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ABSTRACT

A number of new oxyfluoro compounds of Br (V) have been prepared .

and isolated; their structures and some of their reactions have been

investigated by>1gF nmr and Raman spectroscopy. The previousfy reported |

oxyfluoride B%OZF has been characterized for the first time, and the

preparatidn and characterization of the Breviously unknown BrOF3 is

described. Reaction of thése oxyfluorides with the Lewis acids BE3 and
AsFg has been shown to produce the new cations Br*02+ and BrOF2+. The

anions BrOZFZ' and Br0F4- have also been prepared for the first time by

several methods. These new cations and anions have been characterized by

19 .

Raman and “F nmr spectroscopy. Similar results have been simultaneously

reported by other groups, working independently.

Two selenium (IV) anions SeOZF and Se02F22 » which are isoelec-

tronic with BrO F and Br0 F2 , respectively, have been 1nvest1gated The

Raman spectrum of the SeOZF anion has been reassigned and evidence for
the formation of the Se02F2 anion is presented for the first time.

The ]gF nmr spectrum of the bromine (VII) oxyfluoride BrO3F has

been recorded and interpreted. The Raman spectra of solid and 11quig
BrO3F have been. obtained and used to support the previously reported

dssignments of the fundamental bending modes of this molecule. A number

L

of reactions involving the bromine (VII) species BrF 0 " and Bro F

6 H
are described. These reactions were carried out in an unsuccessful attempt

to pfepare the unknown oxyfluorides Br02F3 and Brer



“

kd
L)

ACKNOWLEDGEMENTS

The author wishes to\thank his research director, Professor
R. J. Gillespte, for suggesting an 1ntergsting topic and for providing
guidance and encouragement of this work.

Thanks are a]sb due to Drs. J. P. Krasznai qnd G. J. Schrobilgen
whose encouragement and experimental assistance were invaluable.
/ The author wishes to thank the technical staff of McMaster
University for their maintenance of the Raman and N.M.R. facilities.
Much appreciation is also extended to Mrs. Edith'Denham who typed this
thesis and to Dr.:-R. Burns who proof-réad the manuscript.

Financial assistance from the Research Council of Canada, which
provided a scholarship from 1972-1977 is grateful]y’ackﬁowledged.

Finally, the author wishes to thank Fran, his wife, for her

patience, understanding and support.

iv



Q

) TABLE OF CONTENTS~-

CHAPTER 1 i
INTRODUCTION i
A. General
B. Bromine Fluorides )
C.  Bromine ‘Oxides
D. Halogen Oxyfluorides: -Their Existence, Amphoteric
Behaviour and Structures
E. < The Unusual Nature of Br (V}I) Compounds
F. Purpose of the Present wofi-c).
CHAPTER II
EXPERIMENTAL , )
A.  Vacuum Techniques aﬁz Sample Handling
B. Instrumentation ’
(i) Laser Raman Spectroscoby
(11) Nuclear Magnetic Resonance Spectrocopy
C.

Preparation and Purification of Starting Materials
(i) Gases :

) (a) Fluorine

(b) Inert Atmospheres

L

(ii) Solvents
(a) HF
(b) 502C1F and SOZFZ
(c) Acetonitrile

iR
14

15
15
17°

. 17

19

20
20
20
20

21
21
21
21



CHAPTER I1I1

PREPARATION AND CHARACTERIZATION OF KBrO,

(ii1) Lewis Acids

(iv) Other Reagents
(a) Metal Fluorides
(b)‘BrF5 and IF¢
(c) KBr0, and KBrO

SeO2 and SO

4
2

KBr‘F6

CsSOZF

)
)
() KrF,
)
)
) KrF'AsF,~ and Brfg AsF

b

ob

Iodine Oxides and Oxyfluoro Species

AND_KBrOF ,

A.
B
C.

Introduction

Preparation and Properties of KBr02F2 and KBrOF4

Characterization of KBr0 F2 and KBrOF4 by Raman

2
Spectroscopy

9 nM.R. Spectrum of KBrOF ,

The Reaction of K8r03 and BrF5

Experimental Section
(i) Preparation of KBrOF , and KBrO,F,
Reaction of KBrO, and KBrf ‘

; 6
(ii) Hydrolysis of KBrF

(iii) Reactions of KBrOF, and KBrO,, and KBrF6 and

KBrOZF2

(iv) Reaction of KBr0g with Brfg

vi

e

by the

“Page

21
22
22
22
22
23
23
23
23
24
24

25
25
25

28
4
42
47

47
48

49



%

CHAPTER IV

THE PREPARATION AND THE CHEMICAL AND SPECTROSCOPIC PROPERTIES

~

OF Bro,F AND ér0F3_ . 50
A. Introduction 50
B. Preparation and Properties of BrOZF 51
C. Characterization of BrO,f by Rapan and '°F N.M.R.

Spectroscopy _ . 53
(i) Raman Spectroscopy 53
(i) 19y M.R. Spectroscopy - 59
"D.  The Reaction of BrO,F with KF 60
E.  Preparation and Properties of BrOF, 60
F. Characterization of Br0F3 by Raman and lger.M.R.
Spectroscopy . 63
..~~~(i) Raman Spectroscopy o 63
(i1) ]gF N.M.R. Spectroscopy ) A
G. Reaction of BrF5 with HZO and Iodine Oxyfluoro Species 72
(i) Hydrolysis of BrF5 72
(ii) Reaction of BrF. with Todine Oxides and )
Oxyfluorides ' 73 -
(ii1) Reaction of Brf, with 102$O3F 76
H. Reaction of BrOzF with Ker 17
I. Experimental Sectian ’ © 78
(i) Preparation of BerF . 78
(ii) Decomposition of BrOzF in HF 78
(it1i1) Preparation of BrOZF Samples for Raman and
]gF N.M.R. Spectroscopy 79

(iv) Reaction of BrOZF with KF 79

vii



CHAPTER V

(v) - Preparation and Properties of BroF,
(vi) Reactfon of BrOF, and KHF,
(vii) Preparation of N.M.R. and Raman Samples of
Brof, i
(viii) Hydrolysis of BrF
(ix) Reaction of I{V) Oxides and Oxyfluorides wi th
BrF5
(a) IO,F
(b} 1,0,
(c) I0F, . > .
(x) _Reaction of I02F3 and BrF5 -~
(xi} Reaction of I0230 F and BrF

(xii) Reaction of BrOzF and Ker

5

PREPARATION AND CHARACTERIZATION OF THE CATIONS BrOoi

AND BriOin

A.
B.

C.

In

o~

troduction

Preparation and Properties of the Br02+ Salts.

Character1zat1on of BrO BF and Br02+AsF6' by Raman

Preparation and Properties of the BrofF, '

Sa

Ch
19

d F N.M.R. Spectroscopy
(i) Raman Spectroscopy
(i) ]9F N.M.R. Spectroscopy
(iii) Discussion
2
1ts

aracterization of the Br0F2+ Salts by Raman and

F N.M.R. Spectroscopy

N,
viii

79
81

81
82

83"
83
84
84
84
85
85

86
86
87

88.

88
100
103

104

107



<
(i) Raman Spectroscopy
(1) '9F N.M.R. Spectroscopy
F. Experimental Section
(1) Preparat1on of BrO Salts
(a} Bro, AsF
(b) Bro2 BF
(ii) Preparat1on of BrOF Salts
(a) BroF, AsF
' (b) BroOF *BF
{(c) BrOF SbF
(d) Reaction of IOF2 SbF6 with BrF5
)
CHAPTER VI
A_REINVESTIGATION OF THE VIBRATIONAL SPECTRUM OF SeQ,F  AND

2

THE PREPARATION AND RAMAN SPECTRUM OF SeOOEQE;

: !
A. Introduction y
B. Vibrational Spectrum of the SeOZF_ Ton
. Purity of the KSeOzF Samples

D. Preparation and Raman Spectrum of K,Se0,F,

E. Attempted Preparation of the SOZFZZ" lon
F. Experimental Section N
(i) KSeO F
(ii) K, SeO
(1i1) Attempted Preparation of 502F2

iX

Page

107
124

128
128
128
129
130
130

© 131

132
133

~134

134
135
141
143
146

147
147
148
]?9



CHAPTER VII

CHARACTERI

Zg;%ON 3 Br03F BY ]9F N.M.R. SPECTROSCOPY, AND SOME

ATTEMPTED PREPARATIONS OF Br (VII) OXYFLUORO SPECIES

A.
B.

3

Introduction .\

C N.M.R. Spectra of BrO.F

Raman and 3

(i)  Raman Spectroscopy
(i) 19 N.M.R. Spectroscopy
(111) Reaction of BrO,F with Sbfy and AsF:

Reactions Involving KBrO4

(i) Sotution in Hydrofluoric Acid ‘

(ii) - Reactions with some Fluorinating Agents
(a) AsF
(b) Brfg
(c) Krf,

Reactions Involving BrF6+AsF6'
(i) Hydrolysis

(i) K8ro, .
(ii1) BrO3F
Miscel laneou; Reactions
(i)  Attempted Preparation of BrOF "

(ii) Reactié" of Br03F and Krf'
Discussion

Experimental Section
(1)  BrosF ‘
(ii) Reactions of KBr‘O4

(a) KBrO4 and Ast
(b) KBr‘O4 and BrF

5 - ‘ u/’f

" Page

150
150

152

152
157
162

164

164
166

166

168

170

174

174

176
179

180
180
181

182
184

184
185
185
186



<

{
(c)-KBrO4 and KrFé '
. (iii) Reactions of BrP6+AsFé—
(a) HydrolysTs
(b) BrF6 ASF6 and KBrO4
f . (c¢) BrF AsF6 and BrO F
"(iv) React1ons of BrO,F w1th Krf, and KrF' AsF

(v) Brfg, F, and 0, at High Temperature and

Pressure i
- ./”\/”
CHAPTER VIII "
CONCLUSIONS '
A.  Introduction | .
B. Comparison of the Oxyfluorides of Bromine with those
of Chlorine and Iodine «%
GC. Future Directions for Research
(i) B (V)
(i+) Br (VII)
D. The Relation of Reactivity to Geometry in Oxyfluoro
Compounds '
. "E.  Known and Unknown Oxyfluoro Compounds of the Halogens
REFERENCES

*

X1

Page

187
187
187
188
188
189

190

191
191

191

195
195
197

198
204

208



Table

1

ide sty ¢ SRR e e

.

A bt S apy ot efan
» . .

- S

B wd

LIST QF TABLES

Page

Oxyfluoro Species of C1 (V), Br (V) and I (V) 8

" Structures of th;’Oxyf1uoro Compounds of C1 (V) 10
Raman.FreQUencieg of BrOZFZ'rand Somg Related Molecules - 30
Raman‘Frequencies of BrOFq_ and Some Related Molecules 36
Raman Spectra of.BrOZF, C10,F and SeOZF' 56
Raman Spectra of Br‘OF3 , ) 67

Raman ﬁrequencies of Br02+ Salts and Some Related Molecules 92
Comp%risoﬁ of Br02+ Stretching Frequencies to Some Related
Molecules ' 97
Chemical Shifts and Coupling Constants for Bro,'BF,

Dissolved in HF ' 0
Vibrational Frequencies for BrOF2+ Safts and Some Re]at?d
MoTecules ) m
Vibrational Frequencigs of Br0F2+San5n+i' and Some Related

SanS

te
n+] ‘Systemg . ' 120

Fundamental Frequencies of SeOZF' and Some Related Molecules 137
Raman ‘Spectrum of SeOzFZZ- and Some Related Ions’ 145

Vibrational Frequencies of BrO3F . 156

-




Figure
.3.1
3.2

[Sa}
g s W N

(&3]
[e))]

Raman
Raman
Raman
Raman

Raman

Raman

Raman
Raman
Raman
Raman
Raﬁﬁn
Raman
Raman
Raman
Raman
Raman

Raman

spectrum
spectrum
spectrum
spectrum
spectrum
spectrum
spectrum
spectrum
spectrum
spectrum
spectrum
spectrym
spectrum
spectrum
spectrum
spectrum

spectrum

of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of

LIST OF FIGURES

L

solid K8r02F2 at 25°C

solid KBrOF, at 25°C

4
solid KBrOF4 at -196°C

solid BrO,f at -75°C !
1iquid BrOZF at -9°C
solid BrOF; at -196°C

Tiquid BrOF, at 0°C

3
a solution of BrOF3 in HF at -78°C

4

solid Br02+AsF6- at -196°C

solid Br02+BF at -196°C

so]id‘Br0F2+AsF at -196 T

6

solid Br0F2+BF4‘ at -196°C

a solution of BrOF2+BF

4

+ - o
BrOF,"Sb Fe 1™ at -95°C

KSeOZF
liquid Br0,F at -72°C
solid BrOéF at -196°C

-

xiii

in HF at -72°C

Page
29

34
35
54
55
64
65
66

90

91
108
109
110
19
136
154
155



Lt

.
N r—

CHAPTER I
INTRODUCTION

A. General ,

The disgovery of the element bromine is credited to Balard in
1826 1 and the relation of bromine to the previously discovered halogens
cplorine and iodine was recognised‘frém the very first. The rather
unpleasant smell of elemental bromine is responsible for its name, which
is derived from the Greek word "bromos" meaning stench:

As is the case with all the common halogens, bromine occurs
naturally in the -1 oxidation state. Although the 15}gest source of
bromine is the sea (v 0.0065% bromide), some isolated bodies o% water
(such as the Dead Sea) and natural brines. from wells and springs are
co&siderab1y more concentrated (up to 0.6% bromide). Commercially . |
bromine is recovered from these sources by oxidation of Br to Br2 using
chlorine, followed by removal of the Brz frpm the so]utipn using a
current of air or steam. '

Although bromine only occurs natura]]y‘in the -1 oxidation
state, it nevertheless has a rather extensive chemistry in a number of
positive oxidation states.

-

B. Bromine Fluorides

-

The preparétion and properties of the halogen fluorides have been

described at length in a number of excellent articles 112534 " and will

A lwar T v
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“not be discussed in deéai]. For a halogen X, the fluorides XF, XF3,
XF: and XF, might be expected. For iodine, all four fluorides have
‘bein reported whereas for chlorine and bromine, the highestlfluoride
XF$‘has not yet been shown 'to exist.

Bromine monofluoride can be prepared by tpe ;eaction of AgF

x

with Brz.

AgF + Br2 + AgBr + Br-F (1.7)

The BrF produced cannot be isolated however,since it disproportionates

and BrF. .2

to Br2 3

3Brf - Br, + Brf, (1.2)

Br‘F3 can be prepared by the direct reéaction of the elements.

Liquid BrF3 is considerably self-ionized,

> + -
- ZBrF3 « BrF2 + Br‘F4 (1.3)

as shown by its high specific conduétahce.3 Due to its high dielectric
constant {e = 106.8 at 25°C),>{t is an e;2e11ent ionizing solvent, It
is also a powerful fluorinating agent and will convert many oxides or
chlorides into the corresponding ﬁ]uorides.
BrF5 is the highest fluoride of bromine which has been

definitely shown to exi;t. It can be prepared by the reaction of BrF3

- Wwith excess fluor;ne af high temperature. Like BrF3, BrF5 is a-powerful
fluorinating agent. It is, hawever, a much poorér ionizing solvent than

the trifluoride and consequently has not been as extensively used as a

-
1



reaction medium.
’ Although the preparation of BrF7 by a high temperature reaction
between BrF5 and F2 has been reborted,6 the evidence for the existence

of this fluoride is raiher tenous. - Gillespie and Schrobilgen ’ have

1

shown that a disptacement reaction between BrF6+AsF6_ and NOF fails to

produce BrF7 even at -78°C\_ In view of the apparent instability of Brf

-

7
at this low temperature, the reported preparation of this fluoride at

_ temperatures over 250°C must be regarded with some skepticism. |

C. Bromine Oxides Y ‘

Whereas the f]uoridés of bromine are well defined and have been
exteﬁsive]y studied, the oxides of bromine are much more poorly under-
stood. A number of compoﬁnds have been reported and they have been on
the whole rather poorly $hqractgrized. Many of the early reports relied
on ana]ygis as the only tecﬂnique of identification of the products.

-

Most of the oxides of bromine are prepared by the action pf 0zone on
bromine under different conditions, or By the decomgbsition or dispro-
portionation of another oxide. The literature prior to 1961 has been
reviewed by Schmeisser and Brandle 8 and more recent work has been
sunmarized'by Brisdon.®

The lowest oxjde BrZO has been the most thoroughly char§cterized.
This oxide is best prepared by allowing the ox%de Br204(Form A) to decompose
under vacuum, !0 Br,0 is brown-black in colour and melts at -17.5 + 0.5°C.
o

Decomposition to Br2 and O2 occurs slowly at temperatures above -40°C

The infrared spectrum of Br20 11 jndfcates that it has a bent structure

Loy



with oxygen as the central atom.

.

&
BrZO4 (Form A) is a yellow solid at Tow temperature which

decomposes into the elements when warmed rapidly to 0°C. It was first
prepared by Schwarz and Schmeisser 10 by passing a mixture of bromine
and oxygen through a glow discharge. It is more conveniently prepéred )
by the reaction of Br2 and 03 at -50°C using CFC]3 as a solvent.® The

yellow -product of tnese reaction§ was generally formulated as “Br02“

until Pascal and Potier 12 showed, on the basis of Raman spectroscopy,

Rhat the structure was actually Br204 in which two BrO2 units are linked
7

by a Br-Br bond. ’ "
As was mentioned above, the controlled decomposition of Br204"(A)

ultimately leads to the formation of Br20. Pascal et al !3 were able to

isolate another relatively stable, gold coloured material from the

decomposition of Br204 (A). This material is formed before BrZO is ,

produced. Analysis and vibrational spectroscopy 1;d these workers to
conclude that the~go1d material was Br203, and that the molecule con-
tained a Br-0-Br bridge. By comparison of the Raman spectrum with that
of the B form of Br204 (see below) they concluded that the structure was

probably 0=Br-0-Br=0 and not 0,Br-0-Br.l*

2

Thé oxidation of Br,0, with O

504 3 at low temperature produces a

second isomer of Br204, des’ignated BrZO4 (B).1* This isomer has a bright _

f

red colour and js slowly converted to BrZO4 (A) at low temperature. On

the basis of Raman spectroscopy, the structure OZBr-O—Br=0 was assigned

to Br‘204 (B).

Three higher oxides of bromine have also been reported. These

5 ~ ﬁﬂ
‘ .
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<
are (B}ZOS)n, (8;308)n,:and (Br03)n. They were first produced by the
direct reaction of ozone with bromine at room temperature. Lewis and
his coworkers 15316 studied this reaction and found that an oxide of
composition (Br308)n was obtained. Pflugmacher and'his coworkers 17
repeated the reaction using a greater excess of ozone and found that a
compound of composition (Br03)n was formed. Arvia et al 18 reinvesti-

" gated the reaction and found that the products obtained depended upon
the material that the reaction vessels were made of. When Pyrex vésseﬂs
were used a product of composition (Br205)n was formed, whereas using a

3

quarfz vessel, (Br308)n was obtained. These workers found no evidence
for an oxide of composition (Br03)n. More recently, Pascal et al 19

have reinvestiga%ed the reaction of ozone with bromine at temperatures
betweert -100°C and +4°C in a Pyrex vessel. They found that in addition
to Br204, an oxide of composition Br205 is formed at temperatures between
-28°C and +4°C. On the basis of ﬁaman spectroscopy they suggested that

this oxide is polymerized in a manner analogous to 120 The latter

5
has been shown to consist of 0210102 molecules linked in the crystal by
rather strong oxygen bridges.*° ¥

The bromine oxide radicals BroO, BrOz, and BrO3 have been observed
as short-lived species in aqueous solution? éﬂ]l three are produced by‘
the pulse radiolysis of Br03~ in aqueous solution and can be detected by
their absorptions in the ultra-violet region. All three decay rapidly
in aqueous solution to migtures of the Br0 , BrOZ-, and Br03- anions.
The Br0O radical has also been extensively studied in the gas phase by

variogs spectroscopic techniques. These three short-lived radicals

N T
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should perhaps be considered separately from the chemically isolable,
more long-lived oxides described earlier. They haVé been included in
this discussion only for completeness. 3 .

/

existence of severa111ower oxides has been clearly demonstrated by the

Thus the oxides of bromine are rather poorly understood. The

recent work_of Pascal and his collaborators. However, the chemistry of
the lower axides of bromfne has not yet by any heans been fully explored
and it is possible that other oxides may yet be preparedﬁ The h}gher
oxides are even more poorly characterized in that no detailed structural .
information is available for them, and the conditions ieading to their
formation havé not been established. Moreover, the oxides of bromine are
considerably less stable than their chlorine or iodine analogues. None

of the oxides of bromine are stable at room temperature, a]though(BrZOS)n,

(Br308)n, and (Br03)n can be kept at room temperature in the presence of

ozone. The reasons for the instability of these compounds are not cleax.

0. Halogen Oxyfluorides: Their Existence, Amphoteric Behaviour and

Structures.

The oxyfluorides of the halogens C1 and I have been extensively
studied. The oxyfluoro species of C1 have been recently revjewed by
Christe and Schack.”! Although no recent review articles are available
on the oxyfluorides of iodine, work reported prior to 1961 has been
summarized by’Schmeisser and Brandle.8 Many of the known halogen oxy-

fluorides have been shown to exhibit amphoteric behaviour. Thus an oxy-

+

fluoride XOnFm can react with a Lewis acid to’ produce the cation XOnFm_]

‘, ;



and with a fluoride ion donor to give the anion XOnFm+1—' Listed in
Table 1.1 are the possible o§yf]uor1des of Cl1, Br, and I, where the
central atom is in the +V oﬁ+VII oxidation state along with the related
singly charged cationg and anions derived from these oxyfluorides. The
entries in square brackepg have not yet been prepargd. )

At the outset of this work, all the oxyfluoro species of CI(V)
and I(V) Visted in Table 1.1 had been characterized. For Br(V),on the
other hand, only the preparation of Br02}22’23had been reported. Unsuc-
cessful attempts to prepare Br6%32“ and adducts of BrO2F wigh the Lewis

acids BF3, AsF5 and ébF5 % had also been mentioned in the Titerature.

The relative lack of information about the oxyfluorides of Br(V) is rather

3

Considerably fewer of the oxyfluoro species. of the halogens in the

surprising in view of the existence and stabi]it& of BrF5 and Br0, .

+VI[ oxidation state listed in Table 1.1 have been characterized. Attempts
to prepare several such species (C10,F,,2! C103+,?l IOZF2+,35-95 and

IOF4+ <"»-8) by fairly obvious and straightforward methods have failed. In
some other cases however, e.g. BrOF ., Br02F3, Br02F2+, and BrOZFq", no
extensive systematic attempts at tQpir preparation appear to have been made,
although attemptéd)preparations of BrOF5 and Br02F2+ have been briefly re-
ported (see Chapter VII). There appears to be-no obvious reason why such
species could not be prepared. A few of the pos;ible species listed in
Table 1.1 can, however, be anticipated to be of rathé? Tow stability. Thus
C]OFS' and BrOFs_ seem unlikely because of the apparent §eﬁuctance of C1

and Br to achieve a coordination number greater than six,

»

{
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Table 1.1
Oxyfluoro §pecies of C1(V), Br(v), and I(V)
Oxidation State . Neutral .
of Central Atom Cations Molecules Anions
t 29,3012 ' 31,32 ,33 < (34,35
C]O2 ( ' ) C]OZF ( ) CIOZF2 ( )
C]0F2+ (36 ,37,38) C]0F3 (3‘3 L0 41 ) C]0F4_ (1«) Wb !)
BRO,  (*,4) BrOF  (*,22+23)  BrO,F,  (*,u5wu)
v 2 2 22
BroF,"  (*,47) BrOF, (*,18) BrOF,” (%)
+ .
»51 s s 53554 455
[02 (50 ) IOZF (50451 ,52) IOZFZ (53 )
+ -
51 352 5 'S
10F, (s1) I0F, (51,52 ,56) IOF4 (57,58)
[ct0," ° CIO,F (21,53 ,00,) [C10,F,]
(61,62) ®
t . -2
~ C10,F," (63:64) CI0,F 5 (65:66.67)  [CI0,F,"]
[C10F,"] [ci0F ] © [C10F.]
e (8r0,"] BrO,f (62 08) [Broy(/ ]
[Br02F2+]sC [Br0,f ;] [Br0,F 7
+ -
[BrOF4 ] [BrOFs] [BrOF6 ]
+ -
[[03 ] I03F (69 ) [103F2 ]
.*. ~ -
0,714,722, 2H o 2 Th
[10,F, ] 10,F 4 g;}) 1a724) 10,F," )
+ ) . i ) -
[10F, ") I0F,  (75270477)  [I0F¢"]

* This work

The references giJen do not constitute a complete survey of the

literature, but refer to selected preparations and spectroscopic
or structural evidence for the compounds.

