 1 were calculated for IC12+ in sulfuric acid solution.

3. The IBr2+ cation

+
Several attempts were made to prepare an IBr salt by adding

2

Br2 to 'IBr in SbClS. This method is analbgous to an alternate

preparation of ICl +SbCl6—, repofted by Vonk and Wiebenga (22), in

2
1] N [~ -
-which a solution of IC1l in SbCl5 was treated with Clz. However, the

observed Raman spectrum of the low-melting dark red-brown solid was

similar to that of IzBr+SbClSBr—, described later in this chapter;



.

’

.

+
there was no Raman evidence that IBr had been formed by this method.

2

The red-brown soflid IBrZSO3

Yeats, Wilson and Aubke {60). Finely ground 12 (0.240 g) wag‘reacted

F was prepared by the method of

with 8206F2

black ISO3F. An excess of dried Br2 was distilled onto the ISO3F and

the mixture was heated to 60°C. After cooling the trap and pumping

(0.19 g) in a Pyrex trap at 60°C for one hour to produce

*
to remove Br2 the product weighed 0.742 g. The elemental analysis of

the red-brown solid was in very good agreement with that calculated

for 1Br,SO.F:

2°°3
Found I, 32.72; Br, 41.45; F, 5.21
Calculated I, 32.90;° Br,; 41.42;  F, 4.93

The compounq is moisture~sensitive and the transfer of samPles to
melting point tubes or to a Vycor cell was performed in a dry box.
Crystals sealed in a melting-point tube eere studied at low temperaéure
using the 632.8 nm He/Ne laser beam. Raman spectfa were also obtained
at room Eemperatere with both 632.8 nm and 514.5 nm exc1tation using
a Vycor spinning cell and 45° p}erced mirror, as described in
Chapter II. ‘

The observed Raman frequencies for IBr2 SO3F are listed in
‘Table 7 and the low frequency region of the Raman spectrum is shown
in Figure 9. 1In addition to peaks which may be aésigned to.the fluoro-

sulfate anion, three Raman peaks were observed which may be attributed

to the IBr +

. ' -1 ]
2 cation, in contrast to the one peak at 256 cm reported

* Analysed.by A. Bernhardt M1croanalytica1 Laboratory,
Elbach, West Germany
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TABLE VII

Raman Spectrum of IBr2+SO3F—
Relative Frequency Assignment Infrared
Intensity Shifc + _ in Ref. 60
cm—l IBr2 (CZV) SO3F (cs) Cm—l
8 103 v, (a))
75 252 v, (bl)
100 257 ‘ 21 (al)
1. 402 Ve (a') 402
3 412 7 (a") 420
-1 565 va (a") 560
Vg (a'") . 575
1 586 v, (a") 590
2 781 v, (a') 780
25 1060 ) 21 (a*) 1062
5 1201 7 vg (a™) 1206
\
2 12777 v, (a') 1260
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TABLE VIIIX

+
Force Constants for IBr2

v, = 257 v, = 103
Angle £
deé _ mdyn A—1
9 - 1.83
e 1.80
95 1.77

+ -
in IBr2 SO3F
v3= 252ﬂcm'_1
q Calculated v
mdyn A—1 cm-l-
0.187 257
0.184 252
0.181 248

1
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previously (60). This very strong I - Br vibration was observed to be,
in fact, a doublet which could be resolved using narrow slit openings
while scanning the Raman spectrum; the peak at 257 cm—1 may be assigned

to the symmetric stretch vy and the weaker peak at 252 c:m“l may be

* -
assigned to the asymmetric stretch Vs A very weak peak at 103 cm 1

' +
was assigned to the bending mode Vo of the bent IBr2 cation. Raman

1

frequencies observed for the fluorosulfate group agree closely with the
infrared bands previously reported for this compound which are
included in Table 7.

The simple valence force field treatment may also be applied

to the symmetric IBr2+ cation in solid IBrZSO3F. Using vy = 103 cm_l

and V.= 252 cm_‘1 and estimated values of the bond angle the stretching

force constant f and the bending force constant d were calculated.

Then these values were used to calculate vl. The results of these

calculations are in Table 8. They give good agreement for a bond

[+
angle of 90° with force constants f = 1.8 mdyn A 1 and

d = 0.18 mdyn A™L.

Preparation of the IBr cation in solution was carried out by

2
the following three methods:

1) Addition of 0.638 g Br, to 15.8 ml of stock lodine + 1

2

solution. (Br, was transferred using a dropper).

2
2) Dissolution of IBrZSO3F in 100% HZSOA'
3) Dissolution of IBrZSO3F in HSO3F.

The solutions were studied in spinning Vycor cells, as described in

Chapter II, using 632.8 nm and 514.5 nm laser excitation.

* This splitting is too great to be an isotope effect; spiitting

due to’%Br and ®!Br (calculated to be <2 cm™!) is not observed.
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TABLE IX /
Force Constants for IBr2+ in H2504 or HSO3F Solution
- - ‘{

-1 ' 4
vy = vy o= 261 _.vz = 99 cm

J?

Angle £ . d Calculated vy
' B! et -1
deg. mdyn A mdyn A cm
90 : 1.968 0.1407 * . 264
92.5 1.935 0.1385 260
95" 1.904 ° 0.1362 256

i
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. ) +
The spectra of all three solutions containing IBr resembled

2

. + .
the spectrum of the related ICl2 cation which showed a weak low fre-

é'and a single strong peak for the unresolved vl
A

and v3 stretching vibrations. - For IBr2+ in solut&on the strong peak

and v3) occurred at 261_¢';m'_1 and the weak peak v, was observed at

quency bending mode v

(v

1 2

90 cm_I; as shown in Figure 10. The stretching frequency had shifted
upwards (froé 252 apd 257 cm—l) and the bending frequency had shifted
dowvnwards (from 103 cm—l) compared to the v?lues that were qbser&ed
for the cation in solid I§r2+SOBF-, probably as a result of the loss
of cation-anion interaction upon Hissolution of the solid: The

occurrence of such interaction was previously suggested (60) on the

basis of~the observation of nine infrared bands for the fluorasulfate

group in solid IBrZSO3F. )
Simple valence force field calculations for IBr2+ in solution
are summarized in Table 9 . Using v, = 90 cﬁ_l and §3 = 261 cm_'l

the‘calcqlated value of v

1 equalled the observed/value of 261 cm"1
f

when the bond angle was set equal to 92°. Force constant calculations

o “ °_
ave force constants f = 1.9 mdyn'A 1 and d = 0.14 mdyn A 1.