Compounds in gquare brackets have not yet been prepared (see Text)

Reports of the preparations of these compounds are incorrect.
Br0,F,*, see Chapter VII; for C10F;, see Reference 21.

For



It would, nevertheless, he important to attempt their preparation should

it prove possible to prepare the parent molecukes C10F. and BrOF.,which

5 5

aré’glso unknown at the present time. Some reasons for the apparent non-
existence of some of the species listed in Table 1.1 are discussed further
in Chapter VIII.

The shapes of all the known oxyfluorides of the halogens have
been successfully rationalized on the basis of the Valence Shell Electron
Pair RepuPsion Theory 78(VSEPR). This theory states that the geometry of
a molecule AXmEn is determined by the repulsions between the pairs of
bonding electrons linking A to the ligands X and the non-;onding electron
pairs E’@h\the valence shell of the central atom A. Multiple bonds
between A and X behave (to a first approximation) like a single pair of
“electrons, and do not change the overall arrangement of the ligands
(although they will affect the angles between the ligands). The sum of
the number of bonding sets of electrons (m) and non-bonding pairs of
electrons (n) is the criterion which determines the structure of the
molecule. Thus for (m + n) = 2, 3, 4, 5, and 6, linear, trianqular,
tetrahedral, trigonal pipyramidal, and octahedral arrangeﬁents of electron
pairs, respectively, will be produced. Consideration of the numbers and
types of repulsions between the various4glectron pairs allows one to
predict which positions will be occupied by ligands and which will be
taken up by n0n-bondinJ pairs. -

Table 1.2 shows the structures of the Cl1(V) oxyfluorides (and the

singly charged anions and cations derived from them} and how these conform
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TABLE 1.2

Structures of the Dxyfluoro Compounds of C1 (V)

Structure
.'. +
1.
7\
X o 0

o

‘Oﬁj;}CI\\‘F

Number of
bonds

(m)

2

Number of

lone

(n

Y
“

1

Arrangement
of e pairs

trigonal

tetrahedratl

trigonal
bipyramid

tetrahedral

trigonal
bipyramid

octahedral

10

Geometry of
molecule

angular

triqoﬁa] .
pyramid

disphenoid

trigonal
pyramid

disphenoid

square
pyramid
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to the predictions of the VSEPR’Eheory. ‘ S—.

-~

“E. The.Unusual Nature of Br {(VII) Compounds

Compounds containing the halogens chlorine and iodine in the
+VI] oxidation state were synthesized more than a century ago. Per--¢

chlorate salts were prepared by von Stadion in 1816 by the oxidation of

chlorates with Sylphuric acid.” In 1833, Ammermuller and Magnus prepared
trisodium‘paraperi date Na3HZIO6 bX.the qxid;fion of sodium iodate with
chlorine.8® Numerdqus attempts to prepare perbromate salts (iiligzhow—
ever, and.several th orgtical arguments have beeh proposed to explain

the non-existence of this ion. These have been recently revieweff by
Appelman.t! Perbromates were finally successfully prepared in 1968:

The first synthesis resulted from a hot-atom process, the s decay of

radioactive 83Se incorporated into a selenate 82 (equation¢(1.4)). The

830027 . 8%ro,m 4 4” U

4 = (]'4)

83Br containing product co-precipitatedwith RbClO4 and this was taken as

evidence that it was present in the form of BrO4 . The first macro-scale

preparatibn of perbromates was performed by means of an.e]ectro]yt{f
oxidation of a neutral LiBrO3 solution. The yield of this reaction was
rather poor however (v 1%).%% A much more efficient procedure 37 employed
an aqueous solution of Xef, (which forms a powerfully oxidizing solution,

" E° - 2.64V which has a half life of about 30 minutes at 25°C 8%) to oxi-

dize Br03‘. The perbromate yield from this reaction (equation (1.5)) was’

o

o
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XeF, + Br03- + HO0 > Xe + Br0, + 2HF (1.5)

2 2 4

about 10%. Precipitation of the pergromate as RbBr0, led to the first
. isolation of a perbromate salt. The most convenig&t preparaﬁjon of per-
bromates is by the oxidation of bromate with mo1QCU1ar fluorine in alka-
. Tine solution (equation (1.6)). This réaction produces Br0,  in 20%

T yield.84,85

F, + Br0g~ + 20H ~ Br0,” + 2F + H)0 - (1.6)

A

The niferous unsuccessful attempts to prepare the perbromate ion
and its long-time status as a "non-existent" species are thus rather
surprising, particularly in view of its considerable stability.8% Pure
KBrO4 is stable up to about 275°C at which temperature it decomposes
smaothly to KBrO3 and oxygen. Aqueous solutions of perbromic acid are
stable up to a concentration of 6 M. At higher concentrations,de-
composition to Brz and 02 takes place. In dilute solution at room temper-
ature, perbromates are rather sluggish oxidizing agents. Even I~ is only

a'/ver'y slowly oxidized by perbromate in dilute acid. At higher temperatures
and cgncentrations, however, perbromic acid becomes a vigorous oxidizing

agenti The electrode potential for the half-reaction (1.7) has been

determined 86 to be 1.74V. Thus perbromate is a much more powerful

Bro,” + 2H + 2e”

A Bro.,” + H,0 (1.7)

< 3 2

oxidant than perchlorate (E® = 1.23V) and more powerful than perjodate

(E° = 1.64V); this trend 1s similar to the ane observed in group VI.8!
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Although,in’view of the potential of 1.74V, a number.of oxidizing agenfs
should be capable of converting Br03" to Broq- no evidence for this
oxidation has been obtained.8!,87 For instance, ozone (E° = 2.07V 88) and

peroxydisulphate (E° = 2.01V 88) do not oxidize Bro,” to Br04-.
apparent discrepancy has been discussed by Appelman.81,86 The sluggish

This

ox{dizing nature of the perbromate fon implies that there is a consider-
able activation barrier to the redqction of Br04' to Br03~. Conversely
then, the overall barrier to thé formation of Bro,” from Br0,” is the sum
of the overall free energy change of the reaction plus the act}vation
barrier to reduction of perbromate. On this basis, only the Qery strohgest
oxidizing agents would be capable of producing perbromate by oxidation of

bromate. The inability of earlier workers to synthesia per;trr(o/mates is -

3

then a reflection of the kinetie barrier to the reaction rathe} than the
thermodynamic unfavourability of the process. The reasons why electro-
lytic preparations of peﬁbrémates are so unfavourable are not clear, but
Appelman has suggested 8% thét an extremely unstable Br(VI) intermediate
may occur in the reaction and that this causes a prohibitively high

activation energy. ‘

~

Two‘other Br (VII) species have been reported. ‘BrO3F can be
prepared by fluorination of Br04' with SbFS.68 Although this o&y-
fluoride is considerably more reactive towards hydrolysis than the

analogous C103F, it is nonetheless a rather stable species. Similarly,

the BrF6+ ion can be prepared by the reaction of BrF5 with the extremely

6

/’ N

powerful fluorinating agents KrF+ or Kr2F3+.7 /?a]ts of the BrF, " ion
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have been shown to be rather stable at room temperature, although they

+
> to 02 and Xe to

XeF'. The stability of the three Br(VII) species prepared to date

are very powerful oxidizing agents and will convert 0

suggest that some of the other Br(VII)compounds listed in Table 1.1

should also be stable, isolable species.

F. Purpose of the Present Work.

A The almost complete lack of informat%on on.the ox}f1uoro species
of bromine compared with our rather extensiQe knowledge of the correspond-
ing compounds of chlorine and {odine at the outset of the preseng work
was rather surprising. Although this could be taken to indicate a relatively
low stability for the oxyfluoro compounds of bromine, such a conclusion
would not be valid as no systematic attempt to synthesize such compounds
has yet been reported. The ob{ect of tﬁe present work w?s, %hereﬂore, to
attempt to prepare and characterize new oxyfluoro compounds of bromine,
and to study their stabiljties relative to those of the analogous chlorine,
and jodine compounds. [t was also of interest to determine whether the
structures of any such species are consjstent with the structures of the
corresponding chlorine and iodine compounds and with the predictions of
the VSEPR theory. Although a complete X-ray structural study would be
desirable for such new compounds, it.was anticipated that their expected
reactivity and physical properties might create_considecable‘diffiéu1ties
in a crystallographic study.. The structures proposed in this thesis are,

therefore, based on spectroscopic (Raman and ]9F nmr) evidence.

.

3
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CHAPTER 11

EXPERIMENTAL

A. Vacuum Techniques and Sample Handling.

Because the.compounds used and prepared during the course of
this work were sensitive to moisture, they were handled in a vacuum |
system or in the inert atmosphere of a dry-box. The vacuum 1lines used
were'tonstructed of glass or of Monel metal. Due to the corrosive nature

of the reagents employed, reactions were carried out in fluoroplastic

tubes. Kel-F tubes (2 cm o.d. x 15 cm long with a wall thickness of 1 mm),

available from Argonne National Laboratories, were used for large-scale

preparations or for storage of solvents. Smaller reaction vessels were

made by heat-sealing one end of a short length of fluoroplastic tubing.

The other end was then flared for attachment to a Teflon valve through a

- Kel-F, Teflon or FEP adaptor. Several sizes of fluoroplastic tubing were

employed: FEP: 1/4" o.d. x 1/32" wall from the Fluoro-carbon Company,
California; 0.154" o.d. x 0.02" wall from Warehoused Plastics Sales,
Taronto. Kel-F: 0.132" o.d..x 0.008" wall from Adgm Spence-EB?poration,
New Jersey. The 0.154" o.d. FEP, and 0.132" o.d. Kel-F tubes were used
to record ]gF nmr spectra. The fluoroplastic.vaives and adaptors used,as

. . -
well as the vacuum systems, are described in more detail elsewhere.” 8%

A method was developed (with Dr. G. J. Schrobtfgén) for fusing together

thin walled 1/4" o.d. FEP tubes. A TEE was constructed out of 7 mm i.d.

15
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glass tubing (approximately 6" overall size). A Run - Branch

1eng€? of.1/4" FEP tubing (~ 2 ft.) was inserted Lt

r—mmemne

into the run of the TEE, with a hole (~ 1/4" diameter)

cut in the side of the FEP tube at the branch of the

JEE. A second 1/4" tube (~ 2 ft.) was inserted in

the branch of the TEE,'and 4 mm glass rods were inserted into the 1/4"

,,FEP tubes. The junction of the TEE was then gently heated over a Bunsen

burner toame]t the FEP, and the p]a??#c;igzgﬁ were pushed inwards during
this heat{ng to fill the junction section of the TEE with molten plastic.
The inner glass rods prevented the molten FEP %rom collapsing. The system'
was allowed to cool and the glass rods could be removed just after the
p]asti; had solidified but was still slightly warm. The outer glass TEE
was tﬁen broken away. The FEP TEE produced was reamed out with a 5/32"
drjl] bit silver-soldered to a Tong 5/32" metal rod. In this way, all-
plastic double-armed reaction vessels could be made. 0.154".0.d. PEP
spaghetti tubing could also be fused end-on to 1/4" o.d. FEP tubing by
heating and drawing out the 1/4" FEP tube to approximately the same dia-
meter as the spaghetti tubing. Then using a suitable glass outer jacket
‘(a sect{on of 5 mm thin-walled nmr tubing) and inner rod (2 mm diameter)
the spaghetti tubing could be fused to the drawn-out 1/4"FEP tube over a
very low flame. In this way, a section of spaghetti tubing (suitable for
]gF nmr spectroscopy) could be fused to the side-arm of a double-armed FEP
reaction vessel. These vessels were convenieﬁt for transferring solutions

[}
at low temperature. The more conventional method of building a multi-armed

3



reaction vessel using Teflon compression fittings to hold the components
together cannot be used to transfer solutions which must remain cold
since the compression fittings cannot be cooled to very low temperatures
withowi leaking.

The fluoroplastic reaction vessels used were conditioned with
anhydrous HF, BrF5 and F2 before being used.

Certain samples could be handled in quartz tubes. 6 mm a.d.

quartz tubes wefre connected to fgf1on valves using 6 mm Teflon ferrules.

B. Instrumentation.

(i) Laser Raman Spectroscopy.

The Taser Raman instrumentation used has been extensively des-
cribed elsewhere 90,91}

In tﬁe early part of the work, the sample.tube was positioned
horizontally, at right angles to the laser beam,and.the Raman-scattered
radiation was observed perpendicular to both these directions. Low tem-
perature spectra (down to ~ -120°C) could be recorded using a technique

described elsewhere.’® For the\major part
of the work, however, the éet—up shown in
the schematic diagram was used. The sample
tube (T) was mounted veré%ca]]y, parallel
to the entrance s1it (S) of the spectro-
meter. The laser beam (B) was directed
’

by means of two mirrors (M) to strike

Eﬂe sample at an angle of 45°,

o
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at the same level as the entrance slit on the spectrometer. The
scattered radiation (R) was focussed onto the s1tit by the lens (L). The
sample tube, the entrance sl1it, and the Taser beam were all in one plane.
This arrangement was found to produce more intense spectra than the
previously described set-up, par?icu]arly for solid samples. Coloured
samples could also be very conveniently rotated to avoid overheating of
the sample due to absorption of the laser radiation. Polarization ratios
were found not to be affected by this arrangement and were checked using
a sample of liquid CCT,. Low temperature (down to -120°C) spectra could
be obtained by passing cold N2 through an unsiTvereduPyrex double-walled
Dewar. The cold gas was produced by boiling off liquid nitrogen from a
Dewar at a controlled rate by an electric heater. The temperature was
monitored with a copper-constantan thermocouple positioned close to the
sample. Spectra could be obtained at -196°C by placing the sample against
the inside wall. of an unsilvered Pyrex Dewar filled with liquid nitrogen.
Raman spectra were generally recorded using the green 514.5 nm line of an
Argon ion laser using an output power between 50 and 300 mW. For some
highly colourgd samples (those containing Bré+, see Chapter‘V), the red
632.8 nm 1ine of an He-Ne laser was used. The Raman shifts quoted are
estimated to be accurate to t 2 cm-]. Spectra were often recorded in
Kel-F or FEP sémp]e tubes and Raman lines due to the tubes were often
observed. Their prominence in the overall spectrum depended on the
efficiency of the sample as a Raman scatterer. In those cases where tube

IS

lines were observed, these have been subtracted out of the spectra in the

3
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' - _
Tables but not in the Figures. (The only exception is Table 5.1 where the
FEP Tlines have been ]isted).,'The characteristic spectra of FEP and Kel-F
were recorded at various temperatures between room temperature and -196°C,
and the positions and relative intensities of the peaks were found to be
re]atibe]y constant in these spectra and ir a number of spectra of
different samples contained in FEP and Kel-F tubes. The tube lines sub-
tracted from a sample spectrum at a g%ven temperature were taken from
reference spectra recorded at a similar temperature.

The use of fluoroplastic tubes to record Raman spectra also
interfered, at times, with the measurement of polarization ratios. With
some tubes the polarization ratios varied greatly when the spectra were
recorded at different positions on the tube. This problem was more
severe for some tubes than for others, and Kel-F tubes generally gave
more consistent results than those made of FEP. Before being used for
an experiment in which polarization ratios were to be determined, sample
tubes were therefore filled with CC]4 and the effeét of the tube on the
polarization ratios of CC]4 was determined. Only tubes which did not
have a significant effect were used.

The resolution of spectral curves shown in Figurg 6.1 was
carried out on a Dupont Model 310 curve resolver and curve plotter.

(ii) Nuclear Magnetic Resonance Spectroscopy.

]9F nmr spectra were usually recorded using a Varian DA-60 IL

spectrometer operating at 56.4 or 58.3 MHz and modified as described else-

where, 79,105,972  Some spectra were recorded using a Yarian HA-100 spectris

>
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meter operating at 94.1 MHz (samples of BrOF3 in 502C1F and SOZF2
(Chapter 1V) and the spectrum of a solution of BrO,F in HF at room tem-
perature (Chapter VII)),and the']gF nmr spectrum of KBrOF4 in CH3CN was
obtained using a Bruker WH90 spectrometer. Al1l chemical shifts were
measured relative to CFC13 as an external standard, Resonances to Tow
field of CFC13 are assigned negative chemical shifts. The chemical
.shifts are estimated to be accurate to + 2 ppm. For samples contained
in FEP tubes, integration of the peaks in the spectrum was found to be
very inaccurate’ Tpe fluorine. nuclei in the sample tube give riSe to a
very broad lgF nmr signa1’extend1ng several hundred ppm to high and low
field of CFC13. The presence of this broad signal causes the integrator
to continually drift. Because of thié, the accuracy of the integration
is at best : 10% and can be much worse if the two peaks being compared

¢

have widely differing chemical shifts.

C. Preparation and Purification of Starting Materials.
(i) Gases. u
(a) Fluorine: F2 gas (Matheson) was passed through two Matheson
model 68-1008 hydrogen f]uori?e traps connected in series and admitted to

89 through 1/4% o.d. copper tubing.

a Monel vacuum line,
(b)  Inert atmospheres; Extra dry nitrogen (Canadian Liquid Air,

99.9%, < 10 ppm HZO) was used for the dry-box atmosphere and for main-

taining a pressure greater than atmospheric over Br(V) containing samples

while they were being stored. Argon (Matheson, 99.998%) was used when
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Br(VII) containing samples were being stored.
{ii) Solvents.
(a) HF: For the Br(V) work, anhydrous HF (Harshaw Chemical Co.)
was distilled directly from the cylinder to a Ke]-F‘gtorage vessel and
ﬁ%s used without further purification. For the Br(VII) work, the unpuri-

fied HF was introduced into a 2 litre nickel can fitted with a Monel

valve (Autoclave Engineers). F2 was then admitted to the can (approxi-

mately 200-300 psi) and the mixture allowed to stand for several weeks.
The non-condensable gases present were then removed at -196°C and the HF
distilled into a Kel-F storage vessel,

(b) SOZCIF and SOZFé: SOZC1F (Baker and Adamson) was distilled
onto SbF5 and allowed to stand at room tempetigﬁre for an hour. The
SOZC1F was then distilled onto NaF where it was kept until used. Since
the commercial product contained 302#2 impurity, the most volatile
fracti?ﬁ of each distillate was discarded. The purity of the 592C1F was
verified by its 19F nmr spectrum which showed only one line. SOZF2 was
obtained from Matheson Gas Products and was used directly.

(c) Acetonitrile: CH3CN (Fisher Scientific Co.) was pur{fieq
by distillation from P205, followed by distillation from dry K2C03. The
distilled material was stored over molecular sieves until used.

(111) Lewis Acids.

BF3 (Matheson Co.) was purified by bubbiing it through 100

sulphuric acid containing 8203.

 AsFg (0Ozark-Mahoning Co.) was used without further purification.

-
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Some of the ASF5 used was prepared by the direct interaction of powde;;G»/’
As metal (Alpha Inorganics, 99.5%) with excess F2 at 300°C for several I
hours in a 1440 m] nickel can fitted with a stainless steel valve (Auto-
clave Engineers). The AsF5 produced was used without further purification.

ASF5 and BF3 were transferred into reaction mixtures using a
gredse-free vacuum line of known volume. ’

SbF5 (Ozark Mahoning Co.) was purified by double distillation in
an ﬁimosphere of dry nitrogen using an all-glass apparatus, and was
stored in glass vessels in a desiccator. The distillation apparatus and

procedure are described in detail elsewhere.®?

/

(iv) Other Reagents.
. (a) Metal Fluorides: KF (BDH, 99%), NaF (Allied Chemical,
reagent grade), and CsF (K & K, 99.9%) were dried under vacuum at 250°C
for several days in a glass tube ana stored und;r an atmosphere of dry
N2 until used, -
(b) Brf. and IF.: BrF
bubbling fluorine through it until the liquid became colourless. It was

5 (0zark_Mahoning Co.) was purified by

then distilled onto dry NaF to remove traces of HF. IF. was purified in
a similar manner.

(¢) KBrO3 and K8r04: KBrO3 (A1lied Chemical, 99.8&) was dried
under vacuum at 250°C for several days. KBrO4 was éenerously provided
by Dr. E. H, Apﬁélman (Argonne National L&boratories), and was used with-

out purific&tiqn. It was, however, dried under vacuum at 120°C for

several days. \\\\\

.

{

J
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(d) SeO2 and 302: Anhydrous SeO2 (J.T.Bakeri 99%) was used

directly. SO2 {Matheson) was distilled from 9205.

{e) 1lodine Oiides and Oxyfluoro Species: 1205 (Alfied Chemical,

3 and IOZF

were prepared by the method of Aynsley at al.%? 10,F, was supplied by

.99.5%) was dried under vacuum at 150°C for several days. IOF
23
Dr. J. P. Krasznai and had been prepared by the method of Engelbrecht./t
[02F3'ASF5 and 102F3-SbF5 (prepared by direct reaction of IOEF3 with the
Lewis acid 2¢) were also supplied by Dr. J. P. Krasznai, as was the
sample of 10,50,F. IOF2+SbF6' was prepared by the direct reaction of I0F,
with excess SbFS using SOZC1F as a solvent.

(f) KrFZ: This was prepared with the assistance of Dr. G. J.
Schrobilgen using the method reported by Schreiner et al.’*

(g9) KBrFB: 0.906 g (15.71 mmol) of KF and 11.06 g (63.2 mmol)
of BrF5 were stirred at room temperature for a week in a E;}-F tube, the
excess BrFS was removed under vacuum leaving a white solid which weighed
3.750 g, which corresponds to 98% KBrFs. The Raman spectrum of this\
solid showed only the three lines reported by Shamir and Yaroslavsky.'"
KBrF6 is stable indefinitely when kept in wel]}passivated Kel-F tubes.

The decomposition reported by Shamir and Yaroslavsky for CsBrF6 was,
therefore, probably due to their use of storage vessels made'of glass.
KBrF6 is very soluble in CH3CN. but was found to decompose slowly in this
solvent. A whife solid, identified as KBrF4’from its Raman spectrum,’ »'t
was deposited. This decomposition p;;ceeded in Kel-F, FEP, glass and

quartz sample tubes so the decomposition is not due to attack on the walls
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of the container. The other products of the decomposition could not be
positively identified. A ]gF nmr spectrum of the decomposing solution
did not show any peaks Attributab]e to fluorinated solvent species. A
gas was produced by the decomposing solution which turned moist starch
1" paper dark. Although it is perhaps somewhat surprising, the simplest
explanation of our observations'is that the detomposition proceeds

according to equation (2.1). The rate of the decomposition can be mini-

KBrf. -+ KBrF, + F

6 A (2.1)

2

mized by rigorously drying the CH3CN, indicating that the above reaction
may be catalyzed by traces of moisture.

(h} CsSOZF: CsSOZF was prepared following the method of Seel
and Boudier,®” by shaking Csf in liquid SO2 for two days, followed by .

removal of the excess SO2 under vacuum.

(i) KrF+AsF6' and BrF6+AsF6 : KrF+AsF6' was made by the

. direct interaction of Ker.with excess AsF5.9° BrFG*A$F6' was prepared

6 in BrfF

room temperature.’  The purity of both products was monitored by Raman

<
by dissolving KrF+AsF 5 and allowing the solution to warm up to

spectroscopy.

'4
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CHAPTER II1

PREPARATION AND CHARACTERIZATION OF KBrO,_F_2 AND KBrOF ,
A. Introduction
At the autset of this work, no reliable evidence for the
existence of the anionic species BrOZFZ' and BrOFa' had been reported.
The compounds KBrOZFZ, NaBrO,F, and Ba(BrOZFZ)2 had been reported by

22
Mitra,”8 but this claim was withdrawn when the results were found to be

irreproducible.?? Independently of the present work, Bougon and his co- .

workers have recently reported the preparation and characterisation of

4 L5 ’! 3
KBrOF4 and KBrOZFZ. t

In this chapter, the preparafion of the wompounds KBrO,F, and

KBrOF4 by several methods is described. Their Raman dpectra have been

19

observed and tentatively assigned. The °F nmr spectrym of KBrOF4 bés

also been recorded.

—

B. Preparation and Propéerties of KBrO,,_E_2 and KBrof,

KBrO‘LZF2 and KBrOF, can be most conveniently prepared by the

reaction of KBrO3 and KBrF_ in CH3CN:(equation (3.f)). They can then be

b

KBr‘O3 + KBrF6 - KBrOF4 + KBr02F2

-3

separated by extraction of the mixture with CH3CN. The KBr02F2 is in-

is slightly soluble. In this way

(3.1) =

soluyble in CH,CN, whereas the KBrOF

3 4
reasonable amounts {(0.3-0.5 g) of each product can be conveniently obtained.

25
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Both KBrOZFZand KBrOF4 are also produced in the hydrolysis of
KBrFG‘ in CH3CN. The hydrolysds is,’ however, not a’smooth reaction and

- mixtures of products are obtained. When approximately 0.02 mmol of HZO

(dissolved in CH;CN) is added to a solution of 0.22 mmol of KBrFg in
CH3CN, and the solvent 1is removed under vacuum, the resulting solid con-

6 with small amounts of KBrOF4 and KBrOZFz.

* Thus even when a 10:1 mole ratio'of KBrFB:HZO is Gsed; both KBrOF4 and

KBrOZFz,are observed as products. It might have been expected that when

- sists of mostly unreacted KBrF

'KBrF6 reacts with small amounts of H20, only KBrOF4 would be formed, but

’

this was not observed. When larger quantities of water were added, the

_amounts of KBrOF4 and KBr‘OZF2 increased, but KBrF, also, appeared as a -

4

major product {probably from the decomposition of KBrFﬁ, which, in Chapter
II, is shown to be catalysed by HZO)' When. even more water.was added
' KBrO3 became the major product. Theée observations are consistént with_ o

the hydrolysis scheme (3.2). This hydronSﬁ% cannot be used as a

\ H0 " H,0
KBrf. + .H,0. > KBroOF, —=— KBr0,F, —=— K8r0, ‘(3.2)
- +2HF +2HF +2HF
KBrF4 )
" N

convenient source of KBrOF4 and KBr02F2 because of the relatively large
amounts of KBrf, produced. The reason that both BrOFq' and'BrOZFZ' are
observed even when small quantities of water are used is probably that

the BrOFa' ion hydrolyses more rapidly than BrFs_. The maximum coordina-

s

tion number of bromine appears to be six, so that attack by water on the

BrﬁG' jon would be expected to be slow. On the other hand, BrOF4 has a
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vacant coordination site and would probably be .rapidly attacked by water.
A similar result has been reported for 'the hydrolysis of CsIF6 with an
equimolar amount of HZO using CH3CN as a solvent,58 where the CsIOF4
product 1is a]Qéys conﬁaminated with CsIOQFZ. The extent of contaminatiqp
in this case is’sma1]er than in'the‘bromine system, reflecting the
relative ease with which iéd}ﬁé,can expand its coordinatiﬁn number to
“seven or more (e.g., IF7’and IF8- 100 are known) which would increase the
" relative rate of hydrolysis of the IFB- ion.

KBrOZF2 and KBrOF

with BrF5 (seé Section E), and also ?y the reaction of the parent oxy-

4 2re also produced in the reaction of KBrO3

f]uoride_(BfOzF or Br0F3) with a fluoride ion donor (see Chapter IV).
v " Both KB_rOF4 and KBr‘OzF2 are white solids that are stable at room
temperature and can be stored iﬁdefinite]y in FEP, Kel-F or glass containers.

o They are, however, very sensitive to moisture and must be stored in

\\\\\\\\\\\\\\\rigorohé]y dried vessels. When exposed to small amounts of moisture, the
’ soli lved a brown gas, .presumably Brz.
\k\““\\\\\x\‘w‘~~\;\\§9me other reactions the Br(V) anions were also studied. .MWhen

KBrOF, was SRaken with excess KBrO, in CHyCN overnight, the resultant \
product contained no KBrOF4, but anly KBrOzF2 and KBrO3. This indicates

that in CH3CN, equilibrium (3.3) lies to the right. This may be due in

KBroF, + KBroO; > 2K8r02F2 . (3.3)

part to the extremely small solubility of KBrOZF2 1n,CH3CN. This means

that when excess KBrO3 is used in the rgaction of KBrO3 with KBrFB, a

v
-
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reduced amount of KBrOF4 is obtained since the excess KBrO3 reacts with

some of the KBrOF4 produced by equation (3.1). In BrF5 as a solvent,

KBrQOF , and KBrO3 also reacted to give KBrO,F,, but not all the KBrOF

4 2'2?

was consumed.

4

Although KBrOF4 is stable in CH3CN. and does not decompose to
KBrOZF2 and KBrFG, it nevertheless cannot be prepared by the reaction of
these two compounds, i.e. reaction (3.4) was found not to have proceeded

to the right to any appreciable extent, even after 28 hours. This is

KBrF + KBrO,F, » 2KBrOF, C (3.9

.
S,

again probably due to the extremely low solubility of KBr02F2 in CH3CN. \\}

C. Characterization of KBrOOEQ and KBrOE4 by Raman Spectroscopy.

Figure 3.1 shows the Raman spectrum o% solid KBr02F2 and Table .
3.1 lists the observed lines and their assignments, together with those
of some related molecules. The Raman spectrum corresponds well with that
reported by Bougon and his coworkers."®’*® Because no solvent could be
found for K'BrOZF2 (it is }nso1ub1e in BrFS, CH3CN and 502C1F, and a
reaction occurs with HF [see Chapter IV]), no polarization data could be
obtained. The assignments (Table 3.1) were made by comparison with the
related molecules IOzFZ',S“’SS C]OZFZ-,35 Seozfzz- (Chapter VI) and
XeOze.101 On the basis of VSEPR theory and the geometries of the
related molecules, BrOZFZ' is expected to have a C2v structure with the
lone.pair and two oxygen atoms occupying the equatorial positions of a

trigonal bipyramid. The nine fundamentals [r = 4A, + A, + 2B, + 282] for

1 2 1
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such a structure are all expected to be Raman active. F -

| _0
The three highest frequency lines can be readil —Br
. assigned to the Br‘O2 symmetric and asymmetric, ’ F
stretching frequencies, with Voym BrO2 being split (1)

by solid state effects. The X0, (X = Cl, Br, I)

'stretqhing frequencies in the XOZFZ— anions decrease in the order C1>Br-1I,
which is due to the i;creasing mass of the central atom X and the decrease
in bond strength as the electronegativity of X decreases. The -BrO2
stretching frequencies are also lower than those in BrOZF which is consis-
tent with a decreased BrQ double bond character due to the negative charge
of the anion. Fina]]y(the BrO2 frequencies 1in BrOZFz_ are higher than the
SeO2 frequencies in the 1soe]ect;§nic SeOzF2=, reflecting the additional

. !
bond weakening by the extra negative charge in the selenium compound.
These three assignments agree with those of Bougon et al.*® and

our previously published work.102 The remaining assignments are less

definitive. They differ from our previously published interpretation and

agree with those of Bougon et al. The strongest remaining line at 369 cm']

was pr Y1ous1y assigned to Grock whereas vsymBrFZ was assigned to the line
at 424 cm']. Bougon et al. on the other hand, assigned the strong lines

-1 . .
at 369 cm  to v BrFZ. Since vsymBrFZ is an A] mode and is a strong

sym
line in the spectra of the related molecules, it seems reasonable to assign
it to the line at 369 cm-] (along with a shoulder at 380 cm']).
The Towest frequency peak at 197 cm—1 is assigned to § BrF, which

2
occurs as the lowest frequency fundamental in all the related molecules.

-
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The remaining assignments are more arbitrary. The 307 cm-] peak (and the
shoulder at 293 cm']) are assigned to Swag’ and are in the same region as
the corresponding motions in 102'F2r and C102F2'. Since in all the‘related

molecules, & XF

-1 . .
rock < VoymiFas the peak at 338 c¢cm ° 1is assigned to 3

This also places 6rock and 6w

rock’

ag close together in frequency, which is also

observed in IOZFZ_, XeOZF2 and §102F2' (in the last two, these two modes

vasmeFZ’ which should be a very weak peak in
1

the Raman, has been assigned to the shoﬁ?der at 424 cm .

have the same frequency).

This leaves only two fundamentals, SSBrO2 and the torsion mode r,
to be assigned. In C]OZFZ' (which is the only molecule where ¢ has been
assigned), GXO2 is more intense and also at higher frequency than t. There-

-—

fore, the stronger peak-at 424 cm'] is assigned to GBrO2 with the weak
peak at 400 cm_J assigned to r. This assignment for sBrO2 places it
between the values found %or C102F2— and IOZFZ_ and in the same region as

the ana]ogoué motion in Brozﬁ [In C]OZFZ~ and CIOZF,31 and in XeOZP% and
Xe02F+,1°3 the GXO2 motions occur at similar frequencies].

A small peak (<3% relative intensity) appeared on several spectra
at about 230 cm—]. However, since the relative intensity of this peak
varied from one spectrum to the next and since it was absent on some
spectra, it has bee;\;;signed to an unidentified impurity. The broad
shoulder at 1]8 cm-] has been attributed to a lattice mode and the two
sharp spikes at 111 cm—1 and 100 cm'] are 9ssociated with the glass sample
tube (and have not been listed in Table 3.1).

Other geometries for the BrOZFZ'ion such as (2) and (3) are possible
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(if the analogy with the related ions C]OZFZ_ and IOZFZ’ and the predic-
tions of VSEPR are ignored). ~Although both structures have C2v symmetry
and would be expected to show the same number of Raman lines as a molecule

of structure (1), these alternative geometries are not as consistent with

0 -
—— gr:::F FF~“*BF4;’O

8 F \0

2

) (3)

the observed Raman spectrum as the structure (1) proposed above. In the

case of (2), BrO2 would be predicted to be extremely weak in the

Vasym

Raman spectrum, and for both (2) and (3),v mBrF2 would not be expected

asy
to be one of the weakest lines in the spectrum. The vibrational spectrum
is, theréfore, more consistent w{th the suggested structure (1) than with
the alternative structures (2) and (3).

Figures 3.2 and 3.3 show the Raman spectra of KBrOF4 at room
temperature and liquid nitrogen temperature respectively. The low temp-
erature spectrum i much better resolved and shows a few extra peaks. The
room témperature spectrum is very similar to that obtained recently by
Bougon et al.*? Table 3.2 Tists the observed frequencies along with those
of some related molecules and jons. Our assignments agree quite well with
those reported by Bougon and his coworkers. Although KBrOF4 is slightly
‘soluble in CH3CN, the solubility is not large enough to allow a solution

spectrum of KBrOF4 to be obtained. BrFS, 50201F and HF also proved un-

suitable as solvents so no polarization data is available. The assignments
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¢
in Table 3.2 are thus based only on comparison with the related molecules

Brf, (solid 10 and liquid '°°), I0F,”,%® C10F,”,“7 XeOF, 1°° and

BrF4_.9“ The assignments were also made so that the differences in fre-

4
and C]OFA_, and IF, 106 and IOF4_. The BrO?z- ion is expected tq have a

quency between Brf_ and BrOF " were similar to differences between C]F5 bos

square pyramidal geometry (structure (4)}) of C4V symmetry. All the related

molecules have this geometry and the TgF nmr

0 -
spectrum of BrOFa' (see Section D) also “
supports this. The nine fundamental modes Br.
are classified as 3A, + 2B, + B, + 3t, and o
all are Raman active. The asymmetric XF4 (4)

bending mode would, however, be expected to
be very weak (this mode is inactive in th symmetry), and has not been
observed in any of the related molecufes. This mode 1s, therefore,
assumed not to be observed for BrOF4_.

The single line at 930 cm°] is obviously the BrO stretching motion
which, as expected, is intérmed1ate in strength between those of IOF4'
and C]OFq_. The fact that this frequency is verwtclose to the mean of
the BrO2 stretching motions in BrOZF (931 cm']) indicates that the bond

weakening effect of the negative charge is offset by the greater electron

withdrawing power of four fluorines in Br0F4' as compared to the single

fluorine and one oxygen in BrOZF.
. .
The strongest Raman band should be the BrF4 symmetric stretch,

1 1

and the line at 523 cm” ' in the room temperature spectrum (529 cm

2
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at -196°C) is assigned to this motion. This frequency is quite similar to
that in BrFa' {530 cm_]) and lower than that in BrF5 (570 cmf]). The next
strongest band shoulq.be the symmetric out-of-phase strefchinq mode Vg
This motion Ehou]d come in roughly the same region as the similar motion

1

in BrF4_ (455 cm-]), and the peaks at 478 cm = and 454 en”! (room temp-

erature) and 481 and 459 cm_] (-196°C) are both possibﬁe. In solid BrF5

this motion is split into two components (at 525 cm_] and 539 cm']). Both

478 cm'] and 454 cm-] are, therefore, assigned to Va in BrOFqﬂ. The

peak at 503 cm-] in the room temperature spectrum is assigned to “asmeFd’

In the -196°C spectrum a line at 486 cm-] appears in addition to the line

at 506 cm'l, and both 1fnes are assigned to v smeFd’ with the £ mode

a
split 1nto its two components by solid state effects.

The five deformations remain to be assigned. £) should be the

\'8(
highest frequency deformation, since it involves motion of the doubly

bonded oxygen atom, and it is assigned to the peaks at 429 cm'] (along

| 1

with the shoulder at 417 ¢cm™ '), 403 cm  and 392 an™ ! in the room temp-

erature spectrum. These lines are well resolved at -196°'C and are at

] ], and 399 cm'].

]

434 cm’], 421 cm ', 409 cm These values are close to

-

. - 1
those in BrFS (425,417, and 414 cm

). TOF,” (365 cm™') and C10F,” (416 cm”
and 395 cm_‘), and it is assumed that the E mode is extensively split by
solid state effects. Similarly extensive splittings have been observed

for vg and Vg of solid BrF. at 10° K.'%% As in all related molecules, vq

5
should have the lowest frequency of all and the broad line at 187 cmkl in

the room temperature spectrum is thus assigned to vg.  ° At -196°C, this
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. @
line is split into two components at 196 cm—1 and 184 cm']. v, can be
! g to the line

at 241 cm_] (a shoulder at 239 cm-] appears in the Tow temperature spectrum).

assigned to the line at 310 cm—] (314 cm™ ' at -196°C) and v

Both these assignmentﬁ place the frequency found for BrOF4- between those

in IOF4- and C]0F4- and similar to the frequency in Brf As was mentioned

4
earlier, it was assumed that Vg was too weak to be observed.

A line was observed at 161 cm—] in the Tow temperature spectrum
which was not observed at room temperature. This line is assigned to a

lattice mode as it is too low in frequency to be a fundamental. Several
L]
other lattice modes (122, 97,74, 66, and 46 cm']) were also observed in

the low temperéture spectrum,

The main difference between our assignments and those reported by

Bougon et al. are as follows. They have assigned the peaks at 506 cm']

and 478 cm']/i7/%he two components of v BrF4(E). However, the rather

asym
large intensity of the 478 cm-] peak makes this assignment dubious.
Furthermore, in our low temperature spectrum, the 478 cm'] line splits

into two lines at 486 cm_.| and 481 cm_1, which also favours our assignment.

Bougon et al. assign the peak at 161 cn! as a component of §_ XF4(E),

Sym
with the broad peak at 187 cm'] as the second component. However, at low
temperature, the 187 gm—1 peak is split into two components which we have
attributed tothe splitting of the E ﬁode, leaving 161 em™! as a lattice

vibration. The fact that 161 cm—] is not observed on our room femperature
spectrum also supports this assignment. Finally, Bougon et al. attribute

the shoulder at 239 cm—] to vg, the mode which we assumed to be unobserved.

S
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This value is close to what would be expected by comparison with the
calculated value far BrFS, and may be observable if the BrOg;' is
distorted in the solid. However, Vg is not observed in ;olid BrF5 104 op
in solid RbCIOF4 and CsCIOF4 42 and we have, therefore, assigned the
shoulder at 239 cm—1 as a Ebmponent of dsmeF4 in-plane, leaving Ve un-

observed.

D. % N.M.R. Spectrum of KBrOF

4.1.

The 19F nmr spectrum of a saturated solution of KBrOF4 in CH3CN
at room temperature showed a single peak at -104 ppm (width at half height
~ 275 Hz). This peak is in the f on Br(V) region and is slightly upfield
from the resonance due to the basal fluorines (-i32 ppm 107) of the iso-
e1ec£rbn%c molecule BrFS. It is also slightly upfield of the chemical
shift for the parent mq1ecu1e BrOF3 which occurs at -160 ppm (see Chapter
V). «%he observation of a single line for BrOF4- is in agreemeng with the
equivé]ence 6f the four fluorine qfoms in\the proposed structure (4).

Other possible structures such as (5) or (6) (which do not conform to the
predictions of VSEPR) would be expected to exhibit more thag:?ne F-on-Br(v)

resonance.
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E. The Reaction of KBrQ., and BrF5;

The reaction of KBrO, and Brf has been reported by Schmeisser
and Pammer ?3 to occur at -50°C according to equation (3.5). Independently

of our work,Bougon and Tantot “° have reported that this reaction at room

4

KBrG, + BrF 4 (3.5)

3 g > KBrf, + BrO,F + 20

2 2

N
température gives different products and proceeds according to equation

(3.6) when approximately equimolar amounts of Br‘F5 and KBY‘O3 are used.

KBr‘O3 + Br‘F5 - KBr‘OZF2 + BY‘F3 + %02¢ (3.6)

When BrFS:KBrO3 ratios higher than 1:1 were used, they reported that the
reaction was slow, whereas when lower ratios were used, KBr_F4 was the

main product and the reactions were at times violent. Bougon and his

Lg

coworkers also showed that when a 15:1 molan ratio mixture of Br'F5 and

KBrO3 was refluxed in the presence of 8.7 atmospheres of fluorine, KBrOF4

is obtained as a solid product after 16 hours. The other products were
P ’
not identified and no reactions were proposed. Because the reaction of

KBrO3 with BrF

for BrOZF, it was studied in the present work. Our results were not

5 had been reported ?3 to be the most convenient preparation

compatible with either those of Schmeisser and Pammer or those of Bougon
et al. It was found that when pure reagents are used, KBrO3 and Br‘F5 do
not react appreciabLy at -50°C when BrFS:KBro3 ratios between 1.24:1 and
3.7:1 were used. Even after the mixtures had stood at this temperature

for several Hours, Raman spectroscopy showed that the white solid remain-

ing after the BrF5 was removed-under vacuum was essentially pure KBr03.
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The Raman spectré generally had a small peak at 884 cm'] due to KBr02F2.
When a mixture of Br‘F5 and K8r03 ﬂ2.62:1) was allowed to react at room
temperature for six hours, a larger (but still relatively minor) amount
of KBrOZF2 was prodgced, and a very small amount of BrOzF was obtained.

We have found, however, that when a very small amount of HF is
added the reaction is much more rapid and substantial amounts of BrOZF
are obtained;and the $olid product of the reaction consists mostly of
KBr02F2 with variable amounts of KBr‘OF4 being present (usually between
0% and 20%, as estimated from the Raman spectra). In most cases the
KBrO3 is comp]eté]y consumed. The amount of KBr'OF4 produced varied
considerably from one reaction mixture to the next. Our results are not
consistent with the reaction scheme propoigd by Schmeisser and Pammer as
KBrF4 is not usually observed as a solid product. Our results are also
not consistent with -those of Bougon- and Tantot as they did not observe
BrOZF as a product. Furthermore, neither of the previously proposed re-
actions explain the formation of KBrOF4\'

Our results can be explained by the following reaction schemes.

~

Two first steps are possible. Which of these steps occurs will depend-6n

KBr-O3 + BrFS -+ Kquze + BrOF (3.7)

3

KBr03 + Br‘F5 - KBrOF4 + BrOZF (3.8)

whether BrOZF or BrOF3 is the stronger fluoride ion acceptor. In the
related chlorine system, C10F3 is a stronger F~ acceptor than C]OZF."3

Also, when a mixture of KBrOF, and KBr0,F, is reacted with a deficit of

¥
H
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:5A5F5 in BrFS, all the K8r02F2 reacts whereas some KBrOF4 is left unreacted.
. These two facts, as well as the facile reaction of BrOF, with KHF, (see
Chapter IV) suggést that BrOF3 is a stronger F~ acceptor than BrOZF, and
that reaction (3.8) is the first step. Since KBr02F2 is the main-solid
product, reaction (3.8) must be followed by another step. A reasonable
reaction would be (3.3) which hasearlier been shown to proceed to the
right in BrFs. The fact that reactions (3.3) and (3.8) occur at the
same time and that their rdtes may depend on the exact compdsition of the

~

reaction mixture could account for the variable ratios of KBrOZF2 and
KBrOF4 formed in different reactions.

The role of HF in promoting the reaction is not clear, but it
must be involved in the first step rather than in the second .step, since
this second step (reaction (3.3)) has already been shown fo occur in Brf
in the absence of HF.

If the relative Lewis acidities of Br0F3, and BrOZF are ignored

in choosing the first step of the reaction, another possible reaction

scheme would be equation (3.7), followed by a rapid reaction such as (3.9)

.

Br‘OF3 + KBY‘O3 - BPOZF + KBr‘OZF2 (3:9)

SO tqat BrOF3 would not be observed as a product. This would be analogous
to the situation found in the reaction of Brf, with water or 10,F, where
BrOF, is not observed as a product (see Chapter IV). Reaction (3.10)

would have to proceed to a small extent in order to accoufit for the KBr()F4

BrOF, + KBr0

3 F (3.10)

oFo >

KBrOF4 + Qroz

o
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observed in the products. This scheme is made unlikely by the fact that

when the reaction of KBrO3 with Br‘F5 was carried out in the presence of

KF (mole ratio (1:1.9:1)), a normal (i.e. ~ 10%) amount of KBrOF4 was

observed. If BrOF3 were present as an intermediate, this would have re-
//";2\ed rapidly with the KF present to produce an unusually large amount

of KBrOF4.

The first mechanistic scﬁeme given is thus more likely and the

- proposed reaction scheme is thus (3.8) followed by (3.3).

M kBroOF, + Bro.f (3.8)

KBr0, + BrF 4 ?

3 5

-

KBrOF4 + KBr‘O3 -+ ZKBrOZF2 (3.3)

If (3.3) proceeds to completion, then the overall reaction becomes (3.11).

2KBr‘O3 + Br‘F5 > 2KBr‘02F2 + BPOZF ) (3.11)

«

on the basis of (3.11), one mole of KBrOZF2 should be produced
per mole of KBr‘O3 used. Comparison of the weights of KBr02F2 product.and
thY KBrO; used showed that this was indeed the case (see Section F). The
yield of Br02F obtained from this reaction was typically about 50% of
theoretical yield calculated for equation (3.11). Also, the reaction mix-
“ture usually turned quite dark brown due to evolution of bromine. Thus
the low yield of BrOZF can be attributed to its decomposition in the re-
action mixture. The products reported by Bougon and Tantot for the re-
action of KBr0, with Brf, (equation (3.6)) may be attributable to the

complete decomposition of the BrO,F in the reaction mixture which would
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Ty
produce Brz, Br‘F3 and 02 (however, Bougon and Tantot do. not Speci?ica11y

mention the production of Brz). This decomposiiién of BroO,F would be

2
favoured by the rather smatl amount of BrF5 solvent present at low

BrF :KBrO3 ratios.