4 The I.,c1" cation

2
The adduct SbClS.ZICl was readily prepared by direct reaction
between ICl and excess SbCl.. Transfer of the reactants to a stoppered

5
. ‘ C A B
Pyrex flask was carried out in a dry bag. Then the pixture was warmed

1

. 'mo .
in a watég bath to 55°C and, om cooling, a dark solid crystallized’

fromAsolution. Sublimation of the crude pyoduct yielded dark brown,

" T
'
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t

C . .
crystals. The elemental analysis agreed closely with that calculated

" for 1.c1tsbel”

2 6 -
Found I, 40.43: ~ Sb, 19.22;  Cl, 39.95
Calculated I, 40.69:  Sb, 19.52  Cl, 39.79

A few crystals were transferred to a Pyrex spiﬁning cell, as described
in Chapter 11, warmed to form a melt, a@d then cooled slowly while
turning the cel% at an angle to deposit a layer of brown crystals

on the curved bottom of the cell. The Raman spectrum, recorded at

-

room temperature using 632.8 nm excitation, is shown in Figure 11; the

2
Ranan bands observed at 335, 296, 260, and 177 cn may “tre~

,

assiéned Lo Vi, v, (split into two peaks), and Vs of the SbCl6—

+ -
frequencies observed for solid 1.Cl SbCl6 . are reported in Table 10.

anion. This agrees with the frequencies (vl= 335, vy = 291, and

v. = 174 cﬁ—l) reported for SbCl, in AsCl +SbCl T (61).

5 6 4 6 J
remaining frequencies,, 124, 187, and 356 cm—l, may be as igned to

the bend, the I - I stretch and the I_- Cl stretch, respecéively,

+ »
of IZCl The observation of frequencieS'that can clearly be

- assigned as I - I and I -Cl stretching modes conflrms the unsymmetrlc

structure I/"\Cl of this 1nterhalogen cation. TIsotopic splitting

of the I - Cl peak (I - 22C1 at 356 cm * and T - 3_7c1 at 350 co 0)

AN

is'§hqwn in the Raman spectrum. The intensities of the peaks are
! . . ’ ' Lo
in the expected 3:1 ratio based on chlorine isotope abundance.

"Very reeeﬁtly Shamir and Lustig (64) Teported Raman fréquencieS'

* Analysed by A. Bernhardt Mlcroanalytlcal Laboratory,
Elbach, West Germany

-
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TABLE X
Raman Spectrum of 1201+SbC16—
* Relative Frequency Assignment Frequencies
Intensity Shift + in Ref. 64
em T I, (c) sbcr  (0) oyt
93 g Lattice 91
90 \1\2: vy (a') (bend) [ 126
20 177 . t 177
~ \is;( zg).
18 187 v, (a") (I-1) 190
-9 260 b - 260
. AV (e ) °
14 296 2 "7 296
« 48 335 : . 334
By 71 ey ,
33 350 v, (ah) a-3cyy |- 350
100 356 v, (a" (1->>c1) 356



fof the same compound which they prepared by the reaction of I

-

2

with SbCl5 in excess liquid Clzf Their reported frequencies which

7

')
are included in Table 10 are in close agreement with the results of

v

4+ . .
this study. The I,Cl cation has also been reported to exist in

2

the fluorosulfate, 12C1803

F, recently prepared by Wilson and

Aubke (65) by the reaction of ISO,F with the stoichiometric amount

3

of ICl. The compound was characterized by chemigal analysis and

. <

infrared study in the barium fluoride region. Raman bands at 126,

197 and 360 cm_1 were reported and were assigned to the bend, I -~ I,

stretching, and I. - Cl stretching modes, respectively.

The I - I

stretching frequency is higher than the frequency observed for

+ .
I,C1l in I Cl+SbCl . This could result from the presence of a -

2 2 6

d1f7erent anion in the solid or it could arise frém traces of ISO3F

which has a band at 195 cm (reported in Chapter VI)._
35

cation has also been characterized recently by Cl and

spectnoscdpy; Corbett et al. (56) obtained IZC1+AlC14—

i

The I Cl

2
1271 nar

n the

IC1 - AlCI, system and observed only ene of the two expected iodine

3

resonances; it was assigned to the central atom. For I Cl+SbC1 -

2

6

however, both expected iodine transitions were observed and were

assigned to the central and terminal iodine atoms of the cation.

I3

Several attempts to detect the 1 Cl cation in solution were

2

unsuccessful., . A solu;ion prepared by the additlon of 0.40 g IC1 to

9.6 ml of stock iodine +1 solution was ‘studied in a Vycor spinning

cell using 514.5 nm excitation Solvent peaks were observed but there

were no ﬁeaks which could reaeqnably be assighed to I

¥ . T

2

Cl+

. Apparently

|
:

77

(66),

.
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I

I .
the expected reaction

" ”n
Ic1+ 1T - 12c1+

did not coccur. There were, however, two unidentified peaks, one at

-

197 cm-l‘and a weak peak at approximately 120 cm—l. These ﬁéy be

-

[4] 1"

due to the unreacted 1 species; they will be discussed further

in Chapter VI.

Crystals of izc1+3b016“ vere dissolved <in dried SO,

+
again, the spectrum of IZCl in solution cggld not be detected.

but,

‘Using a Vycor spinning cell and 514.5 nm excitation the only peaks
observed other than solvent peaks were 211, 423, and 636 cm-l. These

are attributed to the fundamental stretching vibration and overtones
. \ .

of the resonance Raman spectrum of 12 which indicates that the compound

decomposed. Vonk and Wiebengé'(ZQ) repogted that conductivity studies

6

this solvent decomposed the iodine-chlorine compound.

. of the related-‘compound IC12+SbCl in SO2 were unsuccessful because

5. The IzBr+.cation

-

In an ;tﬁemﬁt'to‘produce Iégr+ in sélution'solid IBr.crystals

' (0.9117.¢) wéré_ad@gd to.35.0 g (19.0 ml) of stock iodine +1 solution.
The mixture was heated and s;irrga and the resulting brown solution
was studied in a Vycér spinning cell using both 632.8 nm and 514.5 nm

2

gave peaks at 237 and 476 cm-l due. to the resonance Raman effect but

excitation. When the red beam was used, traces of I * in the solution

. + .
when .the green beam was used I, was not observed.  In neither

2

spectrum were peaks observed which could be attributed to IZBr+

However, in" addition to solvent peaks, a weak bgnd ét'262 cm"l which

a

L2
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-

+ .
may be IBr or a trace of IBr and two unidentified bands at 116 and

2

197 cm—l were observed. These two peaks are probably due to the

unreacted iodine +1 species in the stock solution. This species ,will

be discussed in the following chapter.,

It seemed possible that a crystalline salt of I Br+ might be

2

prepared by transfer of bromide from IBr to a halogen teceptor such as

5 This reaction . B .

+ -
_ ’ 2 IBr + SbCl5 > I2Br SbClSBr

SbCl

would be analogous to the chloride transfer which occurs in the

' +
preparation of the'IZCI salt:

h citsver. .

2 IC1 + SbCl. - ?2 6

- K 5

-

Accordingly, IBr and SbClB in the mole ratio 2:1 were transferred in

a dry bag to a Pyrex spinning cell, as described in Chapter II. The
mixture was warmed in a 60°C water.bath and then allowed 10 cool in a
refrigerétor to yield a dark’réd—brown soli@. éince this solid melts
at room temperature the spinning cell was cogled in a stream of nitrogen
during Rgman study. A Dewar surrounding the cell was not required.

The Raman spectrum obtained using 632.8 nm excitation is
given in Fié;re 12 and the frequgncies of the bands are reported in
Table 11. The bands at 123, 184 and 247 cm—1 may réaSOnably be

[y

assigned-to the bend, the T -~ I stretch agd the I ~ Br stretch,
. % :

/I

the existence of a.crystallipe'salt of IzBr+ had been reported

. N\ 5
respectively, of the unsymmetric bent I Br cation. No evidence for

previously and there were only two reports of the pentachlorobromo-

//antimonate anion: The SbClSBr_ frequencies were assigned by comp?rison

-, —

+
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Figﬁre 12. Raman spectrum of IZBr+SbC15Br~
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* TABLE XI
Raman Spectrum of IzBr+§bC15Br-
ative Frequency. Assignments
ensity Shift + _
cm—l IzBr (cs) SbClSBr (Ch
100 123 vy (a') (bend)

6 152 Br-Sb~Cl bend
16 174 C1-Sb-~Cl bend

5 184 v, (a') (I-I)

4 204 ' -

5 225 C1-Sbh~Cl bend
75 234 Sb-Br stretch
90 247 v, (a') (I-Br). ,

10 269 Y.

} Sb-C1 stretch
10 284
24 320 Sb—~Cl stretch
40 341 Sb~-Cl stretch

Reference 67

81

SbClSBr— in
(CH.,CO)SbCl _Br*
3 5

) -1
\Y cm
(e) 147
(a;) 170
(b2) 220
(al) .249
(al) 290
(e) 324
(al) 340
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with the frequencies recently reported by Goetz, Deneux and Leroy (67)

for CH3COSbC1 Br which are included in Table 11. The frequencies

5

assigned to SbClSBr— are also ‘in agreement with the bands reported (68)
at 158, 173, 223, 289, 308, and 332 cm * for the anion in

(C,Hc) NSbC1 Br.

Very recently Wilson and Aubke(65) reported the preparation of

IzBrSO3F by the reaction of ISO3F with IBr. The compound was character-

ized by chemical, analysis and infrared spectroscopy in the barium
fluoride region. Raman peaks at 198 and 258 cm—l were reported. Both

of these frequencies were also reported by them for IBr2803F° "It seems

unlikely that the I - Br stretching frequency would have the same value

in both IBr2+ and IzBr+. Also, the peak at 198 r;m—1 is proﬁably due to

unreacted ISOBF. The Raman spectrum of IS0

in Chapter VI.

3F will be discussed further

6. Conclusions

Laser Raman spectroscopic studies of the solid salts 1612+SBC16‘

+ -
and IBr2 SO3F‘1have established that the catiogs in these solids have,
I
VAN
as expected, a symmetric angular structure X X. The observed

0 -1 .
frequencies (cm 7) for the cations are:

ICl2 vy = 356, 362 and 370 vy = 148 vq = 368 (est.)
+ . ’ .
IBr2 : v, = 257 v, = 103 Vy= 252
For both cations, observed as solid salts, the frequency of the V3.
"band (asymmetric stretching) was slightly less than the v frequency

1

- (symmetric stretching) and the .intensity of v, was considerably less

3

2 » + M
than the intensity of v In the case of ICl, , the stretching

17 2
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vibrations are split due to the effédgt of chlorine isotopes. There
appears to be some cation—-anion interaction in these solid salts.