5
Bougon and his coworkers  have also reported that heating a
mixture of Br‘F5 with KBrO3 (15:1 mole ratto) in the presence of F2
produces KBr‘OF4 as the only solid product.*?® It is likely that the
fluorinat1on of KBr0 F2 to KBrOF4 in this case is due to the F2 (e.g.

equatlon (3.12 f and not due to a reaction between BrF5 and KBrOZF

KBrOF, + F, .» KBrOF, +30,+ (3.12)

2'2 2 4 2

Bougon et al. report the formation of 0 gas and add that under more
vigorous conditions, KBrF is obtained. The fluorination of KBrOf’ to
KBrF6 must employ F2 as the fluorinating agent since Br‘F5 is a much weaker
fluoride ion acceptor than Br0F3, so that reaction (3.13) would not

proceed to.the right. The direct reaction of F2 with KBrOZF2 to give

KBrOF, + BrF5 -+ KBrF,. + BrOF3 (3.13)

4 6

KBrOF4 and ultimately KBrF6 is in agreement ®ith our observation that
Br02F can be fluorinated to Br*OF3 and then Br‘F5 by the strong fluorinating
agent KrF2 (see Chapter IV).
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F. Experimental Section

(i) Preparation of KBrQf, and KBrO,F, by the Reaction of KBr0, and

KBrFs;

0.216 g (1.30 mmol) of KBrO3 and 0.250 g (1.42 mmol) of KBrf

6
were shaken with 1.3 g of CH3CN for 12 hours in a Kel-F tube. The solvent
was removed under vacuum and a white solid resulted which showed only
lines attributable to KBrOF4 and KBrOZFZ. .The separation of‘KBrOF4

'KBrOZF2 relies on the slight solubility of KBrOF4 in CH3CN cgmpared to

from

the insolubility of KBrOzFZ. 0.315 g of a mixture of KBr02F2 and KBrOF4

and 2.4 g of CH3CN were placed in ampoule A dfi%ge glass apparatus shown.
, N .

-

The mixture was shaken for 2 hours. The liquid whs then fiitered over to
side B, through the glass frit F, and the CHBCN distilled back to side A.
A small amount of white solid was deposited in B. This operation was then
repeated several times. The progresslof the extraction can be monitored
by Raman spectroscopy. The white material in B was KBr0F4. Calc. for
KBrOFQ: K, 18.53%; Br, 37.87%; F, 36.02%. Found: K, 18.88%;

Br, 37.46%; F, 38.14%. KBrOZF2 was obtained when a mixture of KBrOzF2
and KBr‘OF4 was extracted with CH3CN, as described above, and all the

KBrOF4 removed in this way. Calc. for KBr02F2: K, 20.69%; Br, 42.48%;
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F, 20.10%. Found: K, 20.40%; Br, 42.57%; F, 20.25%. The analyses

were performed by Schwarzkopf Microanalytical Laboratories, Woodside, New

York.

(ii)_ Hydrolysis of KBrFﬁ;
A solution of 10 ml of H20 in 200 m1 of dry CH3CN was prepared

using a 10 ml syringe (qui]ton Co. Inc., Whittier, California). Aliquots
of this stock solution were then syringed into a solution of KBrF6 (0.051 g,
0.22 mmol) dissolved in CH3CN (0.3 g) ina 6 mm o.d. quartz tube. After
each addition the solvent was removed under vacuum, and the Raman spectrum
of the solid produced was recorded.

(iii) PReactions of KBrOF, and KBrO,, and KBrf. and KBVQéEgL
(a) KBrOF, and an unmeasured excess of KBr0; were placed in an

FEP nmr tube and CH3CN was distilled in. The mixture was allowed to stand
at room temperature overnight. The solvent was then removed under vacuum.
The Raman spectrum of the resultjng solid showed only lines attributable
to KBr‘O3 and KBrOZFZ. This reactjon was also done'using BrF5 as a solvent.
KBrOF4 (0.026 g, 0.12 mmol) and K ro, (0.051 g, 0.31 mmol) were allowed to
react for five hours at room temperature in ihe presence of BrF5 (0.94 g)
as a solvent. Thé solvent was removed under vacuum. The Raman spectrum
of the resultant solid showed that in addition to excess KBr03, approxi-
mately equal amounts of B(BrOZF2 and KBrOF4 were present.

(b} Approximately equal amounts of KBrF, and KBr02F2 were placed
in a Kel-F tube and,CHagﬂ\was distilled in. The mixture was agitated at
room temperature for 28 hours, and the CH3CN was removed under vacuum,

leaving a white solid. Raman spectroscopy indicated that no KBrOF4 had
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been produced. There was, however, some KBrF4 produced, probably. from
the decomposition of KBrFg.
(iv) Reaction of KBrO, with Brfg.

In a typical reaction 2.756 g (16.5 mmol) of KBrO,, 7.56 g
(42.0 mmol) of BrF5 and 0.0124 g (0.6 mmol) of HF were allowed to mix at
room.temperature for 3-5 hours in a Kel-F tube. The resulting mixture
was brown in colour due to prqduction of Br2 by partial decomposition.
The volatile products were then pumped through a -48°C trap (n-hexyl
a]coho{ slush bath). 0.590 g of white material (BrOZF) was collected in
the -48°C trap, which corresponds to 4.51 mmol of BrOZF (55% yield based
on the proposed reaction scheme).  The low yield is presumably due to
decomposition of BrOZF in the reaction mixture. A white solid remained
in the reaction vessel which was identified from its Raman spectrum as
consisting mostly of KBrOZF2 {(with about 10% KBrOF4). The weight of this
solid was 3.11 g which corresponds to 16.4 mmol of KBr02F2 (ignoring the

presence of the KBrOFQ).



CHAPTER 1V

s THE_PREPARATION AND THE CHEMICAL AND SPECTROSCOPIC

PROPERTIES OF Br02F AND BrOF3;

A. Introduction

When the present work began, BrOZF had been reported in the

' literature but had never been characterized, and evidence for the
existence of BrOF3 was very tenuous. Ruff and Menzel 2% obtained a
deep red liquid from the reaction of BrF5 with HZO' They showed, how-
ever, that this was not BrOF3 as might have been expected since all of

the oxygen present was evolved as 0 Irsa and Friedman '98 examined

2
mass spectra of mixture; of BrF5 and O2 and observed bromine oxyfluoride
ions including Br02+, Br02F+ and Br0F2+, from which they concluded that
both BrOF3 and Br02F must have been present in these mixtures. Sloth et
al.19% on the other hand examined the hydrolysis of BrF5 by mass spectro-
metry and observed a number of bromine oxides and oxyfluorides including
BrOZF, but did not obtain any evidence for BrOF3 as a product. .
BnozF was isolated by Schmeisser and his coworkers who used

several preparative methods,® 1including the fluorination of Br'O2 with

F2 or BrFS, the reaction of KBrO, with BrF_. or Brf. and fhe reaction of

3 5 3

a mixture of Br, and BrF5 with 03. BrOZF was also obtained as a product

2

. in-the reactions of BrF5 with C1206 and NZOS’ as well as in the reaction
of Br02N03 with NOZF. 8r02F was reported to form colourless crystals

meiting at -9°C. At room temperature, the liquid slowly turned<;gljow

50
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due to decomposition, while at +56°C, vigorous decomposition occured

which it was suggested could be described by equation (4.1) ¢3

38BrO,F »~ BrF, + Br, + 30

3 2 (4.1)

2 2

Br02F attacks glass rapidly and was shown to react explosively with
water and organic substances.“? No spectroscopic data was reported
however.

In this chapter, Raman and ]gF nmr  spectroscopic data\is
reported for BrOZF along with some of its reaction chemistry. A{so the
preparation of BrOF3 is reported for the first time and its character-
ization by Raman and ]9F nmr  spectroscopy is described. Independently
from our work, Bougon and Bui Huy have very recently reported the

43
’

preparation and vibrational spectrum of BrOF and their results will

3
be discussed.

Some reactions in which BrOZF and BrOF3 are the products will

be described as well, along with an attempted preparation of BrOZSOBF.

B. Preparation and Properties of Br0,f

The preparation of BrOZF by the reaction of KBrO3 wfth BrF5 has

been described in Chapter III. The yield of BrO,F was typically

2
about 50% based on the amount of KBrO3 used.
A more convenient method of gbtaining small quantities of BrOZF

is to dissolve KBr‘OZF2 in HF. The reaction occuring is (4.2)

KBr02F2 + HF - KHF, + BrOZF (4.2)
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After removal of the HF under vacuum at low temperature, the Br02F is
separated from the KHF2 by allowing the mixture to warm up to room
temperature under dynamic vacuum and collectingthe BrOZF in a -48°C trap.

This method is convenient since it avoids the use of BrF_. and the long

5

time required for the reaction of KBr0, with Brf The BrOZF obtained

5"
melted at approximately -10°C and the liquid was found to be stable for
short periods of time (~ 30 min) at room temperature when kept in well-
passivated Kel-F or FEP tubes. g

Transferring BrOZF by static distif]ation was found to be
difficult because small amounts of 02 are produced by decomposition (see
above) which greatly slows down the static distillation which in turns
\leads to further decomposition. For this reason, BrOzF is best trans-
ferred by dynamic distillation or by pouring a solution containing BrOZF
into the reaction vessel. | /

Br02F is quite sotuble in BrFs, and the solutions are stable at
room temperature for several hours. During an attempt to prepare a con-
centrated solution of Br02F in BrFS, a'white salid ‘was depasited in the
tube at room temperature. Sinée BrOZF melts at about -10°C, the solid
_produced cannot be BrOZF. [t is presumably an adduct of BrOZF and BrF5.
When the excess BrF5 was removed under vacuum at -48°C, a white solid
was produced which was identified as Br02F from its Raman spectrum. The
adduct must, therefore, be rather labile since it dissociates even at
-48°C. The exact nature of this adduct was not investigated further,
IF5 has been shown.to form a number of molecular adducts such as

. 26 : 110 . 111 i -
K102F4 ZIFS, CsF 31Fg, XeF,IF¢, where the interaction has been
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presumed to be due to a weak O or F bridge to the jodine atom of IFS. A

similar interaction has also been proposed between KrF2 and BrFS.W’ The

adduct between BrOZF and BrFS may be of a similar nature, with Br02F

forming a weak bridge to the Br atom of BrFS. !

BrOZF was found to be soluble in 802C1F, even at low temperatures

(-120°C). Br02F is also quite soluble in HF at room temperature, but

these solutions decompose with evolution of Br2 and production of BrF3.

The other product is presumably O2 and these observations are consistent
with the thermal decomposition (4.1) which Schmeisser has suggested.?’
The solubility of Br02F in HF is only slight at -78°C,but at this temp-

erature the solutions appear to be stable.

C. Characterization of Br02F by Raman and ]gF N.M.R. Spectroscopy.

-

(1) ‘Raman_Spectroscopy

7Figures 4.1 and 4.2 show the Raman spectra of solid and molten
BrOZF. Table 4.1 lists the frequencies obtained from these spéttra, as
well as those obtained from spectra of Br02F in various salvents. Also

listed in Table 4.1 afe the fundamntal frequencies of the related

v

species CIOZF,H and SeOZF’ (see Chapter VI). Br0,f is expected to

2
have a pyramidal geometry (structure 1) with Cs symmetry. The six funda-

mentals (1 = 4A' + 2A") are all Raman active. Six lines are observed in
| 0
Br N - \\
= T Br—F
0 F /
0 Vs

(1) (2)

1

/s
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the spectrum of -1iquid BrOZF and in the HF solution spectrum. Of the
six lines o?served for molten BrOZF, four are polarized and two are
depolarized. The planar structure (2) with C2v symmetry can, therefore,
be ruled out since only three polarized lines (I = 3A] + B] + 282) would
have been expected. The six 1ines observed can be satisfactorily
asslgned to a monomeric, pyramidal BrOZF molecule by analogy with the
known spectrum of C102F. The BrOZF frequencies are lower than those of
C]OZF, which is consistent with the decrease in bond strength as the
electronegativity of the central atom decreases and with the larger
mass of Br compared to Cl. Direct comparison with 102F is not possible
since the latter is polymeric and gives a complex Raman Structure.>9:5!
The BrOZF frequencies are slightly higher than those of the isoelectronic
SeOZF- which reflects the bond weakening effect of the negative charge
on the anion.

The BrF stretching frequency in BrOZF is relatively low when

compared to other fluorine containing bromine speecies. The frequency for

BrOZF (506 cm']) is similar to the mean of the Br-F stretching frequen-

cies in the anions BrF4— (531 cm_]),96 BrFs' (487 cm_]),95 and BrOF,

h

(498 ecm ') (Chapter III), and considerably lower than that in the

]),ios and BrO,F

).62 The mean value for BrOF, (see below) is 574 ™! if the

neutral molecules Brf, (613 cm_]),112 Brfg (615 cm~

(605 cm—]

frequency of the asymmetric F-Br-F stretch reported by Bougon and

. . ¢
Bui Huy "8 is used. A force constant calculation for C]OZF 31 ha

revealed an unusually low C1-F stretching force constant, although this
* 4
has been disputed on the basis of a more recent calculation.!13 A similar
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unexpecte;?& low stretching frequency has been found for the ée-F bond
in Se0,F (see Chapter'VI). The results obtained in the present work ‘“fi

ai

indicate that the Br-F bond in BrOzF is also rather weak, and presumably i

1y
S

this may be attributed to a large contribution from the ionic resonance

structure (3) in addition to the covalent structure (1).

- 4

o//7r
0

|

F
(3)

The mean of the Br0 stretching frequencies in liquid BrOZF

(931 cm'l) is similar to that for BrO3F (91 Cm-]) but higher than those <

of other related species: Br03' (829 cm']),ll“ Brzoa(A) (893 cm']x,‘? %
BrOZFZ— (895 Cm—]) and Br02+ (899 cm_]) (see Chapter V). As the stret- .
ching frequency for a Br(VII) compound is expected to be significantly "

higher than for a similar Br(V) compound,'it appears that the BrQ
stretching fréquencies in BrOZF are abnormally high. This is also c?n-
sistent with an important contribution from structure (3) above, which
places a positive charge on bromine, thereby increasing thg Br0 stretch-
ing frequencies. This suggestion is in agreement with the regults of a
recent force constant catculation for BrOzF.“6 The Br-F stretching
constant {2.24 mdyn ;']) was found to be considerably smaller than that

[+]
of the weaker Br-F bond in Brf. (3.19 mdyn Al 105) and Brf

o 5 | 3 .
(3.01 mdyn-A™' 115) and similar to that found in BrF4:”(2t38 mdyn A7) 116)

Moreover, the Br=0 stretching constant in érOZF (6:78~mdyn A'l) is

‘\
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similar to the values reported for BrO,F (6:88 mdyn ;'] 117and
6.92 mdyn A”! 1'18).

The spectra of Br02F in the solid and 1liquid phases and in
solution are quitevsigilar (Table 4.1). The molecule thus has the same
pyramida1~monomeric structure in all these pha3es. The Br-F stretching
frequency is, however,significantly greater in solution than in the solid
or in the melt, indicating that there is possibly weak intermolecular

fluorine bridging in the solid and in the melt. In C10,F, the C1-F

2
Stretching frequency increases by 28 cm—] on going from the Tiquid to
the'gas, indicating that fluorine bridging may be present in the liquid
here also.

(ii) 19y M.R. Spectroscopy

The ]gF nmr spectrum of Br02F in BrF5 at -35° C consists of a}
sharp line at —21Q + 4 ppm, The chemical shift depends slightly on
the composition and temperature of the solution. It lies between the
chemical shifts of the two resonances of BrF (-132 and -270 ppm 107)
and in the same regioﬁ as the isoelectronic BrOF2+ ion (-192 ppm for the
BF4_ salt at -78° C, see Chapter V). In SOZC1F solution, the chemical
shift for BrOzF was found to be -205 + 2 ppm at temperatures from -78° C
to -123° C, which is in good agreement with the value found for the Brf g
solution. In HF solution, no separate ]QF nmr signal was observed for
BrOZF at all temperatures down to the freezing point of the solution,
indicating that BrOZF and HF are undergoing rapid fluorine exchange.; This
exchange may occur via reactions such as (4.3) or (4.4) since BrOZFZt

and Bro," are both known species  (Chapters I11 and V).
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Bro,f + HF,” <« Bro,F,  + HF (4.3)
BrO.F + H.FT © Bro.T + 2wF : (4.4)
™2 20 © P '

D. The Reaction of BrOZF with KF

The reaction of BrOZF with KF at room temperature was féund to
give a mixture of KBrF4 and KBrOZFZ. The KBrF4 is probab]& péoduced by
decomposition of Br02F to BrF3 (equation(4.1)) followed by reaction with
KF. Only 12% of the available KF was consumed by the reactions (4.5) and

(4.6). Thus the reaction of KF with Br0,F proceeds only to a small

2

KF + Br0.,F -+ KBrQ

5 (4.5)

2F2

KF + BrfF

3 KBrF4 | (4.6)

extent (<12%) after twenty-four hours. This is probably due to the reaction
being kinetically controlled rather than to any inherent instability of the
KBrOZFZ, since the latter can be obtained:pure by other methods and is

stable indefinitely at room temperature.

E. Preparation and Properties of Brof,. %:i)
BrOF3 can, in principle, be prepared from the reaction of KBr0 A
with a Lewis acid MF » according to equation (4.7). However, the
b ]
KBrOF, + MF ~~ BrOF, + KMF (4.7)

(“""\

conside}able F~ donor ability of BrOF3 (see Chapter V) according to

equation (4.8) makes the use of strong Lewis acids undesirable. A weaker

/ | ’ -
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< 4+ - -
BroF, + MF > BrOF, MF ., (4.8)

Lewis acid which is capable of causing reaction (4.7) but not (4.8)
would be more usefu].' This is the basis of the methods used in the
present work and by Bougon and Bui Huy “8 for the preparation of BrOF ;.
We have found that BrOF3 is most conveniently prepared by
disso]ving'KBrOF4 in HF-at low temperature. Removal of the HF under
vacuum at -78° C leaves a white salid whose Raman spectrum is consistent
with ér0F3. Subsequent removal of the BrOFs (see below) left a white
solid whose Raman spectrum'contained’the lines char%Eteristic of KHFZ.
Reaction (4.9), in which HF acts as a Lewis acid, had therefore occurred
’ 'KBrOF, + HF > BrOF, + KiF, (4.9)
when excess HF is pregent. This reaction is analogous to (4.2) by means
’of which BrOZF is prepared from KBrOzFé. However, unlike the BrOZF
reaction, when the BrOF3/KHFé mixture is-a1lowed to warm up to room
temperature unde( dynamic vacuum, a rather small amount of volatile
material (§r0F3) is collected in a -78° trap. The Raman spectrum of the
solid residue shows it to consist of mostly KBrOFa, ind%ca@ing that the

reverse reaction (4.10) occurs in the absence of a solvent. Removal of

the HF under vacuum drives this reaction to the right, and it occurs even

Br‘OF3 + KHF2 - KBr‘OF4 + HF (4.10)

at -20° C. The fact that (4.10) occurs whereas the analogous reaction

with BrOZF (i.e. the reverse of (4.2)) does not under similar conditions
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indicates that BrOF3 is a stronger fluoride ion acceptor than BrOZF, just
as C10F, is\a stronger fluoride fon acceptor than C10,F."3

\
In order to isolate BrOF3 from KHFZ, the Br'OF3 was dissolved in

BrF5 and the insoluble KHF2 removed. The BrF5 could then be removed

{

under vacuum at -48° C leaving BrOF, as a white solid.

The reaction used by Bougon and Bui Huy “8 to prepare BroF,

employs 02+ASF6' as the Lewis acid (equation (4.11))." The 02 and F2
+ _ BrF5
02 AsF6 + KBrOF4 — KAsF6 + Br0F3J + 02 + 2F2 (4.11)

are removed under vacuum at low temperature and the BrOF3 can be isolated

by distillation of the Brf. and BrOF (1eaving»KAsF6 and excess KBrOF4

5 3
behihd) followed by removal of the BrF5 under vacuum at -30 to -40° C.
Although this  preparation involves a simpler purification procedure,
it nevertheless requires the preparation of 02+AsF6',119 whereas the
'///f-‘\wne$hod described in the present work requires only the use of HF.

The BrOF3 prepared according to reaction (4.9) has a melting
range of approximately -5° C to 0° C and formed a clear colourless
Jiquid. The liquid slowly decomposed at room temperature even in a
well-seasoned  FEP tube, turning pale yellow and forming bubbles of gas.
Reacting the decomposed liquid with excess KF produced a white solid
identified as KBr-F4 from its Raman spectrum. Thus the decomposition of

BrOF3 at room temperature appears to proceed according to equation {(4.12)
'B?OFB -+ Br‘F3 +_ %02 (4.12)

This is analogous to the thermal decomposition of ClOF3 which has been.
J
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shown to proceed as follows 39

A
C10F3 — ClF3 + O2 {4.13)

Although Bougon and Bui Huy have reported that the vapour
pressure of BrOF3 is less than 5 mm Hg of room temperature, it was found
in this work that BrOF3 can be readily distilled statfca]]y by letting
the solid warm up to room temperature. The reason for this apparent
discrepancy is not known.

F. Characterization of BrOF, by Raman and ]gF N.M.R. Spectroscopy.

(i) Raman Spectroscopy

The Raman spectra of solid (Figure 4.3) and liquid (Figure 4.4)
BrOF3\and of a solution of BrOF3 in HF (Figure 4.5) have been recorded,
and the observed peaks- are listed in Table 4.2. A monomeric BrOF3 would
be expected to have the structure (4) which has AX4E geometry and\CS

symmetry. Such a molecule would be expected to have nine fundamental

’ .
modes (I = 6A' + 3A") which should all be Raman active. The spectrum of
solid BrdF3 contains thirteen lines without’ including the low frequency

peaks which can be assigned to lattice modes. The spectrum of molten .
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TABLE 4.2

N

Raman Spectra of BrOf, (cm’

HF solution Liquid Solid Tentative
(-78°C) (0°cC) (-196°C) Assignment
' s
1011(85) pt2  1004(90) p!®?  1010(100) - )
627(60) v
619(100)p 624(100)p 614(70) Brf oq ’/
. 526(sh) /
557(15 }dp - 510025) Vasynfax® Fax )
479(70) /
499(25) p 493(loglp 460(sh) VoyFaxtFax  /
435(20) p - 447(100)
393(20)dp 396(20)dp 387(365)
353(25) p 351(30) p 350(45)
333(sh)dp 333(sh)dp? 315(17)
234(1)? 243(4)? 245(2)
200(7)? 199(20) p? 206(15)
123(15)
74(20) Lattice modes
63(25)

(a)
(b)

Numbers in parentheses give relative intensities.

p: polarized; dp: depolarized; 7?: degree of polarization. is uncertain.

~
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BrOF3 has eight bands and agrees well with the one reborted by Bougon

and Bui Huy."8 However, the bands at 493 cm—]

and 624 cm-]~are asymmetric
and appear to consist of at least two overlapping banés which gives a

total of at least ten Tines for liquid BrOF;. That (éese two bands in the
liquid state spectrum cansist of several oVerIapping&peaks is supported by
the fact that both spl1it into severaI components “in the solid state
speetrum. The HF solution spectrum contains ten bands. Also, the
appearance of the HF spectrum depends on the temperatdre and concentration

of- the solution.” At room temperature the 499 cm_] and 435 cm_] lines

'appear as a single, very broad band. At a concentration of 27 mole %,

this peak has a frequency of 488 ean” !

and an intensity of approximately
. .