This explainsg the increase in iodine-halogen stretching frequency

..+
observed for both cations when they were studied in solution. For IC12

the frequency is shifted from 362 and 370 cm—1 to 387 o:m_1 while a

- - +
frequency shift of 257 cm 1 to 261 cm 1 is observed for IBr2 . Judging

from the magnitude of the shifts, the effect of chlorine bridging in

+ - + -
ICl2 SbCl6 is greater than the cation-anion interaction in IBr2 SO3F .

The simple valence force field treatment has been applied to

-~

the Raman data obtained for IC12+ and IBr2+ in both solid and solution.

Stretching and bending force constants were calculated and subsequently
they were used to obtain approximate bond angles for the cations. The

results of these calculations are summarized in Table 12
: »

The IC12+ and IBr2+ cations have been characterized in solutions

prepared by the addition of CIZ or Br, to sulfuric acid containing

2

12/H103 = 2.0. This confirms the cryoscopic and conductimetric
measurements of Senior and Grover (27) who had proposed that the

.. + , . ’
formation of IX2 proceeds according to the overall equation:

21, +HIO, + 5 X, » 5 1x2+r$ 3 }130+ + 8 Hsoa~
+ 8 H,50, _

. +
There 1is, however, no Raman evidence for the existence of I.Cl ,and .

2

IzBr+ in solutions prepared by addition of IC1l or IBr to similar

iodine-iodic acid solutions, as suggested in the earlier work of

Garrett, Gillespie, and Senior (16).

. +
This Raman study has also confirmed that ICl2 is formed in
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TABLE XI1I

Raman Frequencies, Force Constants and Approximate Bond Angles

+
of IX2 Symmetric Cations

, -1 .
Raman Frequencies,cm Force Constants Approximate Bond

o—-
. mdyn A 1 Angle, deg

\)l \)2 \)3 £ .(-i' o

1c1,” (soln.) 387 148 387 2.4 0.19 90
+ *
1c1," (solid) 370 148 368 2.1 0.19 90
IBr2+ (soln.) 261 90 261 1.9 0.14 92
IBr2+ (solid) 257 103 252 . 1.8 0.18 90
+ [ .

I (soln.)® 207 114 233 1.7 0.31 114

3

* vy is under the Vl band; estimated value = 368 cm-1
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»

the reaction described by the equation,

- <+ + (-
Vi -
12 + 3 HIO3 + 10 ICl3 + 24 HZSOA 15 ICl2 + 9 H30 + 24 HSOA ]

as suggested by Senior and Grover (27).

Recently Shamir and Lustig (64b) reported preparation of a

.

+ - BN
trihalogen cation as BriCl SbCl by combining equal moles of IBr,

6

SbCl5 and Clz at roomﬂtemperature. Sublimation of the product yielded

dark red crystals. Mass spectra results and observed Raman frequencies
for the solid were listed but they do not conclusively establish the

+ .
existence of the BrICl cation. These results cou15~3}so be interpreted

+ - -
in terms of a mixture of 1C1,'SbCl,~ and IBr, SbCl.”. o fact, the

6

- : <
370 cm l) agree exactly with those reported in this study for

) '3

frequencies claimed for BrICl+Sb 1 (70, 149, 170, 177, 268, 323, 362,

6 °

spectra and a band at 255 cm—1 were also reported. The samples

IC12+SbC1 A band at 125 which did not consistently appear in all

apparently had a variable composition and these two bands could be

+ ’ +
» or possibly to Izﬁr . In any case, it seems +
I

7\
improbable that the T - Cl stretching vibration in+the proposed Br Cl

1
R . \
cation yould be the same as that of the known Cl/ Cl cation.

attributed to IBr2

In the present study the observation of Raman bands which

clearly may be assigned as I - Cl stretching, I - 1 stretching, and

+
bending establishes that the unsymmetric bent cation I.,Cl 1is present

2
in the adduct SbClS.ZICl. This brown solid, then, may be formulated
+ — .
as the salt 120l SbCl6 . It was easily prepared by direct ‘combination

of ICl and SbCl5 rather than by the previously reported method of

treating an 12 - SbClS mixture with Cl,.
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The;observatioﬁ of Raman bands which may be attributed to the-

. , R +
correspondlng‘ﬁnsymmetrlc bromo—-cation 128r and to the mixed anion-

SbClSBr- provides evidence that IBr can form a salt with SbCl.5 by '

bromide transfer, as_ﬁescribed By: .

. . . _
2 IBr + SbCl5 - Izﬁ{ SbClSBr

. N _
This reaction is analogous to the formatien of 1201 SbCl6 by chloride
. . . Y

transfer from IC1l to SbClS.

: The observed Raman fregquencies ( cﬁ-l)for the unsymmetric

* /I\
bent interhalogen cations T X are:
N +‘ _ _ _ \/
1201 : Vi _c1 T 356 Vi_ 1% 18? VLend = 124
IBr: = 247 v = 184 = 123
L V1 -1 Ybend '

2 .. V1 -Br

~

The observed halogen;halogen stretching frequencies for both the

symmetric and unsymmetric triatomic interhalogen cations aye listed in

Table 13. The I - I stretching freqﬁenciés of 13+ and the fundamentai

+ vibrational frequencies of Iz+, molécular 12, IBr, and ICl are also .

1

. % .-
included. - . ,

'

!
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5
& +
R IZBr
+
IZCl
+
iy N 1-3
12,
+
E. 12
£
E iBr,
3 : IBr2+
IBx
L+
1012
» +
| 1012
‘ - ICl

PN
!
I

TABLE XITII

Halogen-Halogen Stretching Frequeﬂcieé

in Cations and Molecules, Containing Iodine

Cation or Molecule

I-1 I - Br
+ —
in IZBr SbClSBr 184 247
+ -
in IZCl SbCl6 ' . 187
in solutién vl 267
'.
v3. 233 i
« .
molecular 213
+ — N .
in I2 SbZFll and in soln. 238
+ _ .
in IBr2 SO3F vl\ 257 o
v3\ 252
in solution 261
. *
molecular 265

+ -
in ICl2 SbCl6

in solution

*
molecular

* Reference 41

/
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Raman Stretching Frequencies, cqal

T

I - Cls

356

v, 370
1
vy | 368 (est.)