65% of. that of the 619 cm™' peak.” As the concentration of BrOF , decreases,
the 488 cm'] peak decreases in relative intensity and broadens towards

the Io@ frequency side. At a concentration of 3.1 mole %, the relative
1ntens1ty 1s only 20% of that of the 619 cm -] peak. That the spectrum

of m01ten OF3 and of solut1ons of . BPOF;KIH HF exhibit a greater number

of lines than expected can ogﬁy be exblained by postuTating that

.BrOFV-is associated in the liquid state and in HF solution (as well as

~1inthe zbl1d) _The changes in the Raman spectrum of the HF solution with

vary1ng temperature and concentration must reflect changes in the.nature

or extent of the poiymerization of the Br‘OF3 solute. -The complexity of

.the HF solution spectra cannot be due to reaction of the‘BrOF with the

HF-soIvent tolfonn either BrOF or BrOF2 ,-since the character1st1c

Br=0 stretch1ng frequencies (see Chapters III and V) for these 1ons were

&

not observed.
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The conclusion that 1iquid BrOF, is assoc1£ted has also been
reached by Bougon and Bui Huy,“8 and is consistent with the fact that
C]Of3 has been shown to be aséociated in the liquid and solid,*! and IOF3
is stroqg]y associated in the solid phase 56 (it detomposes without
me]tﬁng and no suitable solvent has been found to allow it to be examined
in solution 5!'). Association is presumed to be present in liquid IF; at
room temperatt(;r‘e,120 since two Raman lines which are observed at this |
temperature do not appear in the spectra of either the liquid at +130°C
or the gas: ;These lines have been assigned to po1ymef bands. The spectrum
of mﬁlten BrdF3 was recorded at +45°C in an attempt to detect the dis-
appearance of any bands. thher poqi spectra were obtaiggd for BrOF3 at
+45°C due to bubbling of Fhe liquid (presumably gue to decpmpogition ana
ref]u;ing)f No significant differences éou]%ihoweve},ﬁe detected between
the spegg}a run at 0°C, 25°C and 45°C; none of the lines could, therefore,
be readi1y as§1gned.to polymer bands. ,

.‘ Since the nature of the assocfat;on in BrOF, is unknown, it is’
not possible to make a comp]ete assignment of the opserved spectra, but
some useful conc]us1ons can be drawn. It is c]ear that the highest
frequency band at 1004 cm'1 must be assigned to the Br0 stretching mode;
thfs is in the normal Br=0 stretching ‘region anq\jndicates that this bond
ig‘probab1y not involved (or %t 1east’not stropg1y involved) in the
intermolecular association that is presumed to be present.

The strong band at 624 ™! s too high in freqyency to be a
bending modgband can, therefore be assigned to a terminal fluorine

rd
stretch1ng mode. Likewise, the strong band at 493 cm -1 can be assigned,

at least in part, to a Br-F stretching motion, and the lower frequency
. 4 b .

/
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of }pis line suggests that it is associated with the fluorines involved

in the bridging between molecules. The fact that it:is this band wﬁich

is the most markedly affected on going from the solid to the 1liquid to .
the HF so]utioﬁ supports this assignment, since the bridging Br-F bands
would be expected to be most drasticél]y affected by the changes in the
extent of iﬁtermo]ecu]ar interactions wh{ch accompany changes in phase.,

If the association in BrOF3 is similar to that which has been suggested
for the related molecules C]0F3,“1 SFy> BrF3, and C1F3,115 then the
association involves only the axial bonds. In this case the 624 cm']

line can be described as a Br'Feq stretch and one of the components of

the 49§”cm" line can be assigned as a-vsymFax—Br-F stretching motion,
which would be expgcted to be lower in frequency than Vap F due to the
inherent weakness of the axial bonds and their further weaken1ng by the "
bridging. .The depolarized lin? at 557 cm”! in the HF solution spectru
may be described as the vasym Fax-Br-Fax stretching mode. It is to.be
noted howeveq that this frequency is éggsiderab]y shifted from the value
of 605 cm”! reported by Bougon and Bui Huy for this mode on the basis of a

¥

partial gas-phase infra-red spectrum. Since the exact nature of the

<

association,and hence the nature of the species present, is not known, it
is not possible to assign the remaining 1jnes.jn the spectrum which must
correspond to bending modes. Bougon and Bui Huy have completely assigned

the liquid phase spectrum on the_ basis @f a monomeric BrOF molecule of

CS symmetry, but the a551gnments attribute the broad line at 493 cm -1

entlrely to v sym FaX-Br F However,, the asymmetry of th1s band 'and its

Fas st
splitting into two components in HF solution indicate that there are twq
)
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or more fundamentals responsible for this line, and cast doubt on the

éssignments. Indeed the assignment of even a component of this 493 cm'1

Tine to VsymFax_Br7Fax (és was propdsed above) is not totally satisfactory

as 1} is not clear why the 1nten§i§y of such a mode should decrease
dramatically when BrOF3 is dissolved in HF. A further investigation of

the vibrational spectra of BrOF3 by other techniques,such as matrix

isolation, was beyond the scope of this work.

~

(i) °F N.M.R. Spectroscopy

Although two siéha1s of intensity ratio 2:1 would be expected
for a BrOF3 molecule with CS symmetry, the ]9F nmr spectrum of molten
BrOF3 at roém temperature shows only a single line in the F on Br (V)_
Qregion at -152 ppm. 'There must be rapid exChange_betweenuthe non-
equivalent fluorines which may be a result of the association present in
the liquid. Bougon and Bui Huy have reported similar resﬁ]ts. BrOE3 is
quite solubhe in HF even at low temperhture, but no ]gF nmr signaI' _
attributable to BrOF cou]d be observed, even down to the freez1ng point
of the solution. It appears, therefore, tA;;\B¥OF3 undergoes rap1d

fluorine exchange with the solvent, presumably by reactions such as (4.14)

and°(4.15). In 502C1F,solution at -80°C to -100°C a single broad line

+4

BroF, + HF, BroF,  + HF (4.14)

’ + +
BY‘OF3 f H2F BrOFZ -+ HF : . (4.15)

3

++

_(peak width ~600 Hz) was observed at -164 ppm, and at -120°C the peak-
shifted to -160 ppm, and the 1ine width increased to ~1600 Hz. Similarly

-
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in 502F2 at -136°C, only a single broad 1ine was observed for BrOF3 a;f”~\\\\\\

-162 ppm. The small difference in chemical shift of BrOF, in the moiten
state and in so]ut%on in SOZCIF and S0,f, suggests that BrOF3 is
associated in a similar fashion both in the molten state and in solution
in these non-polar solvents. That only a single line is observed in these
solvents indicates that exchange of non-equivalent fluorjnes occurs
rapidly and probably intermolecularly,even at low temperature,between

the units of an SS§oEiated clygter of BrOF, molecules. .

P

G. Reaction of BrfF. with H,0 add Iodine Oxyfluoro Species

(i) Hydrolysis of Brf.

Equimolar amounts Ef/?rFS and ng were al{owed to react at -63°C
using HF as a solvent, and the solution was cooled to -78°C. A white
precipitate was formed whose Raman sﬁé&lk;m consisted of 1inés attribut;
9b1e to BrOZF and BrFS. Although the %bnni%ion of BrOZF presumably
;rocéeds via‘the intermediate formation of BrOF, (equaiions (4.16) and

(4.17}), no BrOFé was in fact observed. The solution was pale yellow,

Br‘F5 t H20 -+ BrOF3 + 2HF . (4.16)

BrOF, + H,0 - Br0,F + 2HF . ’ (4.17)

3 2 2

indicating that some decompos1tion-had occurred, but no Raman lines
attributable to decomposition broducts (such as Brf; or Brz) were 7_. .
observed; which indicates that only a small amount of decomposition had

-t

¢

occurred.” Removal of HF and BrF5 under vacuym left a pale yeliow solid
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identified as BrOZF. Two very weak Raman lines attribdtable to BrF.3
were observed and this may account for‘the yellow _.colour of the solid.
It must be concluded that if BrOE3 is indeed an 1ntérmed1ate, it must
hydrolyse coﬁsiderably faster than BrFs. Tﬁe BrF3 observed was produced
either by decomposition of BrOF3 or BrOZF. These results are in agree-
ment with mass spectral data obtained by Sloth et al.!% who reporyed
finding no evidence for Br‘OF3 in the p;oducts of the hydro1¥sis of BrF5

in the absence of a solvent.

ii) Reaction of Brf. with Iodine Oxides and Oxyfluorides.

BrF5 rapidly fluorinates I{(V) oxides and oxyfluorides and as in

the case of the hydrolysis of BrF Br02F rather than BrOF, is the-product.

5° 3
BrF5 reacted with IOZF at -48°C. 1If a large enough excess of

Brf. was used, a clear solution was obtained (otherwise the adduct

5
19

between Br02F and BrF5 precipitated out). A "'F nmr spectrum of this

u

soltution showed, in addition to the BrF5 107 golvent peaks, the character-

istic peaks due to IF5 121 and 8r0,F, and integration‘of these signals

2
showed that IF5 and Br02F were present in equal amounts. Thus the .over-

all reaction can be written as (4.18). On removing the excess BrF5 at

BrE,. + Id'ZF > BrO,f + If

05 (4.18)

5

-48°C, a solid was produced whose Raman spectrum consisted of a mixture

of Br02F and IF5,106 containing no Br0F3. The Br0F3, which is presumably
13

E produced as an intermediate according to equation (4.19) must fluorinate

BrFS + IOZﬂ > BrOF3 + IOF3 : ; \(4j19)
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the I (V) species preserit more rapidly than the BrF5 solvent, i.e. it is

removed by rapid reactions such as (4.20) and (4.21).
BrOF3 + IOZF +\ Br02F + IOF3 : (4.20)

BrOF, + IOF

3

3 ?rOZF + IF5 (4.2])

i

- Similar results were obtained in the reactions of BrF5 with 1,0,
and”IOF3, except that some decomposition of 'a bromine species was
evident from the formation of the characteristic brown co1our’of Br2 and
some gas evolyaion. In both cases, ]gF nmr spectra of the resulting
solutions showed only BrFs, IF5 and BrOZF. Because of the decomposition
which had occurred, #ategration of the Brsz'and IF5 signals showed

amounts of BrOZF that were less than would be required according to

eéquations (4.22) and (4.23). When the solvent was removed under vacuum +

5Brfg + 21,0, ~ S5BrOF + AIF, . (4.22)\,

5 275

BY‘F5 + ZIOF3 > BPOZF + ZIF5 (4.23)

14 L

° 7

from thd I205/BrF5 reaction mixture, a solid was obtained whose Raman
spectrum showed lines attributable to-only BfOZF and IF5, but not to
Br0F3. As in the case of the IOZF/BrF5 reaction,zihe BrOF3 presumably
formed as an intermediate must be removed by rapid reaction with the I(V)
species present,

When 102F3 and Br’F5 were reacted at rogm temp?ratufé, the TQF .
nmr spectrum showed (in addition to the AX, pattern of BrFS) the'AB4

pattern of IOF5 76 and a very weak AX4 pattern assigned to IF51 Removal
. ' §
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of BrF5 and IOF5 under vacuum at -40°C produced a solid which consisted
of mostly BrO,F with some BrOF, (apprpximate]y 10% according to the
"Raman spectrum), a sma]]_aﬁount of IF5, and possibly a very small aﬁount
of BrFéc The Brf3 may have Qeen produced by decomposition of either

BrOzF or BrOF3, while the IF5 was probably due to photochemical

decomposition of I0,F, to IOF,,’0 followed by fluorination to IF_. by the
2'3 3 5

solvent. Thus the reaction of BrF5 with 102F3 can be written as

equations (4.24) and (4.25). The formation of a mixture of BrOZF and

BrF; + I0,Fy 5 BrOF, + IOF (4.24)

2'3 3 5

Br0F3 + 102F3 - BrOzF + ‘10F5 (4.25)

BrOF3 can be accounted for if reaction (4.25) does not go to campletion.
That BrOF, is observed as a product in the flvorination of 10,F; by Brfg
~supports ‘the supposition made earlier that it must be an intermediate

in the fluorination of I0,F, 1,0, and I0F, by Brf.

The solid mixture of BrOzF, BrOF3, IFS {and possibly BrF3) was
redissolved in BrFEL

_to produce a solution more concentrated than the

o 19

original reaction mixture. Th F nmr spectrum of this solution at

-60°C showed BrF .and(IFS, and a weak, very broad (v 200 Hz)

5
peak at a chemical shift of approximately -209 ppm. This signal is
8

presumably 'due to BrOZF undergoing exchange at an intermediate rate with
Br0F3. BrF5 and IF5 cannot be involved in the exchange since the engcted —
spin-spin coupling is observed for these molecules. The -209 ppm{?eak

does 'not represent the Timiting fast:exchange average peak for BrOzF and-
. 'y ) L]

’
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BrOFé, since a chemical shift of apprqxima%e]y -199 ppm would be
expected for the average of a 10:1 mixture of BrOZF:BrOF3 (involvement
of BrF3 would move the peak further upfield). Also, raising the tempera-
ture to -40°C (thereby increasing the rate of exchange) caused the peak
to broaden (to ~370 Hz) and move upfield (to v-204 ppm). The resonance
due to BrOE3 expected in the -60°C spectrum could not be observed,
presumably due to its weakness and/or breadth. |

(i11) Reaction of Brf. with 10,504F .

5
5 reacted with 102303F at -48°C to give a brown solution.

A non-condensable gas was produced during the reaction. The ]QF nmr

BrF

spectrum of the reaction mixture showed (in addition to the BrF5 sojvent
Tines) the AX, pattern of IF, and a sharp singlet at a chemical shift of

-41 ppm. The chemical shift of 5206F2 has been reported as -40.4 ppm

for the pure 1iquid, 122 and -39.5 ppm for a solution in Brf..!%? The

r

intensity of the singlet at -41 ppm relative to one component of the IF5
doublet was estimated to be approximately 1:2 on the basis of peak

height. These observations are consistent with equation (4.26). Thus

~
4

2102503F + ZBrF5 > 'Brz + 202ﬁ + 52 6F2 + ZIF5 (4.26)

- \

—

if Br0,S05F is produced (4.27), it must decompose rapidly (4.28). Schack

(4.27)

§

10,505F + Brfy - Br0,SO,F + IF,
¢ 2Br0,SO4F ¢ Br, + 20, + S,0.F, (4.28)

and Christe 1;; have reported that they failed to obtain BrOZSO3F from

/o "'
.
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thé reaction of BrOSO3F and 03 (whereas the same reaction with ClOSOéF

2SO3F as an

unstable intermediate in the reaction of KBr03 with 5206F2 which

produces K[Br(OSOzF)4] (whereas the analogous reactions with KC]O3 and

produces C102503F). Carter et al.125 have also proposed Br0

KIO3 produced C102303F and IOZSO3F,respect1ve1y). That attempts to

prepare BTOZSO3F by three different methods Have failed suggest it is
of lTow stability. It cannot, however, be definitely concluded that
BrOZSO3F is unstq?]e since its formation and subsequent decomposition

has not been established 1in any of the unsuccessful preparations reported.

H. Reaction of Bro,F with Krf, \

BrOZF can be fluorinated using the strong oxidising agent Krf

with HF as a solvent. The ]9F nmr spectrum of a solution of BrO

2

2F with

excess KrE2 at -45°C showed singlets at -52 ppm and +183 ppm which were

assigned to KrF, 2% and HF (eichanging with BrO,F). The Raman spectrum
2 - 2

1

of the solution at -45°C showed only a single peak at 467 cm ' due to

KrF2 and the Br0 stretches of BrOZF. Gas evolution occurred when the

sample was warméd to +2°C. The‘Raman spectrum of the solution showed

Br02F and BrOF3 to be present in comparable amounts, along with a small
amount of BrF5.126 After an hour at +2°C, the BrOF3
" increased in intensity relative to those of BrO,F. After another hour at

and BrF5 lines had

+2°€, no Brsz was obsgrved. After an hour at room temperature, the“Br'F5

Wt (F L o hld . ax

lines had grown in intensity. A ]gF nmr spectrum showed Ker, HF and

Brf. to be present. Thus BrO,F is fluorinated to BroF, (equation (4.29))

- e AN e i m

which is in turn fluorinated to BrF féauation (4.30)).

v
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»
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BrOZF + KrF2 > BrOF3 + %Oz + Kr N (4.29)

7

3 * KrF2 - BrF5 + 40, + Kr (4.30)

BrOF 2

I. Experimental Section

" (i) Preparation of Bro,f.

The preparation of BrOZF by the reaction of KBrO3 with Br'F5 was
described in Chapter III. BrOZF can also be prepared by dissolving
KBr02F2 in anhydrous HF. In a typical experiment 0.087 g (0.46 mmole)
of KBrOZF2 was placed in an FEP nmr tube and apprqximate1y 0.4 g of HF .
was distilled in. The mixture was*warmed .to -78°C to melt the HF and
thep warmed further to dissolve the KBrOZFz. On cooling the solution to
-78°C, a white precipitate was formed which was identified as BrOzF from
its Raman spectrum. The HF was removgd under vaéuum at -78°C, leaving
a white solid. This solid was warmed to room temperature under dynamic
vacuum and the volatile component was trapped at -48°C and identified
) és'BrOZF by its Raman spectrum. The involatile residue was 1denfified

as KHF2 from its Raman spectrum.

(ii) Decomposition of Bro,F in HF.

When a solution of KBr‘OzF2 in ﬂF was allowed to stand at room
temperature for thirty minutes, it became brown, suggesting Br2 formation,
When the solvent was removed under vacuum at -78°C, and the remaining
solid allowed to warm up to room temperature under dynamic vacuum, a
white solid remained which was {dentified as KBrf, from its Raman

35 96

spectrum. Thus when a solution of BrOZF in HF decomposes it
3

)
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produces Br, and BrF3, and presumabiy 02.

(iii) Preparation of BrO,f Samples for Raman_and 19F N.M.R.

'Spectroscqpy.

Br02F was distilled dynamically into FEP nmr tubes, trapped at
-48°C, and the solvent then added by distillation.

3
(iv) Reaction of BrQQF with KF. .

0.133 g (2.29 mmol) of KF.was shaken at room temperature with
0.592 g (4.52 mmol) of BrOZF for 24 hours in a Kel-F trap. Some decom-
position occurred sin;e Brz was liberated in the tube. The excess 8r02F
was removed under vacuum, and a Raman spectrum of the white solid which
remained §howed.it to be a mixture of KBr‘OZF2 and KBer. fhe weight of
the white solid in the tube had increased by 0.037 g (which corresponds
to 0.28 mmol of BrO2
(v) Preparation and Properties of BroF .

F or BrF3).

In a typical preparation, 0.219 g (1.04 mmol) of KBroF, was
p]aced in an FEP nmr tube, and approximately 0.6 g of HF was distilled
in. The mixture was warmed to 778°C to melt the HF and then to a slightly
higher temperature to dissolve the KBrOFé. The HF was rémoved under
vacuum at :78°C, leaving a white solid whose Raman spectrum was consis-
tent with érOF3. 1.3 g of BrF5 was distilled in, and the mixture warmed
to -48°C. This produced a clear solution with a translucent solid (KHFZ)

floating on it (density of BrFS: 2.47 g cm—3, KHF,: 2.37 g cm™3 127y, It -

9"
was possible to separate the solution from the solid by carefully man-

ipulating the reaction vessel in such a way that the solution slowly

£
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flowed to one end of the nmr tube while the solid adhered to the walls
at the other end of the tube. The section of tube containing the solid

was then sealed off and removed. The BrF. was removed under vacuum at

5
-48°C, and a white solid (BrOF3) resulted. For larger scale preparations
the reaction was carried out in a double armed ?;V] v
FEP vessel. ‘The KBrOF4 was placed in arm A, ’"‘15"‘93”‘3‘3-
and HF was added. The HF was removed under ﬁx
vacuum at low temperature. Br‘F5 was distilled UA

in and a solution of BrOF3 in BrF5 with KHF

The apparatus was tipped sideways and the mixture introduced into section

> floating on it was formed.

B. Careful opening of the Teflon valve V2 allowed the solution to

trickle into tube C. When the solid KHF, reached V the latter was

2 2’
closed and all the solution wetting the solid KHF2 in B was removed under
vacuum through valve V]. V2 could then be safely disconnected from B,
and the BrFS solvent present in C removed under vacuum. In this way,
BrOF3 could be conv?nient]y isolated. The melting range of BrOFB, which
was found to be approximately -5°C to 0°C, was determined by placing a.
solid sample of BrOF3 contained in an FEP nmr tube in a g]aig dewar
which was kept cold b} a f]owqof cold nitrogen through the dewar. The
temperature was varied by controlling the nitrogen flow and was méasured
using a copper-constantan thermocouple. In another-experiment a

sample of solid Br0F3 in an FEP tube was placed inta salt-water/ice bath

at -10°C and the bath was slowly allowed to warm up to 0°C over a period

of 2 hours while the temperature was monitored using a mercury thermometer.

]
A
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The melting range d;termined by this method was -4°C to 0°C.

On)standing at room temperature, liquid BrOF3 began to bubble
and Furned yellowish. After two hours at room temperature, the liquid
was chilled to -196°C, excess KF was added and the mixture was allowed to
warm up to room temperature. A reaction took place which produced a white
solid identified as KBrf, from its Raman spectrum.

(vi) Reaction of BrOF., and KHF,.

4 in . HF

and removing the HF under vacuum) was ailowed to warm up under vacuum to

A mixture of BrOF3 and KHFZ‘(produced by dissolving KBrOF

approximately -20°C, and then chilled to -196°C. The Raman spectrum
showeq the resulting solid to consist mostly of KBrOF;, with only a smal{
amount of Br*OF3 remaining. In another experiment 0.012 g of KBrOF4 was
dissolved inJHF, and fhe solvent removed under vacuum at -78°C. The
resh]ting BrOF3/KHF2 mixture was allowed to warm up to rooﬁ°temperature
under reduced pressure. The remaining white solid weighed 0.010 g and
was identified as KBrOF4 from 1ts Raman spectrum. Using a good dynamic
vacuuh, some BrOF3 can be distilled out of a Br0F3/KHF2 mixtu;é, but the
residual KBrOF4 still accounts for most of the BrOF3 qrfginally present.

" (vii) Preparation of N.M.R. and Raman Samples of BrOF

3‘_
The Raman and 19F nmr spectra of liquid BrOF3 were dbtained from

a sample prepared in an FEP nifr tube as described above. An HF . solution
of BrOFz_for nmr was obtained by dissolving KBrOF4 in HF in an FEP nmr
tube. An HF solution of Br0?3 for Raman spect}oscopy was prepared by
dissolving KBrOF; in HF in a 6 mm quartz tube. These solutions often

attack the quarfz tube (the solution rapidly turns brown, and the Raman

»
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aspectrdm of the solution shows .large amounts‘Pf?Brogﬁ)._ R§T§67§pectra of
BrOF3 in HF were A]so recorded in FEP and Kel-F containers, but in -these
cases the Raman lines associated wjfh the container obscured many of the
BrOF3 lines. Fér the investigation of the dependence of the Raman spec-
. trum on the concentration of a solution of BrOF; in HF, 0.075 g (0.50
mmole) of BrOF3 was placed in an FEP nmr tube. Preweighed amoznts of HF‘
were then distilled in to give sélut1ons with mole percentages of BrOF3 i
of 27.0%, 15.0%, 11.0%, 8.0%, 6.0%, 4.5% and 3.1%. The Raman specfrum
of each solution was recorded at room temperature. In addition to the
changes in the BrOﬁ3 lines, weé 1ines due to BrF3 also appeared due to
the slow thermal decomposition of BrOE3. The Raman spectrum of BrOF3 at
'+45°C\was recorded by positioning an FEP nmr tube containing liquid BrOF3
against the inside wall of an unsilvered Pyrei Dewar (the same one usea
for recording Raman spectrﬁ at -196°C). The Dewar was then filled with
hot water (+45°C) and the temperature was monitored uéing a mercur& ther-
mometor. 19FVnmr samples of Br‘OF3 in 50261F&5pd SOzFé were prepared by
statically distilling BrOF3 into an FEP nmr tuLe, and then disti1i1ng in

the solvent. The mixtures were warmed to -78°C to allow dissolution of

the BroF,. Saturated solytions were 'used.

(viii) Herolysis of Brf.

m'0.213 g (1.22 mmol}) of BrOF5 was distilled into a ]/4T o.d. FEP
tube, and 21.9 u £ (J.22 mmol) of HZO was syriﬁged into the Fube (kept at
-196°C) and formed a frozen bead above the Tevel of the frozen BPFS.
Approximately 1.3 g of HF wés then distilled in. T?e mixture was warmed

to -78°C to melt the HF, and then to -63°C for ten minutes giving a light

Se—
Nt
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yellow solution. On cooling the sample fo -78°C,"a white solid was
formed. The Raman spectrum of the so]%d was recorded at -196°6 and
Showed.it to consist of BrOZF and Brﬁs,"ﬁith no BrOF; béing present<

The sample was left at -63°C for one hour and then at -78°C for‘t@o days.
The Raman Speétrum of ﬁhe solid in the bottom of the tube was again run
and still found to cons}st only of lines attributable to BrF5 and BrOZF.
Thegsolvent and excess ErFs were removed under vacuum at -72°C ard then

at -48°C, leaving a yellow solid whose Raman spectrum showed lines attri-

',butable to BrOZF with possibly a very small amount of BrF.,. No BrOF

3 3
was preseht.

© (ix) Reaction of 1(V) Oxides and Oxyfluorides with BrF

5

(a) ,IOZF: 0.0571 g (0.32 mmol) of IOZF was placed in an FEP
amr tube, and 1.61 g k9.2 mmol) of BrF5 was distilled in.'fhe mixture was
w§rmed to -48°C to give a p1ear solution together with a white solid. The
mixture was, allowed to react at room temperatuﬁe for fifteen minutes and

a solid was still present in the tube (presumably the adduct between Br02F
and BrFs). A 19F nmf spectrum at -45°C showed only BrFS, IF5 and BrOZF.

The solvent was removed under vacuum at -48°C and a white so{id resulted
whose Raman spectrum contained 1ipes attributable to BrOZF\and IFS’ but
no BrOF3. In another experiment 5 much larger (and,unmeasured) excess

of BrF5 was used and complete dissolution occurred at -48°C. The ]gF nmr
spectrum of this solution at -40°C showed BrFS, IFS, and BrOéF,‘and‘the
integration of the spectruﬁ gave ihe following resu]ts:'_*} \

?QOZF:EjF4:F¥E4 = 30:32:117 =z 1:1:4

D
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(b) iZOS: 0.114 g (0.342 mmol) of Izdé was placed in an
FEP nmr tube, and 1.81 g (10.3 mmol) of BrF5 wai)disti]]ed in. The
mixture was warmed to -48°Ciand an orange solution was formed with a white
solid sti1llpresent in the tube. Decomposi;if:/§eemed to occur since the

solution was orange in colour and bubbles of-gas were evolved. The solid

dissolved when the sample was warmed to room temperature and a ]gF nmr

spectrum at thfs temperature showed signals due to BrF ;FS, and BrO,F.

5’ 2

Integration of the spectrum gave the following results:

BrO,F:FIF,:FIF,

The sélVent was removed under vacuum at -48°C, and then at -30°C. The

= 23:30:125 * 0.75:1:4

Raman spectrum of the remaining material consisted of 1?nes attributable
to BrOZF and IFg, with no BrOF3 being present,

| (c) IOF3: A large excess of BrF5 was distilled onto 10F3 and
the mixture became brown on warming to -63°C. Further warming to -35°C
. cauaed complete dissolution and a darkening of the brown colour. The nmr

'spectrum of the solution showednBrFs, IFS, and a relatively small amount

of BrOZF (BrGZF:IF5<1:1O) to be present.

(x) Reactjon of 10,F, and Brf,.
.1.04 g (5.95 mmo1) of BrF5 was distilled onto 0.150 g {0.694 mmol)
of IOZF3, fnd the mixture was warmed to -18°C and then to room teﬁperature
for forty minutes to get a complete reaction. A Raman spectrum of the
solution showed peaks attributable ta BrFs, IOFE.;,75 BPOZF and a small
amount of BrOF3. ‘Thé ]gF nmr spectrum of this solution at -50°C showed

the characteristic multiplets of Brfg and IOF;, and a small amount of IF..
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No peaks other than those due to BrF5 were observed in the F on Br(V)

'region. The BrF5 and IOFS were removed under vacuum at -48°C and the

Raman spectrum of the remaining solid showed lines attributable to a
o ,

1]

large amount of BrOZF, some Br0f3 and very weak lines due to fFS and

‘ possibly BrF3. BrF5 was distilled into the tube and a more concentrated

solution was prepared. The 94.1 MHz 19

F nmr spectra of this solutfon
were recorded at -60°C, -50°C, and -40°C.

(xi) Reaction of IO°§93f and Brf,.

Excess Br'F5 was distilled onto 0.062 g (0.24 mmol) of 102503F
in an FEP nmr tube and the mixture was allowed to warm up to -48°C. A
brown solution was formed. The mixture was cooled to -196°C. A non-
condensable gas was present in the tube. This was detected by opening
the tube to the manifold of the vacuum line and. observing a change in
19

the reading of the vacuum gadge. The “F nmr spectrum of, the solution

was recorded at -48°C. .

(xii) Reaction of Br0,F and Krf,.
Approximately 0.1 g of KBrOZFz‘was placed in an EE; nmr

tube and excess KrF2 was distilled in. Approximately 0.5 g of HF was

then distilled in and the miXture warmed to -78°C to melt the HF. Al]

the solid in the tube dissolved at -45°C. The tube was then warmed while

the reaction was monitored by ]gF nmr and Raman spectroscopy.



_CHAPTER'V ' N vk

PREPARATION AND CHARACTEkIZATION OF THE

CATIONS Br0," AND BroF,”

- A. Introahction.

Many fluorides and oxyfluopides: react with Lewis acids according

to the general equation (5.1). 1In some cases, the product is best described

: + - ‘
XOpF, + MF "~ XO,F . 'MF . i RV

.
~n

as an ionic salt with discrete cations and anions. For example, the complex

SF,-SbF; appears be be best formulated as SF +Sng.‘?e'”"’”o In other

3
cases however, strong fluorine ,bridges 1ink the"cationh and the "anion" and
the prodytt is best described as a covalent adduct. For example, the
gomp]ex'between NbF5 and SbF5 has been shown 131! to contain very strong
fluorine bridges between the Nb and Sb atoms; the adduct is therefore best

(

written as NngstS.with the ionic form NbF4+SbF6- making only a small

contribution.
It was of interest to examine the reactions bgtween Br02F and a_
number of Lewis acids. Schmeisser and Brandle 8 had reported that Bro,F

does not form complexes with BF;, AsF. or SbF. ‘In this chapter,it will
be shown that Br02F does in fact react with BF3 and AsF5 to produce salts
containing the Br02+ cation. Independently of our work Jacob “# has

reported the preparation of the compounds Br02+AsF6' and Br02+[SbF6(SbF5)] 24]'.

/
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He has,however,only reported the vibrational frequencies for the cation in

the [SbFG(SbFS)] 24]- salt. Although he states that"the characteristic
_frequencies of Sbé 1]' and Sb3F]é"" were observed, this must be regarded
with some skepticism\since the extremely complex sﬁectra for these anions

are not well characterized (seeTable 5.5).

! ~

[t was also of) interest to examine the reaction between BrOF3 and
various Lewis acids, an? these reactions are also described in this

chapter. Bougon et al.l3? have also studied the BrOF3/AsF5 system and

their results are essentfally in agreement with ours.

i
o +
B. Preparation and Properties of the Br0,” Salts.

The reaction of B 02F with the Lewis acids BF3 ang AsF_. at -72°C

. 5
using HF as a solvent produces cream to Tight-brown coloured solids which

in Section C are shown to dontain the Br02+ cation. The products are how-

ever often coloured orange br reddish as a result of partial decomposition

(see Section C). The compound Br0 +BF " is quite soluble in HF whereas
g 2 74

Br02+AsF6' i3 much Tess so[u le. Both salts can also be made using BrF5

as a solventy,

Interaction of BrO,F with AsF at -120°C using S0,CIT
produces the samp cream coloured product. The reaction of
'th éxcess SbF5 in‘SO2 1F a1so-pro§uces solid products, but these
were generally more highly colioured and Raman spectra could not be obtained.
Moreover, the tendency of SbF5 to form polymeric anions of the type .

n 5n+l

equimolar amounts of reagents

/

Sb_F " meant that the produ¢ts were probably mixtures since exactly
ere not used.
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The Br02+ salts were found to- be unstable at room temperature.

Rapidly warming a sample aof Br02+BF9 to room temperature under vacuum in
an FEP tube caused the solid to melt, turn very deep purple incolour, and
apubble vigbrouély. No solid residye'was Teft after ten minutes. The com-
pound BfOéiAsF6- does not melt at room temperature but the red colour of
the solid deepens and the Raman lines associated with the decomposition
product increase in intensitg. Both materials therefore had to be kept
at 10& temperature. For this reason, no analytical data were obtained for
these products. The fact that BrOZF was observed in small amounts or not
observed at all in the Raman spectra of the products indicates that the
formation of Br‘OZ+ was esséntia]]y comp1ete.. .

So]ution; of Br02+BF4— in HF and BrF5 appear to be stable at low
témperatures for extended periods of time. At tggm temperature however,
a solution of Br02+BF4' in BrF5 became dark brown in_cb]our after ten
minutes, indicating that decomposition had occurred.

Solid Br02+AsF6' reacts very vigorou§ly with HZOQat room tempekgture
and a cloud of brown gas, presumably Brz, is evolved.

C. gﬂgraiterization of Br02+BFA- and Br09+Ach_ by Raman and !QF N.M.R.

Spectroscopy.

. (1)} Raman Spectroscopy

Figure 5.1 shows the Raman spectrum of a slightly orange solid
obtained from the reaction of BrOZF with excess BF3 in HF. Th#& spectrum

was run in an FEP tube at -196°C using the green 514.5 nm line of the Ar
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. \ .
ion laser. Figure 5.2 shows the Raman spéctrum of an orange solid obtained

from the reaction of BrOZF with AsF5 in HF.

-196°C using the red 632.8 nm line of an He-Ne las

his spectrum was run at

Table 5.1 Tists the

~——

frequencies obtained from these spectra, along with the fundamental fre-
. + L. + -

quencies of the Br0, cation in BrO2 [SbFG(SbFs)].zq] ,4% and the related

molecules Se0, 133 and BrO,F (see Chapter IV). When the solid used to

obtain the spectrum in Figure 5.1 was dissolved in HF, the Raman spectrum

1 1

of the solution showed only two lines at 876 cm ' and 937 cm . The line

1

at 876 cm ' was polarized whereas the line at 937 en”! had too low an

intensity to allow definitive polarization data to be obtained. The

other lines expected were too weak to observe or were masked by the vebry
intense lines due to the FEP tube. The solution spectrum could not be’
recorded in a quartz container since Attempts to transfer the solid product
to a quartz tube failed due to decomposiption of the sampje. Simi]ariy,
attempts to prepare the sample in a quartz tube led to extensive attack on

the walls of the tube and very intense fluorescence was observed. The

lines in the Br=0 region (884 cm-] and 947 hm—] in Figure 5.1 and 862 cm”]

and 931 cm'] in Figure 5.2) correspond reasonably well with the Broz+

1

‘frequencies reported by Jacob {865 cm ' and 932 cm—]) which suggests that

the reaction of BrOZF with BF, or AsF5 produced salts containing the Br02+

3
cation. In Figure 5.2, the peak at 907 cm-] is assigned to a small amount
of unreacted BnOZF, whereas the weak line at 827 cm’] is of unknown origin

and, was only observed in one spectrum of Br02+AsF6-. When the solid product

of the reaction between BrOZF and BF3 was mixed with excess KF in HF, the

R

v
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884 cm” ! and 947 cm_] lines in the Raman spectruﬁ disappeared and were
replaced by theléharactgrist?c BrOzg lines. This further confirms our
supposition that Br02+ is responsible for these Ramaq lines.

In Figure 5.1, the 771cm'] peak has a frequency very close to the
value reported for vy of the BF4' ion (769 cm-1) in KBF4.*‘“a‘3“ The other
fundamentals were too weak to be obserued. Despite the fact that excess
BF3 was used in the syntheses, there were no lines attributable to the
complex anion BZF7; 136,137 4yn the Raman spectra of the products. The

Piompound formed by BrOZF and BF3 is, therefore, formulated as Br02+BF4'.

In Figure 5.2, the strong line at 685 cm—] has a frequency identical with

that of v, (A]d) for AsFG‘ in CsAsF6.138 The two lines at 576 cm-1 and

)

.
552 cm” ! are assigned to v, (Eg) of AsFG' (576 cm ' in CsAsFc) with the

E mode split by a solid state effect. Finally, vg (ng) of AsFG‘

(372 em™! in CsAsFG) is assigned to the line at 368 en”'. Once again there
was no evidence for the formation of the complex anion ASZFY]- 137,18
despite the fact that excess AsF5 was used in several of the preparations.

Thus the compound formed by BrOZF and AsF5 is Br02+AsF6'.

Since both the symmetric and asymmetric BrO2 stretching frequencies

are observed for Br02+ both in the solid BF4_ 1. +
and AsF6 salts and in HF so]utJSn, the cation - 4%’BQ\\
must be bent (structure (1)) rather than linear. 0 0
This is in agreement with the predictions of VSEPR (N

theory and with the assignment of a bent geometry
to the related species SeOZ.“‘o C102+,30 any IQz+.51 The 0BrQ bending mode
&
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in BrOZ+ was reported to be at 375 cm-1 in the [SbF6(SbF Tosalt.tt

J bF5 Yy 24
In Figures 5.1 and 5.2, the 0Br0 bending mode coijncides with one of the

lines due.to the FEP Eontaiper. Evidence for this can be obtained by

comparing the relative intensities of the 382 cm~] and 293 bm—] 1ines'of

1

FEP. In the reference spectrum of FEP, the 382 cm ' and 293 cm_]zlines

1

at -196°C are of equal intensity, and the 382 c¢cm ' band is often split into

a doublet with‘bnanches of equal intensity at 384 and 376 ™! (see inset
' 1

in Figure 5.1). 1In Figure 5.1, the peak at 379 cm™ is stronger than

1

the shoulder at 384 cm”' and the FEP line at 293 cm'], indicating the

presence of a saﬁb]e line at approximately 379 cm'l. Similarly, in Figure
' ]

5.2, the broad band. at 382 cm~
1

is considerably more intense than the broad

FER line at 293 tm ', indicating that again a sample line must coincide
Sh

with the 382 cm-] line of FEP. The OBrO bending mode of Br0 * is assigned

2
to this line at approximately 379 cm—1 for the BF4“ salt and approximately
382‘tm:l.for the ASFG- salt. Yurther evidence for this was obtained from.
a sample of BrOZ*BFq- prepared in a quartz tybe. - Although the Raman spec-
trum of this product was complex since extensive decomposition had occurred,
a weak Raman iine was observed at 378\cm—] which was assigned toSOBrO
of Br02+. -

The line at 361 cm—] in Figure 5.2 is_assigned to the decomposition
product of the Br02+ salts. This line was found to increase in intensity
in samples of Br02+AsF5- that had been warmed to room temperature or stored
for extended periods of time.. The same Tine was found to be more intense

in more highly coloured samples of both the BF4- and Ast_ salts. When

v
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samples of BrO2 AsF6 and Br02+BF4 were allowed to decompose extensively,

the intensity of the 361 cm_] Tine increased, and peaks appeared at

~n 720 cm_] and ~ 1080 cm‘]. The intensities decreased in the order 361 cm']

L

. 720 ¢cm | ~ 1080 1. These observations are consistent with the form-

ation of Br2+BF4' and Br2+AsF6- as decomposition products. The vibrational
frequency of thefBrZ+ cation is 360 ;m_] 141 and it shows an absorption
- band at 510.0 nm. Therefore, when 514.5 ‘nm radiation is used to record

\]

. +
the Raman spectrum of a sample containing Br2 , the resonance Raman spectrum

) , -
of the 8r2+ ¢dtion is observed which has a strong fundamental at 360 cm 1

! and 1080 cn”'. This was verified by recording -

and overtones at 720 cm”
the Raman spectrum of a sample of Br02+AsF6_ using 632.8 nm excitiqg
radiation. The relative intensity of the 361 cm_] line was 20% of that
of the 862 cm'] line (Figure 5.2): When the spectrum was recorded using~
514.5 nm exciting -radiation, the relative intensity of this peak increased
to 60% of that of the 862 cm'] 1ine.f The decreased intensity of thg
361 cm'] line when observed usﬁng 632.8 nm radiation is consisieét with the
suggestion that 514:5 nm ekcitafion givgs a resonance Raman spectrum where-
as 632.8 nm radiatio& gives'on]y a weaker pre-resonance Raman spectrum.

The Br02+ stretching frequencies are unusual in several respects. =~ .
On going from BrOZF to Br02+, it would be expectted that the Br0 stretching
frequencies would increase, as a positive charge on the Br atom should
cause'a decrease in the electronegativity difference betweeﬁ bromine and

' Qu
oxygen, which should result in an increase in the Br=0 stretching freqdéncy.

However, this is not observed (see Tabie 5.2) since the mean Br0 stretching

-
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TABLE 5.2
Comparison of BrOZf Stretching Frequencies
to Some Rélated Molecules (cm—])
(a) +(b) (c) (d) +(e) (f) *
302 C102 C]OZF SeO2 —8?02 BrOzF
1362 1296 1253 967 937 953 Vasym XO2
1151 1044 1097 922 o - 876 908 vsym $X02
1256 1170 1175 944 907 931 Mean X0 stretching
' . frequency
a , : A
Reference 114; gaseous infra-red spectrum.
b peference 29:  Raman of solid C102+A5F6—.
c

Reference 31;  Raman of liquid

Reference 133; "matrix isolated infra-red.

+ -
2 BFg -

see Chapter IV; Raman of liquid.

HF solution of Br0
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frequency in BrO2 in soluttfon in HF (907 cm ') is considerably lower than
Fhat of BrOZF (931 cm—]). _In the related C1 system, the mean C10 stretching
frequencies (C102+: 1170 cm_];23 C10,F: 1175 cm”! 31) and stretching
force constants (C10,": 8.96 mdyn A™';22 C10,F: 9.07 mdyn A7 31) are
Eomparab]e, and this was attributed to the large contribution of the ionic
C102+F— form to the overall bonding in C]OZF.2§ In BrOZF, there 1is also
probably a Targe contribution from the ionic form Br0é+F- but this canpot
account for a higher stretching frequency in BrOzF than ip Br02+.
&An'unusua1 trend is also observed when Brbz+ is compared to the
1§oe1ectronic SeOZ. Again contrary to expectations, the mean Br0
stretching frequency in Br02+ is lower than the mean SeQ stretching
frequency in SeO2 (944 cm-]).133 This is contrary to the observation jﬁT
that within a series of isoelectronic molecules the foéce constant increases
as the magnitude of the positive charge on the central atom increases.‘
Compariéon of the mean stretching frequencies in C}OZ+ (1170 cm_]) and
SO2 (12?6 cm'])ll“ shows that these molecules also do not conform with the
expected trend. This has been rationalized 29,143 by assumind that in such
molecules with a rather electronegative central atom X in a high oxidation

state, the bond polarity-is in the direction X §- 8¢

0 and'that introducing
a formal positiYe charge on X therefore weakens the bond by further . . |
increasind the bond pplarity. This argument however does not seem éntire]y .
satisfactory for the Zess electronegative elements Se and Br, and does not
hold in the isoelectronic pair of molecules SeOF2 and BrOF2+ (vX=O =

1012 cm—1 144 and 105§“cm-1,respective1y) where the expected trend is
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observed.

The Tow Br0 stretching frequencies in the solid BrOZ+ salts could
be explained if extensive fluorine bridging occurs between the anions and
the cations. Donation of e]ectrqn density from the anion to the bromiae
atom of the cation would result in a weakening of the Br-0 bonds. Com-
parison of the Br0 frequencies in the [SbFG(SbF5)1.24]', AsFG' and BF4'
salts are not in complete agreement'with this interpretation however,
since these frequenkies are significantly higher in the BF4" salt than in
the other two, whereas BF4— is the most basic of these anions and would
have been expected to bridge the most strongly to the cation. Furthermore,
the vibratioenal frequencies observed for the BF4— and ASF6_ anions in the
Br02+ salts are close to the values found for the kK" and Cs” saiés of these
anions. It would have been expected that very strong anion-cation inter-
actjon would have shifted the anion frequencies f;om their normal values.

Another form of bridging which could occur in the solid Br02+
salts is bridging between cations. In the isoelectronic SeOZ, the structure

of the solid has been shown 1“5 to consist of an infinite chain of Se atoms

linked by O-bridges, with each Se begring a terminal oxygen (structure 2)

b

//,0\\\‘Sé///0\\\\Sé///O\\\\Se///O\\\\
I Il Il

(2)

o

s

’ +
A similar structure involving weaker bridging (structure 3) between the BrO2

N

"
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cationsis possible. The Br-0-Br Bridges are certainly not symmetric as is

-0 0 -0 .
o Q\\ ,4’ ‘§\* & \\§ 0’
Br Br Br
I ! |
0 0 0
3) "

N

-

) . . N . .
the case in SeO2 since $UCh a structure would produce only a single line

in the Br=0 region of the vibrational spectrum, and peaks in the Br-0-Br

stretching region (400 - 600 cm_])13a’9 would have been expected. In the '

Pl

case of rather weak bridging such as in .structure (3), symmetric and

asymmetric Br'O2 stretching frequencies would be expected, and this is -

consistent with the observed spectrum. However, it is again not obvious

6 1S replaced

why the 8r0 ¥ stretching frequencies should increase when Asf

2

with BF,”. )
(i1) '9F N.M.R. Spectroscopy.

When Br02+BF4_ is dissolved in HF, the Br0 sf{retching frequencies
decrease by 8 - 10 cm'] which also is unusual. To investigate the pos-
sibility that these solutions contain b;idged species such as (4) or (5)
rather than simple BrOZ+ and BF4_ ions, the ]gF nmr spectrum of the solution

was recorded. The nmr parameters obtained from these spectra are récorded

in Table 5.3. At -45°C, two broad singlets were observed at +152 ppm

0—Br — F — BF, 0~— Br—F '
/.
0 0
I
. ~ BF 5 ,

(4) (5)
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1 TABLE 5.3

|
i

Chemical Shifts (5,ppm from CFC13) and,omg Constants
J (Hz) for Br0,"BF,” Dissolved in HF.

«°

f o

Temp. °C , F4_” HF

s ] wiaen @) 0 ) Ligen (2)
-45°¢ +152 410 +194 RO T
-53°C oz s .+194 276 SO RS
_68°C +152 75 +194 476 250
-78°¢ +152 0 (8 493 525 103
a

Linewidth at half-height (Hz). These values are estimated to be.
accurate to ¢+ 10 Hz.

Estimated to be accurate to + 10 Hz.
Single line observed for HF.

Extensive overlap of the peaks made the measurement of width at half-
height impossible.