387

381

K



'CHAPTER VI

N

Evidence for a Polyatomic Iodine +1 Cation

- (‘1 . Introduction

..}

positive ions had come in 1938 from the investigations of Masson (2).

The first suggestion that iodine exists in the form of

He obsar;ed that the reaction of chlorobenzene with browﬁ solutions of
+ dodine and iodoéyl sulfate in sulfuric acid produced chlorotri-iodo-

genzene and a precipitate of elemental iodine.‘ No iodoso dgrivatives

were~produceﬁ, suggesting the effective absence of trivaient ioéine

+ . .
(10'), and it was concluded that '"the active iodine in the brown solute

_ is univalent." Masson suggested that:the following equilibria are g
involved
ot + 2wt 2 I'”+H20 (1)
. N . )
e, ¢ 3T C ()
+ > +
I'+nl1, +"11+2n (3) .

with values of 1 and 2 for n in equation 3 giving rise to the cations

\
+ . - -
1, I3+ and IS+’ just as there are the negative iodine ioms, I, 13 .

and IS-. Successive repetition of the reaction described by equation 4

+ {

. + ‘
I + 20 +RH - RI +H +n I, (4)
- i
accounted for the formation of, the observed organic iodination’ products

. r ) | - 5
and for the precipitate of elemental iodine. Masson also suggested

LY

+ .
that I with only six valence electrons would be very unstable. The

"

88
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equilibrium répreéented by equation 3 would, then, be far to the right.

. +
The equilibrium concentration of I would, therefore, be very small

: +++ .
and it should likely be represented as a mixture of IO+, I . I3+

+
and 1 according to an overall equilibrium represented by equations 1,

5
2 and 3.

Later, Garrett, Gillespie, and Senior (16) studied gome of
the lower oxidation states of iodine which they produced by reaction

of I2 and HIO3 in varying proportions using 100% H2804 as solvent.

For the system with the mole ratio IZ/HIO = 2.0, in which iodine

3 v
would be in a formal +1 oxidation state, the following possible )

reaction schemes were considered:’

. + + - .
2’1, + HIO, + 8 H)S0, =+ 51 + 3H,0 + 8HSO, w , (5)
2 I, + HIO, + 8 H,S0, > -5 IHSO, 4 3 H;0 + 3 HSF)A (6)
4 . ’ + +. -
8 I, + 4 HIO, + 17 H,S0, = '5 I, + 7 H0 + 5 TOHSO, + 12 HEO, (7?

Formation of the iodine cation I+ (eqhag}on 5) or of un-ionized

iodine (I) hydrogen sulfate/(equation 6) was’clearly inconsistent with
their observgd cryoscopic and conductimetric'déta. %heir éxperimenpal
results were, however, in fairly good agreement with the values
éequfted for equation 7 and thus. they copcluded, as had Masson, that

iodine +1 was largely disproportionated to the +1/3 and +3

~
AN

oxidation states.
. o + .
Conjecture comncerning the existence of I arose again during
investigation of the blue solutions formed by iodine ih oleum and in

other acidic media. Symons-et al. (3) proposed that the blue iodine

\
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-

specie§ was I+. Subsequently,Gillespie and Milne (5) established y
that the blue iodine cation is the paramagnetic diatomic I£+ cation.
Evidepce for ?2+
- Although there is ﬁo evidence for the existence, inqappreciable

is discussed more fully in Chapters I and IIL.

amounts, of iodine +iJ;;\§‘monatomic cation, some evidence has
accuﬁulated which suggests that unipositive iodine may exist in some
cationic form other than.I+h This evidence qriseé from some of the
Raman épe;tra obtaiAed'during-the present investigation‘of iodine
cations and suggests the existence of a new' polyatomic éétion containing

iodine in the +1 oxidation state.
5

.
L4

2. Evidence for a new polyatomic iodine +1 cation

(a) Precursor of triatomic cations formed in solutionm.

[

The general preparative route used during this stu@y for the
formation of triatomié cations of iodine in'sqlution was the ;ddition
of halogen tonsulfuric ac;d solutioq; conta%ning IZIHIO3 in the mole
ratio 2:1’(refeired to in’Chapter V as the stock solution). ﬁith
th%s proportion of oxidant, dodin;‘would be gn a fqrmél +1 oxidation
state. Considering éhe ea;lier work of Masson (2) and Carrett et al.(16)
and in view of'the evidence against I+, it was assumed that iodine +1

disproportionated to +1/3 and +3 oxidation states. Thus the iodine

. ~ . . + ~
species present in the stock solution were assumed to be I and

3
iodosyl hydrogen sul fate IOHSO4 or I(HSOA)3. On addition of IZ’ C12,
- ' + +
or Br2 to portions 6f the stock solution, production of 13 s IC12 s

+ .
and IBr2 proceeded according to the overall reaction described by
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t -
2 T, + HIO; + 5 X, + 8 H,S0 0" + 8 Hso, (8)

+
2 3 *SIXZ + 3 H

4 3

(X2 = IZ’ Brz, Cl IBr, 1C1).