ﬁxact-]inewidth could not be measured.
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and +194 ppm. As the-temperature was lowered, th& +152 ppm singlet became
sharper and the one at +194 ppm sp]if into a doublet with branches of equal

intensity. At -78°C, the coupling constant of the doublet at +193 ppm was

525 Hz. The +152 ppm line is assigned to BF4 and is in excellent agree-

4 4
HF.130 No fluorine to’ boron coupling was observed and this is probably

ment with the value of +153.6 ppm found for BF, when KBF, is dissolved in

due to the very small value of this coupling constant. The value of JB-F
has been shown to decrease with decreasing concentration and also to vary
depending on the nature -of the cation involved.l6 For NH4+BF4— in
aqueous solution, Jg_p for BF4- was found to be 1.15 Hz at infinite
dilution and to be relatively independent of concentration. For Na+BF4'
in aqueous solution, a value of approximately 1.4 Hz was found for ions
with concentrations of less than 1 M, but the splitting increased r:zjzjz
at higher concentrations. Since the concentration of BrOZ+BF4' in HF used
was approximate]} 0.6 M, the coupling constant can be expected to be
between 1.1 and 1.4 Hz. Such a small coupling would not have been obsérved
under the conditions used to record the nmr spectrum. w
. The high field singlet at +194 ?om at -45°C, which split into a doublet
when the solution was cooled,is assigned to HF. The splitting at low tem-
perature is due to H-F coupling and the observed coupling constant (JHF =
525 Hz) is in good agreement with the previously reported values of 526 Hz !"/
and 521 Hz.!*8 This splitting can only be observed when the total number

of ions formed by dissoeiation of the solvent is at a minimum, !*3

i,i, when [H2F+] = [HFZ—]. The observation of HF coupling indicates that
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the HF is not involved in any rapid exchange processes with othér species
in solution. If non-labile complexes such as (4) or (55 were present in
solution, extra peaks would have been observed in the F on Br (V) .region
of the spectrum. If complexes such as (4} or (5) were present in equili-
brium with Br‘02+ and BF, , and the exchange was rapid, only a single F on B
resonance would be observed; however,the chemical shift of this resonance
would not be expected to coincide with that of freel BFa- in HF.  The nmr
spectra thus are most consistent with discrete BF4' and presumably Br02+
{ons in solution.
(iii) Discussion

}he spectroscopic data obtained in the preseq} work suggests that
the addgcts between BrbeF and Lewis acids are essentially ionic salts
containing the Br02+ cation. The rather low BrO2 stretching frequencies may
be attributable to some secondary bonding to'the brémine atom of the cation.
Whether this bridging invo1ves'on1y the cations or whether it links the
anions and.the cations cannot be decided on the basis of tﬁé vibrational

v

spectra. Coﬁparison with the related 102+ and C]O‘z+ ions favours the

LY

2 1
shown that several fluorine bridges link the C102+ cation to the anions

latter explanation however. In C102+Sb F., , X-ray crystallography has

surrounding it.?" In 102+ASF6-, the suggestion that the cation is polymeric
through oxygen bridges has been made,>® but later work "' has shawn this
conclusion to be incorrect and has demonstrated that discrete 102+ and

6
likely that the bridging in Br‘OZ+ salts is between the anjons and the

AsF_  ions are present, linked by fluorine bridges. [t therefore seems more
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cations. The bridging cannot be very strong since the Asr6_ and BF47
frequencies are close to the values found in the K™ and Cs' salts of these

anions. The observed splitting pf Vo of AsF6' may be due to this bridging

+
2

stretching frequencies in-the BF4_ salt than in the AsF6' salt may be due

between this anion <and the cation. The higher value of the Br0

to more favourable bridging interactions in the latter case, perhaps

caused by packing considerations. This might offset the lower basicity

of ASF6— when compared to BF4 . More definitive conclusions about this

will have to await a determination ,of the crystal structure of some 8r02+

salts. In HF solution, Br02+ and BF4' jons appear to be present. The

Tow Br02+ frequencies observed in solution may possibly be accounted for
by strong sgiyation of the ion.

i

D.- Preparation and Properties of the BrOF9+ Salts.

The reaction of BrOF3 with an excess of AsF_ using HF as a sdlvent

5
produces a white solid product. A product with an identical Raman spectrum

can also be obtained using BrF5 as a solvent. The Raman spectrum of this

adduct (see Section £) indicates that it is best formulated as BrOF2+AsF6'.

The reaction is therefore (5.2). Another preparative route used to obta?ﬁ]

Brof 6

+
+ AsFg - BrOF, Asf (5.2)

3

-

this adduct was the reaction of I02F3-ASF5‘26 with BrF5 at room temperature,

which proceeds according to equation (5.3). In Chapter IV, it was shawn

’

+ -
10,F5-AsF, + Brfg - IOF; + BrOF, Asfg (5.3)
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that BrOF3 is an intermediate in the fluorination of 102|'3 by BrFS

(equations (4.24) and (4.2§)) and that the BrOF3 is almost completely con-

sumed by reaction with IOZF3 (equation (4.25)). When AsF5 is present

however, reaction (5.2) occurs instead of reaction (4.25) and BrOF?*AsF6

- is formed as a precipitate. That Br0F2+AsF6 is only very 'slightly

soluble in BrF5 is shown by the observation that the Br=0 stretching

freqﬁency is very weak in the Raman spectrum of a saturated solution at
room temperature. ~It is a]so-slightly soluble in HF and Bougon and his
coworkers 137 have recorded the Raman spectrum of this solution (see Table
5.4). Solid BrOFZ+AsF6' slowly turns pink and is therefore only marginally
stable at room temperature (see Section E).

BrOF3 also reacts with BF3 at low temperature, using HF as a

solvent, to form an adduct which can be formulated as Br0F2+8?4- according

to its Raman and lgF nmr spectra ( see Section E). This adduct is much

more §oluble in HF than the AsF6' salt, and the solid obtained by removal

of the HF solvent under vacudm~is often coloured yellow or oranqe'by the
presence of decomposition products. When the solid is allowed to warm up
to room temperature under dynamic vacuum, it darkens in colour. No solid

residue is left after 15 minutes indicating that the decomposition products

.

are volatite.

Because of the difficulty in measuring out stoichiometric quantities
' ¢

of BrOF, and SbF_, the direct reaction between these two was not investigated.

3 5’

Use of excess SbF5 would have resulted in mixtures of SbF6' and szF]]—

anions being produced, and would have complicated the Raman spectra. Instead
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of a direct reaction of BrOF3 and SbFS, the fluorination of IOZF3'SbF5
with BrF5 was investigated to see if a reaction analogous to (5.3) would

occur. A crystalline product was obtained which showed the characteristic
/

Br=0 stretching frequency of 8r0F2+, but the remainder of the spectrum was

rather complicated. The decomposition of BrOF2+San5n+]- differs from that

of the AsFG' and BFA' salts (Section E) in tha? BrF2+ is the major decom-
position product. Another reaction that was t%ied in order to obtain
BrOF,"SbF ™ was that of [0F,"SbF ™ °) with Brfg. In Chapter IV it was
shown that 10F, is fluorinated to IF, by Brf, (equation (4.23)),

and that the intermediate Br0F3 must react rapidly with the L (V) oxyfluoro
species present. Since in the reaction of 102F3-MF5 (
BrFS. the BrOF3 intermediate is trapped as Br0F2+MF6', 1t was thought that

M As, Sb) with

the BrOFs intermediate in the IOFB/BrF5 reaction might be trapped by the

presence of a Lewis acid, i.e. reaction (5.4) was expected. However, when
(or,"sbf.~ + Brf, . IF, + BrofF,*sbF." (5.4)
2 > 5 5 2 >PTg >

IOF2+SbF6~ was reacted witp excess BrF5 at -37°C, IFb was tndeed observed
as a product but no Br0F2+SbF6" was obtained. The only solid product

observed was BrFZtSbFG'. [t is unlikely that the BrF2+SbF6- was produced

+ .
by the decomposition of BrOF2 San5n+] 31n§? the latter decomposes only

slowly at low temperatures. It is more likely that one of the intermediates

involved in reaction (S.Q)iis decomposing to BrF2+.
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€. Characterization of the BroF,  Salts by Raman_and qu_N:M:B;

Spectroscopy.

(i) Raman Spectroscopy

The Raman spectra of solid BrOF2+AsF6- and solid Br0F2+8F4' as well
as a solution of 8r0F2+BF4- in HF are shown in Figures 5.3, 5.4 and 5.5,
respectively. The vibrational frequencies obtained from these spectra are
listed 1n Table 5.4. Also listed are the results obtained by Bougon and
his coworkers for BrOFz*AsFB- in the solid phase and in HF solution,!®
along with the vibrational frequencies of the related species SeOFz.l“'
SOFZ.l“” and C}OF2+."v‘” The spectra shown 1n Figures 5.3, 5.4 and 5.5
were recorded in quartz tubes to avoid:interference from Raman lines due
to FEP or Kel-F sample tubes, However there was some attack on the quart?
tube in each case. On Figure 5.5, the lines at 937 en”! and 876 co”! are
due to a%mall amfount of Br02+ produced by attack of Br0F2+ on the quart:
vessel (the other lines expected for Br02+BF4' woulg be much too weak to
influence the remainder of the spectrum), and the broad band which appears

b and 540 em™! is a fluorescence peak often

in the baseline between 400 cm
observed in spectra of samples which have attacked quartz or glass con-
tainers. The fluorescence band is observed as a very broad, weak peak in
the spectrum shown in Figure 5.4. In Figure 5.3 the broad line at 490 Cm-‘
is also attributed to attack on the quartz tube. Nane of these features
were observed in spectra of samples contained in FEP tubes.

The highest frequency line on all three spectra can readily be

assigned to a Br=0 stretching motion. The fact that this band is shifted to

1
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a considerably higher frequency than the corresponding motion in BrOF3

(1004 cm—] in_the liquid, see Chapter IV), along with the occurrence of

bands characteristic of the corresponding anions BF4' and A§F6 suggest

that the adducts should be formulated as BrOF2+BF4' and BrOF2+AsF6:. As
was the case for the BrOZ+ salts, there was no evidence for the occurrence
of the complex anions Ast]]' or 82F7- in this work despite the fact that
excess Lewis acid was used in both cases. (In Raman spectra of HF solutions
of BrOF2+AsF6' containing excess ASFS, Bougon and his coworkers !’ have
observed lines which they assigned to ASZF]]-).

The Raman spectrum of solid BrOF2+AsF6— ob;erved in this work
corresponds well with the spectrum reported by Bougon and his collaborators,
(see Table 5.4). The major difference is that in the present work only a
single, b?ﬁadened line was seen at 360 cm-], whereas Bougon and his co- .
workers have observed two peaks (360 cm'] and 366 cm']) in the same region.
The réason for this is probably the presence of a small amount of the
decomposition product Brz+ which would produce a peak at . 360 cm—] and
might obscure the resolution of the two distinct peaks at 360 cm‘] and
366 cn” ! due to BrOF2+AsF6—.

lhe BrOF2+ cation is expecteg to have the pyramidal structure (6)

of CS synmetry. The six fundamental vibrational

Br
modes expected [ = 4A' + 2A"] are all Raman 'i{ N
F” 0
active. Definitive polarization data could only F
be obtained for the three highest frequency 6)
- [N

lines in the spectrum of Br0F2+BF4- in HF solution.
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The three strgtching modes of the BrOFZ+ cation can be identified
by comparison of the spectra of the AsFG_ and BF4_ salts, and can be
readily assigned. As expected, the frequencies are similar to those in
Sesz, and lower than those in C]0F2+. The bending modes cannot be assigned
17?55 equal certainty since polarization measurements for these lines were
inconclusive. For all the related molecules, v3 is the highest frequency
bending mode. The line at 369 cm™! in the HF solution of BrOF

+ -
2 BFy

(373 an™! in solid Bf0F2+BF4—; one component of the broad 360 an™! Vine in
solid BrOF2+AsF6') is therefore assigned to v,. Two bending modes (vg
and '4) remain to be assigned. Since a motion involving the doubly bonded
Br=0 would be expected to occur at higher frequency than one involving
only the singlé Br-F bonds, Vg would be expected to occur at higher

frequency than v This has been found for SeOF

aQ 2 and SOFZ, and is in
agreement @1th the force constant calculation for C10F2+."The assignments
of Ve and va in Table 5.4 were made on this basis. However, they could
possibly be reversed since Bougon et al.38 have concJuded on the basis of
a statistical analysis of polarization ratios for C]OF2+ that the 402 cm_]
peak shows a significantly lower polarization ratio than the 383 cm_] peak,
and that therefore the assignments of Ve and vq for C10F2+ should be the
reverse of those given in Table 5.4. The assignment‘of these two modes in
BrOFZ+ is therefore eéhtative. .

The anion lines in the Raman spectra of Br0F2+Bf4_ can be readily
assigned and are very similar to the BF4— lines in C10F2+BF4'." The BFq*

ion is expected to have tetrahedral symmetry and the four fundamentals
f: gy
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(1 = A+ L +2T,) dre al] Raman active. In the spectrum of sohd BrOFﬁ+Bl4°.
six lines are observed which can be assigned to BFq_ if 1t is assumed that

there 15 some splitting of the degenerate modes vé*and v The

3 .
360 cm'] line is assigned to Vo of the anion and not to the Brz+ decom-

position product because the solid was only slightly coloured, and because

1

no line was observed at 720 ¢cm . In so]ution; only vy of BFq' can be

unambiqguously assigned. The shoulder at 360 cm'] has been assigned to

2
7
of BF4 . This assignment is uncertain however sincCe some Brz+ is probably
present (a weak, broad peak is present at 716 cm"J) and this may be
responsible for the shoulder at 360 cm']. The two fundamentals 3 and A

of BFQ‘ are too weak to be observed in the solution spectrum.

The anion lines for Br0F2+AsF6' are more difficult to assign. An

octahedral ASFG' anion has six Qorma] modes of vibration (. - A1q t iq +
ZT]u + T?q t TZu): Of these the A]g, Eg, and ng modes are only Raman
active, the two T]u ﬁodes are only infra-red active whi}o the T2u mode is
inactive. The anion lines for BPOF2+ASF6- have been assianed on the basis
of Oh symmetry in Table 5.4, but the actual s}mmetry in the solid must be
lower since the selection rules are not obeyed and several of the degenerate
modes are split. A1l six fundamentals of ASF6_ were observed in the Raman
spectrum (if ‘) of AsFG_ is assumed to coincide with ., of Br0F2+, see

below) and Bougon and his coworkers have observed three "forbidden» modes

(A]g’ L and T

g 2q) in the infra-red spectrum (see Table 5:4). In the assiqgn-

ments given below, the infra-red data reported by Bougon and his coworkers

are used to support the assignments of the Raman data obtained in the
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. 1
present work. The Raman line at 720 cm-1 and the weak peak at 688'im_‘
are assigned to the Raman "forbidden" mode V3 (T1u). This mode is observed
in the infra-red as a strong band at 688 cm_1 with a shoulder at 730 cm‘]
The Raman line at 531 cm_] (and the shoq}der at 558 cm']) are attributed

to (Eq), which is observed as a medium intensity line in the infra-fed
spectrum. The Raman "forbidden" fundamental va (T]u) 1s assigned to the
lines at 387 cm”) and 398 cm-], which is 6bserved as a relatively intense
line at 385 cm—] (with a shoulder at 405 Cm—]) in the infra-red spectrum.
(T

The Raman "allowed" vibration . is attributed to a component of the

5 29)
broad 360 cmd1 band (Bougon et al. observed it as a separate line at 360 Lm‘])

and is present in the infra-red spectrum as a shoulder at 355 cm_]

Despite the fact that the decomposition-product Br2+ shows Raman Iines at
-1 - . . ) :

360 ¢cm  and 720 cm ], the lines observed at these frequencies in the

spectrum of solid BrOF2+AsF6— were not assigned to Br ¥ for several reasons.

2
First, the sample used to record the Raman spectrum was only slightly

. . +
coloured suggesting that only a relatively small amount o Br2

Second, the relative 1ntensity of the 720 cm-] line 15 too large campared

was present.

}
2

- +
was abserved at 1080 cm 1 again suggesting that no large amounts of Br, =

to the 300 cm_1 for the former to be entirely due to Br Also, no band
were present. Finally, lines at 730 an™) and 355 cn”! are also observed
in the infra-red spectrum indicating that these lines must be due to
Br0F2+AsF6' since the 8r2+ vibration is inactive in the infra-red. The
possibility that some Br2+ is present in the sample cannot be eliminated

on the basis of the vibrational spectra however. Moreover, the fact Uuﬁi
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only a single broad line at 360 cm'] was observed in the present work

(rather than Ehe two 1ines in this region observed by Bougon and hi1s co-
workers) is attributed to the presence of a small amount of Br2+

The very weak line at 239 cm—]-is assigned to v, (TZu) which is
formally forbidden in both the Raman'and infra-red spectra. This leaves
only “ (A]g) unaccounted for, and this is assumed to be coincident with

+ . . -1
the strong peak due to 2 of the BrOF2 cation. A weak line at 660 cm

1s observed in the infra-red spectrum and has been assigned to ., of ASFB—,

and this supports the supposition that V1 of ASFG- and ., of Br0F2+ are
superimposed in the Raman spectrum. This would correspond to & considerable

decrease 1n frequency for S of ASFB_ between solid BrOF?+Ast' and the

"tree 1on” value of 683 cm”) for BrOF2+AsF T in HF (see Table 5.4). The

6

fact that all the fundamentals of ASF6' are observed in the Raman spectrum

indicates a considerable lowering of the symmetry of the anion in the solid.

A similar eﬁfect has been found in a number of CIOFE*MF6— salts. ' Also,

I

/ - .
the crystal structure of SeF3*NbF , 120 where the cation {s iscelectronic

6
with BrOF)*, has shown that there is bridging between the anion and the

6
. . + - . . .
may exist in BrOF, A§F6 . However, since the cation frequencies are very

cation which results in very distorted NbF. octahedra. A similar situation

sitmilar 1an the solid ASFG- and BFq"ﬁaTts and in HF solution, discrete 1ons
o

must be present 1n both solid adducts.
The reaction of 102F3'SPF5 with BrFS.has also been stwdied. By

analogy wrth equation (5.3), this should proceed according to (5.5). The

+ -
10,F,-SbF, + Brfg - I0F, + BrOF, SbFg (5.5)

5 5.
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' e
RT. spectrum of the solution indicates that IOF, is 1ndeed”;;oduned

and that all the 102F3'SbF5 is consumed. A solid product 15 formed in the
reaction, and Figure 5.6 shows the Raman'spectruﬁ of this solid product
recorded in a Kel-F sample tube. The Raman 1}nes due to the Kel-F tube
are indicated with an X in Figure 5.6. The reaction was repeated in an
1P tube to ensure that the Kel-F tube lines did not conceal any Raman

lines due to the sample. The vibrational frequencies obtained from fiaure
56 are listed in Téble 5.5. The characteristic Br-0 stretch of the
BrOF2+ cation is observed at 1061 cm-l. The remainder of the spectrum
mhst therefore be due to the remaining BrOFz* lines and the lines due to
the anton This anion should be SbF6_ from equation (S.H).f However , the
103f3-8h15 used contained a slight excess of SbFS. In view of the tendency
of Sbrb— to form polymeric anions San$n+l" mixtures of Shrb' and an3r11‘
anions may be present in this sample.

Table 5.5, therefore, lists the Raman frequencios‘attr1butéd,in
the BrO}Jw cathon in the Ast- salt (see Table %.4). Also listed n
Tabie H.h are'the v1brdtion$l frequencies’for the Sbe_ anion an kSbE
(learly, the anion lines 1in Br0F2+San5n+1_ cannot be assigyned on the hasis
of a tree octahedral ShF6d anion. [t is known that formation ot A tluorine
bridge between the anion and the cation can lower the symmetry ot the %hfh‘
from Dh to qu, and this distortion has been successfully.used e angn

“the Raman spectra of a number of SbF.~ salts.' *° Several sets of

6

frequenctes which have been assigned to CQV symmetry Sbr6' units have been

included in Table 5.5, Finally, a number of Raman‘spectra for the SDOF]]’
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N ~ X/
yon have been reported 7»39,157,153,13% and some, of these have been in-
cluded in Table 5.5. The Raman frequencies and relative intensities
reported for the C, SbF¢~ ions and SbZF]]- ions vary drastically when the
cation is varied. For this reason and since mixtures of anions may be
present, it is not possible to identify the anion lines in the spectrum of
B}0F2+San5n+]'. It seems that the best fit is obtained with the SbF ~
lines observed for the zs-XeF3+ salt 152 and that the amount of SbZF]]-

present must be small since no intense peaks are seen at . 690 cm"] (as in

XeF+Sb2F]T' and C§Sb2F1]' 154} and no peaks are observed at about » 740 ™!

“

(as in BrF4+Sb2F]]' Y. Identification of the cation lines in the spectrum
of BrOFZ*San5n+]_is not entirely satisfactory either. Although v X-0,

XF,, 5 OXF, 8
sym a

Vasym XF2 OXf, and ssym XF., can be readily 1dentified (lf

2
it is assumed that\ssym XF2 colncides with an anion
]

Sym

N -

ine to account for the

high relative intensity of the 278 cm ' line), the assiofment of \,SmeF2 is

less certain.On the basis of intensity the 624 cn”! peak \appears to be ‘due

t XF2. However, this assignment would imply an ~ 25 cm-] shift to

0 ,
Vsym

higher frequency from v . XF, in the Sbfc” salt to that in the BF,  and
1

AsFg~ salts. Also,assigning the 624 cn ' peak-to v . XF, would mean that

Sym

N . N + R
”asym XF2 . Vsym XF2 whereas the revei§e~is true in the other BrOF2 salts.
1

The alternative assignment indicated in Table 5.5 attributes the 656 &m-

peak to Y sym XFZ' The cation frequencies are then quite similar in all the
BrOF2+ salts. However, the intensity of the 656 cm']
|

line relative to the ’

1061 cm

o
to v Br=0 in the other salts. This assignment therefore has to be regarded

band is rather low compared to the relative intensity of > dvm BrF2
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as tentative. No attempt was made to assign the anion lines. It is cTear,

howeverlthat the SbFﬁ' anion is distorted from 0h symmetry and that this
distortion reduces the symmetry to C4v or quite possibly to an even lower
symmetry if there is mo;e than one f]porine bridge between the anjon and
cation. The lines ass1gned to the bending modes of BrOF are probably
co1nc1dent with anion 11nes but this has not been indicated in Table 5.5.
‘The decomposition product (BrF2 SbF6 ) is not pregent in the sample psed
+to record the spectrum shown in Figure 5.6 since the characteristic strong'
Aine at 704 cm” ! due to BrQ;SbFG' 36 is not observed.

: Both Br0F2+AsF6' and Br0F2+BF4.decompose at room temperature.
BrOF2+AsF6' becomes pink when allowed to stand at room temperature for a
‘few hours. The &ecompps1t10n product exhibits a“strong Raman line at

360 cm | with weaker lines at 720‘cm—] (coincident with v

of As”FG“) and
N

3
1080 pm" BrOF BF4 rapidly turns a very dark brownish colour when
alTowed to- warm up to room temperature, and all the decomposition products
are vo]ati]e " Even samples prepared*dt low temperature were often co]oured
and Raman 1ines ;t 360 cm, ] ‘and ~ 720 cm -] were observed. The decompo;1t1on
products for the two salts can be identified as Br2+BF4' and Br2+AsF6L on
the basis of\\ﬁese Raman 11nes'(see Section é)
) - BrOFz\SbF6 appears to decompose to a different product however,
. | After a sample had been kept at room temperature for four hours, 1ts Raman
:. spectrum contained a number of 11nes which cou]d be readily assigned to )
BrF2 SbF "% However, the decomposition of the SbF salt is s]ower than

* L2V

that of the AsF6 andBF4 salts since even after the samp]e was left for
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© they observed a shafp singlet at -202 ppm which was attributed to BrOF2

124
1
?g' -

several days at room temperature, the characteristic Br=0 stretchiﬁg

.

frequency of BrdFZ+ was still obserYable in the Raman spectrum.of tﬁe
decomposing mate}ia1. After approximately 10 days at room temperature,

the solid Consisted entirely of BrF2+SbF6— according to its Raman spectrum.
This so]id was however pinkiéh in colour, presumably indicating that some
Br2+ was forﬁed, although it could ?ft be observed in the Raman spectrum.
This Br2+ does not necésSari]y'come from the decomposition of BrOFZ+
howéver, since BrF2+Sbf6'.has also been reported to turn pink on prolonged
'storége.ﬁss

- 3

(1) '%F_N.M.R.. Spectroscopy

BrOF2+BF4_ is quite soluble in HF, and the IgF nmr spectrum of the

8r0F2+ cation was observed. Excess BF3 was introduced into the solution

to prevent exchange between the cation and the HF ‘solvent,!3951%6 which

° probably occurs by a reaction sth as (5.6). Addition of excess BF, slows

3

.BrOF2+ + HF,~

, 7 BrOF, + HF (5.6)

down this exchange reaction because the HF2' is removed from solution by

reaction (5.7).. Bougon and his collaborators 132 have reported that the

%
-

BF, + HRZ. + BF,” + HF . (5.7)

.