Q

Raman spectra for these three symmetric cations were obtained (cf.ChQPCers

2’

IV and V). In the earlier cryoscopic¢ and conductimetric studies (27) it

had been emphasized that the above equation is a net stoichiometric
equation and is not intended to represent a mechanism for the formation

of triatomic cations. Although the mechanism is not known and regardless
[

of what intermediates are actually involvéd, the equation does describe

the overall behaviour of systems wh‘ere_i2 = IZ’ Clz, or Br

when X2 was ICl or IBr no Raman evidence was obtained to support form-

2 However,

»
-

. + .
ation of the,unsymmetric cations 1201 and IzBr . The .latter solution

had a band at 262'Cm—1 which is probably due to IBr. 1In the spectrum

of the solution to which ICL had been added bands due to I - Cl -
. stretching in either ICi or 12C}+ would likely be close to the

doublet (392 and 422 cm_l) of H,50, (63): in this region only solvent

+
bands were observed. Apparently formation of 12X cations does not

-~
[y

occur as described or the reaction was incomplete in these experiments.

-

There wasyi however, a band at 195 cm-'l observed in both spectra.

)

Since the expected triatomic cations were not degected and, considering
that the same frequency was observed in the spectra of two‘differen;
reaction mixtures, it appeared that both,solutions contained the same
specles. This suggested the intéregting pbssibility qhgt the épépies

existed in the original iodine +1 stock solution. To investigaté

s ..
this furthér, a samplelof iodine +1 solution (prepared by mixing

ry

r - - -
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0.2177 g HIO, and 40 ml 100% HZSOA) was transferred

0.622 g IZ’_ 3

directly to a Vycor Raman Cell. The spectfum which was observed

]

using 514.5 nm excitation is shogﬁ in Figure 13. Freshly p?epared
solutions are ‘a greenish-brown color and their spectra show a band

at 238 crrf_1 due tro 12+ and a strong band at 195 cm—l. The 12+ cation

is unstable in 100% H2804 and with time or by addition of a little water (q
to the solutiqn, the color changes to brown and thé 12+ peak at 238 cm—l

’

disappears. The frequency of the strong peak at 195 cm—ljdoeé_not
coincide with any oﬁ the observed fréquencies forvIB+ (1%5, 207 and
‘233.cm-1 as reported in Chapter 1IV). i3+ was one of the speciés

assumed to be%present in this solution and the other, I(HSOA)B’ would
not be expected to haye Raman vibrations in this region. | The 195 cm-—l
peak is, however, in the réﬁge of observed iodine stretching freq;encies
=184 en ! in solid I,Br'SbCL,Br , 187 em © in solid I,c1'sbel,,

3+\in solution and 213.cm'—l for molecular 12 (41), gll

of which have an I - 1 bond order of 1.0; 12+, with‘é bond order Qf

[

207 cm—} for I

. - } .
1.5, has a considerably higher stretching frequency at 238 cm 1. Based
on .the foregoing, the Raman band at 195 cm—l, detected in HZSOA
§olutions containing 12/HIO3 in the'mole ratio = 2.0, is assigned to

the fundamental é%retching vibration of a new iodine +1 cation which

may be represented by Inn+, where n is greater thiy
. (b) Precuxsor of triatomic cations in solfd salts.

So%yﬁ IBrZSO3F was prepared for thi

investigation according

to the method of Yeats, Wilson and Aubke

[}

Br2 with iodine fluorosulfate (ISO

60) by reaction of excess

F). Earlier, Aubke and Cady (18)

3
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236

» -
l |
300 : - 200 [0]0)
AV, cm™!
Figure 13, Raman spectrum of.sulfuric acid.solution containing IQ/HIO3 = 2.0
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had reported that reaction of ISO3F with 12 produced 13303F and
reaction of ISO3F with excess Cl2 produced IClZSOjF. This general,
preparative route, described by the equation,

' 60°C : )
ISO3F + X2 - IX2303F

has recently been extended by Wilson and Aubke (65) to include

preparation\of 12QlSO F and I,BrSO.F. TIn this method, ISO,F is an

3 2 3 3

essential reactant -in the production of triatomic halogen and inter-
halogen iodine cations. 1Its role 1s similar to that of the iodine
+1 solution, described above,'and it, too,.contains iodine in a formal

+1 ‘oxidation state. Solid 1503? is described as a black, diamagnetic

.

compound which melts at 51.5°C. It Qas first prepared by Aubke and

Cady (18) by reaction of equal moles of I, and peroxodisulfuryl

-

2

difluoride, according to the equation

12 + SZO6F2 + A ISO3F.

The structure of ISO3F is not known and X-ray structural determination
is probably not feasible due to the tarry consistency and low mélting =
point of the compound. Although infrared study indicates that iodine

in ISO,F is not covalently bonded, the ionic form I+SO F seems un-

3 3
likely. Also, the deep color of the solid suggests that it may contain

k.2

I - ¥ bonds. To further @nVestigate its structure, ISO3

using the literature method (18) and the Raman spectrum of the solid

F was prepared

was obtained at room temperature using 514.5 nm excitation. During
Raman study the sample was contained in the spinning Pyrex cell

(described in Chaptér I1) in which it had been prepared. A single

’

. band at 195 cm_1 was observed. Then hot air was directed to the

4
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l

i

‘Apparently when ISO,F is dissolved in sulfuric acid I *

" 95

spinning cell to melt the sampie. The resulting black viscous syrup

does not wet Pyrex and it flowed up the walls of the spinning cell. s

[

The position of the cell was adjusted so that a spectrum of the melt

.

could be recorded. Again, a peak at 195 cm—l was observed. This
Raman evidence suggests that ISO3F contains an iodine species having

two or more iodine atoms. It has the same fundamental stretching
i
L)

frequency that was observed for the iodine +1 solutions and one may
+
conclude that the same iodine cation Inq is present in both systems.

Apparently this cation retains its structure when ISO3F is in a molten

state; this is interesting because the general preparative method
(equation 9) requires the reactants to be heated beyond their melting

points. Quite probably, then, the {odine cation which, reacts with
IS
> 4

-
halogen molecules to form triatomic halogen and interhalogen iodine
cations is present in both solid 1SO,F and in molten ISO3F.
+ . .
The I“n structure is also retaingd whsn ISOBF is dissolved in

100% “2804 A Raman spectrum of this solution, observed using a ¥ycor

spinning cell and 514.5 nm excitation, showed two peaks - a very
strong peak at 195 and a weaker band at 238 cm-l. In fact, the spectrum

was identical to that observed for a freshly prepared solution contain-

I /HIO = 2.0 in

gi}OOA H,S0,. Althbugh Chung and Cady's (54) study of the I, - 5,0,F,

system showed no evidence far a solid of the composition IZSO3F,

Gillespie and Milne (5) have established that reaction of S 06F2 and 12

in the mole ratio 1:1 and 2:1 in fluorosulfuric acid produces 12

+
The maximum amount of 12 is produced using a 2:1 mole ratio.

3 2 as well as



+
Inn cations exist in the solution, indicating that some of the
lodine +1 must disproportionate to +1/2 and +3 oxidation states.
\-*: i
The I2 cation is less stable than Inn+and, after addition of a little

- . -+
water, the 238 cm 1 peak disappears. Thus Inn can exist in solutions

that are made up from <100% HZSOA'

(¢) Iodine in oleum

A freshly prepared solution of iodine in/30% fuming sulfuric
acld was studied in a Vycor spinning cell using 514.5 nm excitation.
In addition to solvent peaks there was the characteristic Raman band
observed at 238 cm-l'which is dué to 12+ and another band of approx-
imately equal intensity at 195 cm“l which may be attributed to the

v

n+ )
proposed In species. y

(d) 12—.AsF5 compound in fluorosulfuric acid

+ +
- Solid compounds containing 12 or I cationﬁ are discussed

3

in ChaptervaII and IV. 1In one experiment, 1.4166 g 1

2 (5.58 mmole)

was reacted with 1.20 g AsF. (7.04 mmole) using the general preparative

5
method desgrit2d in Chapter 1I. This was a 26% excess of AsF5 over
the 1:1 mole ratio of)reactants required to produce I3+ASF6:. After
s ¢

i -

slow distillation of -some aof the SO2 from the brown solution dark ,

crygtals began to form. The remaining supernatant solution was

-

decanted through the sintered glass filter and the 502 side of the

for one hour before the product

apparatus was piaced in "1liquid NZ

x .
side was sealed off. The elemental analysis was definitely not in

* Analysed by A. Bernhardt Microanalytical Laboratory,
Elbach, West Germany
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+ -
agreement with that calculated for 13 AsF6 :
Found I, 52.50; As, 20.48: F, 26.14

Calculated I, 66.83 As, 13.15 F, 20.01 .

Although the solid may have contained some IB+’ most of the iodine

was probably in oxidation states greater than +1/3 because of the
large excess of oxidant used in the preparation. The dark browq color
of the solid hampered detection of Raman bands even with the use of

F, studied

spinning cells. However, a solution of this solid in HSO3
in a Pyrex spinning cell using 514.5 nm excitation, showed a strong
band at 238 cm,_l (12+) and a somewhat weaker band at 195 cm-l. The

latter band appears to be due to an iodine cation in an oxidation

state greater than +1/3 or +1/2. Probably it should be‘assigned
+-

to the new iodine cation Inn in which iodine is in a +1 oxidation

gtate. - -

(e) l§r2503F in fluorosulfuric acid

v

The preparation of IBrZSO3F is described in Chapter V. This
compound, dissolved in HSO3F, was studied with 632.8 nm excitation using
a Vycor spinning Raman cell, as described in Chapter 1II. Bands which

+ ' -
may be attributed to IBr2 were observed at 90 and 261 cm 1 and traces

+ -
of 12 produced an intense peak at 238 cm 1. However, when 514.5 nm

excitation was used the spectrum shown in Figyre 14 was obtained. In

addition to the bands already described there was a peak at 200 cm-'l
+ . ‘ -
which may be attributed to Inn and there was another peak at 290 cm 1

+
which might be due to IBr (previously unreported) or to Br3+ [;ﬁported

\
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Figure 14. Raman spectrum of IB]:;'SO3 F dissolved in HSO3F




by Gillespie and Morton (12) to occur at 290 cm-l}.

”

(f) Absorption measurements

Stock solutions containing I /HIO = 2.0 and a solution of

3

ISO3F in 100% H SOA were studied u51ng a'Cary 14 UV and visible

spectrophotometer. The,K same absorption spectra were obtained for both

solutions. initially the sdlutions appeared pale green and th&\observed

spectra had absorptions at 290, 460 and 640 nm. Upon addition of water

the color changed to brown and the 640 nm band (Iz+) disappeared. The

-
bands at 290 and 460 nm may be attributed to the more stable Inn+

cation. The absorption data, however, are not conclusive evidence for
a new species because 13
ed (5) at 305 and 470 nm. Nevertheless the bands reported here may

has a very similar spéctrum with bands rep&rt—

> - + ’
indeed be due to a new species distinct from 13 . McRae (19) prepared

a fed—brown‘solid by reaction of 12 with SbFS. The absorption spectrum

of a solution of this solid in 100% HZSO4 was 1dentical to the spectrum

~

observed in thlS study.
v

3. Conclusions
—_— . .

Tbe’experimeﬁtal results reported above provide evidence fof
the existence of acneﬁ polyatomic c;tioﬁ containing”iodine in'g +1
oxidation state. This species may be formulated as inn+ where n > 2.
The Raman spectrum of this cation con;ists of a strong band éf 195 cm
which appears ;o be polarized. 1In épectra obtained using fhe 514.5 nm
laser there is a very weak overtone at 392 cm~}. In some of the

~ observed spectra there was a very weak band at approximagely

. o
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115 - 120 cm—l. In other spectra, however, this region could not be

-
- T

scanngd because of the wide band of scattered exciting radiation. §:

this band is real then it would be assigned to a bending mode of 13

or 144+. " The Inn+ cation would have a total of 6n valence electrons.

-

with 24 valence electrons a séUare planar configuration (a)

S T——T1: ' ¢ /]}:\

For 144+

| Sl

<

(a) - ()

tI—1: .

seems more plausible than a tetrahedral arrangement (b) which requires

only 20 valence electrons. For I33+ with 18 valence electrons the most

likely structure would be an equilateral triangle. These structures

are proposed on,the'assumption that all of the atoms in the 1 cation

n
e

. e
are equivalent. The hypothetical I 3 cation would, however, be

3

isoelectronic with the ozone molecule 03, a structure in which the

atoms are not equivalent. Ozone has a bent structure (sz symmetry)

and the bonds have some double ‘bond character. Although double bond

+
formation seems unlikely for iddine the possibility of 133 having a

structure simlilar to that of 03 can not be'entirely ruled out. The
+ .
existence of the 122 cation appears to be the least likely of the

+
proposed structures for Inn . Formation of I would involve removal

2

of two electrons from antibonding orbitals of 12. The vihrational

frequency of I 2+

2 would, therefore, be expected to be greater than

"238 cm_l, the observed viBrational frequency of I + The frequency

P ] 2"

observed for Inn+s(l95 cm_l) is, in fact, less than that observed for

12+ or for molecular 12 (213 cm—l). Also, the hypothetical X 2+ cation

2

would probably be parémagnetic (due to. the presence of two unpaired

3
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electrons) as are the known isoelectronic molecules 02, Se2 and Tez.
“This would not be consistent with the reported diamagnetigm of ISO3F
which, presumably, contains the Inn+ cation.

The Inn+ cation appears to exist in solid ISO3F, in molten

.

ISO,F, and in H,SO, or HSO

3 2774 3

metric amount of oxidant to form the +1 oxidation state. In this study

F solutions containing 12 and the stoichio-
. \

: s . : X ~1
the characteristic I-1 stretching vibration at 195 cm =~ was observed

in the spectra of

(1) solutions containing IZ/HIO3 = 2.0 in HZSOA'

(2) solutions of IS?BF in HZSOA'
(3) solution of 12 in 307 oleum. '\
. - (4) solution of‘Iz— AsF5 compound in HSO3F._

-~

The existence of the Inn+ cation helps'to explain some of the
14
discrepancies in earlier studies of iodine-cations. Symons (69)

studied blue solutions of'I,2 inlolepm and found that the value obtained

: +
for the magnetic-moment of the proposed 1 cation was less than

-

. ’ +
expected. (The blue species is actually 12 but his value would still

be low). To éxplain this, he suggested that the cation was in

3

IHS. O or IS0 + in which it would be covalently

4’ 277 3

bonded. 1In fact, the solutions that he studied may have contained . a

~

equilibrium with IHSO

+ +
mixture of I and Inn . The low temperature behavior of IZ+ solutions,

2
) , . + 2+
previously attributed to a dimerization of two I2 ions to form 14 .

may possibly be expldined instead in terms of a disproportionation of
+

IZ . Disproportionation would produce two or more iodine species

having oxidation states 'other than + 1/2..0ne of the poésible species

. - . -~ nt
with an oxidation state greater than + 1/2 is the Inn- cation.
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‘

It is interesting to note that Masson considered two hypotheses

+ )
involving.I . 1In the first (described earlier in this chapter) he

+ + -+ + +
proposed that 1 was represented by a mixture of 10 , I ,.I3 and I5 .

Alternatively, he propgsed a 'micelle' hypothesis, "wherein the tyiply-

charged iodous cation takes up an iodine molecule (or more) but without

then dividing into univalent ions: that is

M e 1 -+
-2 1+ 2n

This hypothesis meets the observed fact that the solubility of iodine

per iodous molecule does not much vary with the iodous concentration."

(2).
Elucidation of the Inn+ structure will be most interesting.

The low melting (m.p: 50.5°C) black 1803F is not a suitable solid for

X~ray structural determination. However, preparation of iodine (I)

trifluoromethanesulfonate ISO_CF, has recently been reported by Dalziel

373
‘and Aubke (70). It is described as a brown, very hygroscopic solid,

melting at 122°C, preparéd by reaction of iodine'tris(érifluoromethane—

L

sulfonate) I(0SO The observed infrared frequencies were

2CF3)3 with 12.

reported but the authors were unable to obtain a Raman spectrxum. The

-

only comment concerning the structure of this compound was the

suggestion that it may be a polymeric structure with a polydentate

SO3CF3 group. Instead, on the basis of evidence presented here, it

seems likely that ISO3F and ISOBCF3 both contain iodine in the same
n+

structural configuration. That configuration is probably In with

n » 3.

-
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. - APPENDIX T

2N /%

N
For ‘the symmetric structures X X and 21 Y (point group C2v)

-

a simple wvalence force field treatment of the Raman data was used to
calculate approximate values of the stretching force coﬁstant £ and the
bending force constant d; the bond angle o was also estimated. These
quantities are related to the‘observed Raman frequencies vy (sym. stretch),

v, (bend) and Vi (asym. stretch) by'the equations (38):

4n’c 2 1 - cos a 1
(1 e, " = f——— + ]
) N V3 M N
& o
4n2c2(v 2 N 2) f[1 + cos a 1_] + 2d[l - cos a ; l*ﬂ
N = - M M- M
) N V1 2 M M, 0 .
\
2.2
4r¥el 2 2 2 fa2 2, 1
(3 T = Gt
Y X Yf

.

where M = Atomic.Weight and N = Avogadro's Number. 1If v is in'cm—l

and ¢ is in cm secfl, then the units of the force constants f and d

°-1
are mdyn A .

-
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