]gFanmr spectrum of a solution of BrOF2+AsF6' in HF did not show a separate
signal in the F on Br (V) region at +10°C. When excess AsF was added, -

. M +
This singlet was found to shift to high field as the temperature was lowered

L

~

Lom
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(-199 pbm at -60°C}. In the present work, the tgF nmr spectrum of a
solution of Br0F2+BF4- and BF3 in HF (mole ratio = 1:1.2:70) was recorded
at -79°C. A sharp singlet was observed at -192 ppm (linewidth ~ 20 : 3 Hz)
which can be assigned to BrOF +, and a strong singlet was observed at~
+190 ppm which was assigned to the HF solvent. No separate signal was
observed in ‘the F on B region,.and the BF3 and BF4' were therefore
exchanging rapidly with the HF solvent. Whén the sample was warmed to
-69°C and then to -59°C, the chemical shift of the Br0F2+ singlet did not
change significantly, but thé peak broadened considerably (70 é Hz at
-69°C and 180 : 15 Hz at -59°C). This line bFoadening is probably due to
exchange between the Br0F2+ aJd the HF solvent. -

The singlet obéerved for BrOF2+ is in agreement with the equiva-
lence of the fluorine atoms in the proposed structure (6) and its chemical
shift is in-the same region as that found for tng,isoelectronigﬁBrozF

(-210 ppm).

s

19

The “F nmr resonances of the related molecules BrOF4— (s = -104 ppm,

Chabter 111y, BrOF3 (s = -162 ppm, Chapter IV), and BrOFZ+ (5 = -192 ppm)

shift to lower field on going from the anion to the parent molecule to the

cation. -A similar trend is observed in the series 8rF6' (8 = -96 ppm for
-KBrf dissolved in CH,CN at room temperature), Brf, (s . = -160 ppm, the
< = _ e 107 + -
we1ghtgd mean of SEBrFq 270 and 6F8r£4 132 ) and BrF4 (s
-180.4 ppm 7). The same trend is observed for the Xe(IV) and Xe(VI)
19

. + ~
cations 137,158 and for CI0F, ,!5® where the “F resonances occur to low
. 2

field of the parent molecule. However a large number of cases have been
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reported in which the opposite tréﬁa.is observed and cation formation
causes the resonance to shift to high field (IF.E+ and IF7,1‘59 KrF* and

E 90 t 99 + 156 + : 156 +
Ker, Xef and XeFZ, C]F2 and C1F3, C]F4 and C1F5, SOF3 and

\SOFQ,“‘7 SeF3+130 and Sef, 121) . The reasons for the differing trends in

thege groups of molecules are not clear. The dominant contribution to

the shie]&ing of the flud}ine nucleus, and therefore to the chemical shift,
is the paramagnetic term’cF.Fpar.160 This term arises as a éonsequence of
mixiﬁg of the ground and excited electronic states. It can be expressed 1f!
in terms of ground-state molecular orbitals and is inversely proportional

to the mean excitation energy (AE). In a very general manner, the ”FFpar
term can be described as a measure of the asymmetry in the electron
distribution about.the fluorine nucleus. In the case of a spherically
symmetrical F~ ion, the UFFpér term is zero, whereas in the case of

molecular F2, the electronic distribution is very asymmetric and GFFpar

’

assumes a very large negative value. This causes the chemical shift for

.the F2 molecule to be 630 ppm to low field of that for the F nucleus in

liquid HF. The magnitude of the paramagnetic term is dependent'on the

degree of ionic character in the bond. between fluorine and the atom to

™

which it is bound (M). A large contribution from the ionic MYE™ form

par par

results in a small AFF is neqative)a relatively

term and (since OcE
high chemical shift for the f]uorige. Since the degree of ionic character
in the bond depends mainly on the electronegativity (XM) of the atom M,

the chemical shift of the fluorine in an M-F 'system should depend on xy as

well.” This has indeed been found for a number of binary fluorides (such

CN

[

]

- : S\

~ P
Fowes ¥ A N
/ +
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as MFy: M= N, P, As, Sb; MF,: M =S, Se, Te; MF.: M'= P, As, Sb) where

5
the chemical shift of the fluorine ligands decreases as M increases. On

this basis, one might expect the chemical shifts in a series MF +, MFn

n-1J
and MFn_]'Ito increase on going from the cation to the neutral molecule

to the anion since the 1onic nature 5f the MF bond increases along the
series (as is reflected for example by a-lowéring of the M-f stﬁetching
frequency)'. This is indeed observed in the Br0F2+, BrOF3, BrOFq— series
examined in this work, but does nop seem fo be generally the case. . The
reason for this is that other factors also affect the paramagnetic shielding
term. The variation in the chemical shift of t@e:fluorine atoms in com-
pounds containing the same central atom in diffefent oxidation states has
been attributed to changes in the hybridization of the cengral atom. The
and SbF

3 3
are greater than those of AsF5 and SbFS,respectively,and this s attri-

trends are not clear however. Thus, the chemical shifts of AsF
buted to the involvement of higher energy d orbitals in the hybridizatibr;~
of the As'and Sb atoms in the higher oxidation state.190 The séme does

not apply to the halogen f]ubrides however since here the chemical shifts
increase with increasing'oxidation stafe. Since cation or anion formation
involves a change in the hybridization of the central atom, this should
have some effect on the chemical shift of the fluorine ligands, but whether
tﬁe change will be to high or low field cannot be predicted a priori. Other
factors such as the occurrence of n bonding between thé centra]oatom and
the fluorine ligand or the occurrence of low energy excited states capable

of mixing with the ground state will vary also when anions ot“ptions are



128

formed from a neqtra] molecule, and the effects on the chemical shifts of‘h‘\
the resultant species are not obvious. It appears that the factors which
govern 19F - chemical shifts are not understood well enough to rationalize
the trends Which have been observeq in the present work and which have been

reported in the literature.

F. Experimental Section.

(i) Preparation of BrO,+ Salts,

(a) Br02+AsF6_: Approximately 0.135 g (1.03 mmol) of BrOZF was

dynamically distillied into a U-tube constructed of 1/4" o.d. thin-walled
FEP tubing and fitted with an FEP nmr tube as a side-arm. Enough HF was
added to dissolve the BrOZF at room temperature and the solution was washed

{
linto the side-arm. The HF was removed under vacuum at -72°C and solid

BrOzF was obggined. Approximately 0.4 g of HF and 1.1 mmol of AsF_ were

5
into the side-arm. The migture was allowed to react at -78°C
‘hour, giving a yellowish solution with an orange solid in the
bottom{of the tube. The solvent was removed under vacuum, and an orange
powderywas obtained. This powder was used to record the Raman spectrum
shown iﬁ Figure 5.2. The colour of the samples prepared by this method
varied from cream coloured to rather deep reddish—orange.’ In other
preparations, larger excesses of AsF5 were used but products with identical
Raman spectra were obtained.

In another experiment, 0.155 g (1.18 mmol) of BrOZF was dissolved

in 2.7 g of BrFS, and approximately 2.2 mmol of Ast was slowly admitted

gy
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to the tube kept at -62°C. A brown solution standing over a brownish
solid was produced. The solvent and excess AsF5 were removed under vacuum
at -62°C, and a brown powder was left behind. The Raman spectrum of this

1

powder showed the lines characteristic of Br0 *AsF,.” along with the 360 cm”

2 6
line due to Bn2+ which is the decomposition product. The sample was
brie%1y warmed to room temperature, and the Raman spectrum was again
recorded. The 360 cm'] Tine was now the dominant lipe in the spectrum, and
weaker lines at-720 cm:1 and 1080 cm™ " were also present.
(5) BrQ2+BF4': Approximately 0.704 mmol of Br02F (estimated from
the amount of KBrOZF2 used) was dynamically distilled into a 1/4" o.d.
FEP U-tube fitted with an FEP nmr .tube 5ide-arm. Approximately 0.5 g of
HF and 1.1 mmol of BF3 were distilled in. The mixture was allowed to react
*7at -72°C and an orange solution was formed after 30 minutes. The solution
was concentr§ted by removal of some of the HF and the excess BF3 under
Ea
vacuum. A portion of this solution was decanted into the sjde-arm and
(after ‘subsequent dilution with HF) was used to record the ]gF.nmr spectrum.
The concentration of the sample used to record the nmr spectrum was cal-
S culated from the iﬁtegraﬁion of the peaks due to BF4' and HF. The remainder
of the solution in the U-tube was pumped to dryness at -72°C, and an
orange powder was formed. This sample was used to.record the Raman spectrum
shown in Figugz‘g.l.
‘A very s?mi]ar procedure was used for the reaction of BrOzF and BF3

using BrFS as a solvent, except that the side-arm on the U-tube consisted:

of a 6 mm o.d. quartz tube. Most of the solution of 8r02+BF4" in BrF5 was
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decanted into the side-arm. The solution which remained in the U-tube was

s

" allowed to stand at room temperature for 10 minutes and turned dark brown

in colour. The volatile components of the solution in the side-arm were

removed under vacuum at -48°C, and an orange solid resulted. The Raman

spectrum of this solution contained the ]fnes characteristic of Br02+BF4 .

but showed a number of additional lines as well, indicating that decom-
position (probably as a result of attack on the quartz) had occurred. This
impurg\samplg of Br02+BF4' was dissolved in HF and a large excess of KF
adaed.‘ The mixture was rapidly warmed to d%sso]ve all the solid present,
and then‘cooled to -78°C. A large mass of white precipitate was formed.
The Raman spectrum of this white solid showed the lines characteristic of
BrOZF.* .

(ii) Preparation of BrOFZ+ Salts.

2

(a) érOF2+AsF6': In a typical preparation, approximately 0.77 mmol
of Br‘OF3 was placed in a 10, mm o.d. quartz ampoule. Approximately 0.5 g

of HF and 1.4 mmol of Astwere distilled in at -196°C.The mixture was warmed

to -72°C to give a cream coloured solid.under a brownish solution. Removal
of the solvent under vacuum produced a cream coloured solid. This solid

was used to record the Raman spectrum shown in Figure 5.3. When this solid

v |

was allowed to stand at room temperature for an hour, it turﬁed pink in

1

colour and the Raman lines at 360 am = and 720 cm_] increased in relative

intensity. After four hours at room temperature, the solid was even more

1 1 1

darkly coloured and the Raman lines at 360 cm ', 720 cm ' and 1080 cm ' then

dominated the spectrum.
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~

v
BrF5 was also used as a solvent for the preparation of BrOF2+AsF6gZ

0.076 g (0.50 mmol) of BrOF3 was dissolved in 1.3 g of Brf. in a 1/4" o.d.

5
FEP tube, and 0.6 mmol of AsF5 was distilled in. The mixturé was warmed

" to -62°C, and then briefly to room temperature to get complete reaction.
A light brown solution and a white solid were present in the tube. The

Raman spectrum of the so]u?ion showed a weak line at 1053 cm’] indicating

that BrOF2+AsF6 is slightly soluble in Brf Removal of the BrF_. under

5° 5
vacuum produced a white solid whose Raman spectrum was identical with that
of Br0F2+AsF6_ produced using HF as a solvent.

102F3-A5F5 was dissolved in an excess of Br'F5 (mole ratio ~ 1:20)

in an FEP nmr tube, and warmed to room temperature. After ten minutes, a

white crystalline solid was deposited in the tube. The ]9F nmr spectrum

of the supernatant solution showed signals due to BrFS, [OF., and a small

5

5 were observed. . The IFS is

probably produced by thermal or photochemical decomposition of the

amount of IFS. No signals due to 102F3'ASF

[0,F-Asl¢ adduct to I0F2+ASF6',26 followed by fluorination to IF. by the

BrF5 solvent. The volatile components of the mixture were removed under
vacuum and a white solid was produced whose Raman spectrum showed it to

+ -
be BrOF2 AsF6 .

(b) Br0F2+BF4_: In a typical preparation, 0.28 mmol of BrOF3
was dissolved in 0.4 g of HF in an FEP nmr tube; and 0.63 mmol of BF3 was
distilled in at -196°C.. The mixture was™warmed to -72°C, and a clear,

yellowish solution was formed. This solution was used to record the ]gF

-

4

nmr spectrum. The HF and excess BF3 were then removed under vacuum at

”~
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-72°C, and a yellowish solid resulted whose Raman spectrum was consistent
with 8r0F2+8F4_. Samples were prepared in a similar manner in Kel-F and
quartz véssels. )

BrOF2+BF4_ was also prepared by the direct reaction of KBrOF4
(0.058 g, 0.27 mmol) with excess BF3 (0.70 mmol) at -72°C using HF (0.8 gq)
as a solvent. The reaction was done in a 10 mm o.d. quartz ampoule fitted
with a 6 mm o.d. quartz tube as a side-arm. The reaction produced a
mixture of KBF 4 and BrOF2+BF4', Potassium tetrafluoroborate is much less
solub]g in HF than Br0F2+BF4', and the latter can be isolated by pouring
the solhtion into the side—qrm and removing ?ﬁe HF under vacuum.

(c) BroF,"sbf.™: 0.203 g (0.47 mmol) of 10,F,-SbF, was dissolved
in 1.75 g of BrFS, and the mixture was warmed g; room temperature. A
white microcrystalline solid was produced after ten minutes. The ]QF nmr
spéctrum of the solution shawed lines due. to BrFS, IOFS, and a small amount‘
of IF5 (see section F (ii) (a)). The volatile components of  the mixture
were removed under vacuum, and a white solid was produced. Raman spectro-
scopy showed tﬁis-so]id to contain the Br‘OF2+ cation. BrOF2+San5n+]' is
slightly soluble in BrF5 sincq a weak peak at 1051 cm—] appeared in the

: . . 4 -
Raman spectrum of the Brf standing over solid BrOF2 San5n+! .

13
+ -

When a sample of BrOF2 San5n+1 was allowed to stand at room
temperature for four hours, extra lines appeared in the Raman spectrum and
these could be assignéed to BrF2+SbF6': After several days, extensive decom-
position had occurred. After the sample had stood for ten days, the Raman

spectrum could be entirely attributed to BrF2+SbF6_.

D
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(d) Reaction of IOF2+SbF6_ with BﬁF 0.026 g (0.062 mmol) of

5:

IOF2+SbF " was allowed to react with excess 8rF5 (0.79 g, 4.5 mmol) in an

6
FEP nmr tube at ~48°C and then at -37°C. éhere was a white solid present

-

in the tube, and the solution was ‘coloure siightly brown. The ]gF nmr
spectrum of the solution showed that IF5 had bgen produced in the reaction.
A weak, broad line at +113 ppm was also present in'the nmr spectrum, and

this is presumably due to SbFG'. The cation associated with this SbF6' anion
.(BrF2+, see below) could not be observed as a separate resonance however.

The volatile species present were removed under vacuum at -37°C and then
brigfiy at room temperature. A slightly ye]]ohish solid was produced.

Its Raman spectrum could be attributed to BrF2+SbF6".
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A REINVESTIGATION OF THE VIBRATIONAL SPECT@£155_§QQ2[:L
2- ' .
- AND THE PREPARATION ?ND RAMAN SPEQ]RUM4Q£_Se02F2 . e
A.t Introduction.
. - During the course of our work on BrOZF (see Chapter IV); it was
of interest to compare its vibrational specfrum to that of the isoelec-
tronic species SeOZF-. Paetzold and Aurich '¢< have reported the syn-
thesis of KSeOZF by the direét reaction of XF and SeO2 at a temperature
af 250%C (reaction (6.1)) and have recorded its infra-red and Raman
KF+ Se0, - KSeOF _ C(6.1)

spectra. ﬁowever, their assignments were unusual in several respects and
did not seem consistent with.our findings for BrO,F. We have repeated
this preparation of SeOZF_ and }n this chapter the Raman spectrum will be
descrIEed and reassigned. Milne and Moffett 'b3,1!t" have §hown that
MSeOZF (M = K and Cs) can be prepared by other méthods such as the re-
action of the appropridte metal fluoride with SeO2 in DMSO or 48 HF as
so]véng.

It Was also of interest to attempt the preparation of the dioxo-
difluoroselenate (IV) ion, SeOzez', since the reaction of Te0, with Csf
or RbF qivés only the TeOZFZE' jon, 16% with n? evidence for the Teozr'

ion. Also,the Se02F22_ jon is isoelectronic with the Br0,f," ion prepared

134
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in the present work and a comparison between the two would be of 1nterest.
Finally, the reaction between SOZF' and excess CsF was studied in an

attempt to find evidence for the Gorresponding SOZFZZ-'anion. %

B. Vibrational Spectrum of the Se0 F  Ion.
[

The Raman spectrum of the prodgct of the reaction of equimolar
1
quantities of SeO2 and KF at approximately 280°C is shown in fiqure 6.1,

The Raman bands are listed in Table 6.1. Also listed are the Raman and

'

infra-red bands for SeOzF- reported by Paetzold and Aurich, along with
the fundamental frequencies Foy the isoelectronic species BrOZF ( see

Chapter 1V) and SeOé(OH)‘,‘Gb and the related ion SOZF'.IH An 1solated
[ ]

SeOZF- ion is expected to have a pyramidal geometry which corresponds to

Cs symmetry. The six gzndamenta]s (I = 4A" + 2A") should all be Raman
and infra-red active. This agrees well with the number of lines observed
if the peak at 424 en! Enq the shoulders at 450 em™! and 408 cm’)
observed in the Raman spectrum are all assigned to the same normal mode.
In the infra-red spectrum, the two lines at 440 cm'] and 403 cm-] Are
assigned to this mode: The assignments‘proposed in the present work are
based on comparison with the assignments of the related molecules
SeOZ(OH)-, BrOZF, and SOZF-. As expected the frequencies for SeOZF' are
considerably lower than those for_SOZF-. The SeOéF' frequencies are also
slightly lower than those of‘BrOZF, which is consistent with a slight
weakening of the bonds due to the negative' charge on the anion. Several

of the assignments proposed in the present work differ from those of
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Paetzold and Aurich.:
The brbad and asymmetric high frequency peak can be resolved
into two peaks (see Figure 6.1). It is found to consist of a sharp

-y

intense Tine at 903 cm—] which is assigned to \:SymSeO2 and a broad
~

centred at 888 em”! which is assigned to Vasymseo Although v

o

generally lower in frequency than v X02, the. reverse j

~

asym
number of re]ated se1en1um compounds such as SeO (OH) "~

$e0,.27 104 (v = 807 an™ !, v, = 737 em 1) and se0,-0-420,%7 166 (4 5e0, =

3 ) V1 > 73 . - 2 2 sym™ 2
~855 cm-], vasymSeO2 = 800 cm-]), and this tends to support the present -
-assignment. ‘ . >

The second main. difference between our results and those of
Paetéo]d and Aurich is the assignment of the Se-f stretching mode. They
have assiénéd the 440 cm'] line in their infra-red spéctrum to the %e—F
stretch, ?nd report that ?his mode is not observed in the Raman. fhis
is not gitisfattory as the Se-F stretch is an A' mode and shquld certainly

be visibie in the Raman spectrum. ATso, this leaves four Raman. peaks

whereas only three bending modes remain to be assigned. They, therefore,

leave the weak line at 238 cm_.I unassigned. In tﬁe present work, the
broad g;ymmetric peak ceqtred a{ 424 cm'].in the Raman spectrum is assigned
to the_Se-F stretching motion, wifh the 5hou1der being attributed to

solid state splittings _ A very sim1lar asymmetr1c peak~¢ppears in
the Raman spectrum of solid BrO F (Figure 4.1) and was ass1gned to the’

Br-F stretch. In the melt, th1s peak was found to lose its asymmetry

which suppdrts the suggestion that the shoulders on the peak in the
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spectrum of the solid arej due to solid state effects. Assignment of the
Se-F stretch in SeOZF- to the complex peak at 424 en! Teaves three lines
in the Raman spectrum which can bé assigned to the three bending motions,
with the very weak 1ine at 238 cm—] being assigned to the‘A“ mode

Y

SasymOSeF.

A number of solvents were tried in an attempt to gbtain polari-
zation data for SeOZF_. KSeOZF was found to be fnsoiu?le %n 30201F and
CH3CN and only very slightfy so]uQ]e in dimethyl sulfoxide. Trifluoro-
acetic acid, formamide, and IF5 disso?ved substantiql quantities of
KSeOZF But produced so]gtigns with rather complicated Raman spectra,
indicat%ng fhat 16\e§ch case the solvent reacted with some of the
SeOZF'. Raman spectra of molten KSeOZF were recorded at 260°-280°C.

The melt obtained at these temperatures was very viscous and also
appeared to be inhomogeneous since a small amount pf white solid was
still present in the tube. Higher temperatures (to obtain a more homo-
geneous mixture) could not be\atféiﬁed. The SEOZF' peaks which appeared
in the melt spectra were rather broad and no po]aﬁization'data could be
obtained. ) ‘

The Se-F stretching frequency in SeOZF" (424 cm'l) is rather low
compared to the mean'of the Se-F frequencies of Se0F3' (527 cm'])lqv and
SeFS_ (520 cm-])lﬁe; in the anatogous sulphur system, the S-F stretching
frequencies are comparable in SOZF" (593 cm']) and SF5' (587 cm';])l68

1 .

indicating that an Se-f frequency of about 520 cm ' could have been

expected for SeOZF'. Paetzold and Aurich 162 reached a similar conclusion

P

e
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by examinin@;ihe variation in the vSe-0CH, frequency in a series of
ﬁo]ecu]es CESO—SeO—X as X varies from F to OCH3 to 07, and assuming that
a similar chﬁnge in the ySe-F frequency will occur in the series F-Se0-X
as X is simi]grly varied. In this way Paetzold and.Aurich estimated an -
Se-F frequency- of approximately 500 en'. The observed value of 424 cm™!
is thus considerably Tower than would be expected. Similarly weak X-F
bonds have bee;;found for BrOZF (see Chapter IV) and CIOZF 31 and have
been attributed to large jonic contributions to the X-F bord, and this is
consistent qith ghe relatively high XO2 stretching frequencies found in

these molecules. The mean XO2 stretchirg frequency in Se0 !

ZF_ (895 cm ')
is relatively high when compared to that in Se0y (944 cm_]).‘33 In the .

analogous sulphur system the difference between SOZF' (1140 cm_])“* and

SO2 (1256 cm']) litis considerably larger. The value found in SeOZF-

(895 cm']) is also relatively high compared té;Seogé' (921 cm—])]gq since .
the latter is an Se(VI) oxyfluoroanion wpe;eas SeOZF' contains Se(IV). | -
There is a much larger change in the Se0 frequencies on going from the
Se(IV)species Se0, (944 cm']) to the. Se(VI)species §e02F2 (1015 cm'1).‘7°’J7I
The relatively high‘SeO2 stretchjng frequencies and the relatively fow
Se-F stretching frequency found in SeOzF— are 'both consistent with a

large contribution from structure (3) in addition to structures (1) and (2)

N
.. . ]

Se Se Se
O/// \\F - 0//l \\F - 0471 F
0 0 ‘ 0
(M @ (3)

YRR AT NG r i
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Paetzold and Aurich have suggested that the low value of the
Se-F stretching frequency may be due in part to bridging between the
%nions in the crystal. The crystal structure of 8~hydroxyqujno]inium
Frichloroselenate,"7 which contains the SeOCl3’ anion, has revealed
ghlorine bridging between the anions, with the immediate environment of
the Se consisting of an oxygen at 1.553, two cis chlorines at 2.2£ and
two bridging chlorines at about 3.03. The ionic form (4) thus makes a

large contribution to the overall structure and can account for-the small
0 0 0
Cl- “ a0 Clo ” ¢l ¢l ” ¢l
TN T Nse” T e
Cl -« . C1 Cl Ci
(4)

T (924 en”!

differénce in the Se=0 stretching frequencies of Se0C1
1

¢ 7
L] 3 )
and the parent molecule SeOC]2 (949 cm ").173 Weak fluorine bridging

between the SeOZF' anions may. exist in KSeOZF, but the bridges are

certainly not symmetric as in SeOC]3 as this would not be consistent

with our observed vibrational data.- Also, the Se-F vibrational

frequency in molten SeOZF' (approximately\_411 cn”?

) is not very dif-
ferent from that in solid KSeOZF whereas a much larger change would have

been expected for a very heavily fluorine bridged structure in the solid.

C.. Purity of the KSeQ,F Samples.

Paetzold and Aurich have reported that their KF/Se0, melts were

\



142

often coloured pink due to the facile reduction of Se0, to elemental Se.
~This was not found to be a p%ob]em in the present work. However, when
the KF.and SeO2 were not used in exactly equimolar amounts, impurity
lines appeared in the Raman spectra of the pr&ducts. When KF was present
in excess,or when SeOZ’sub1imed out of a 1:1 = KF:SeO2 reaction mixture,

Raman linek assigned to KZSeOZFZ appeared (see Section D). When excess

SeO2 was present, a number of very broad bands appeared in the spectra

1 1 1 1

“of the products at approximately 880 cm_ ', 655 cm ', 530 cm ', 460 ¢m ',
ana 250 cm']. These lines cannot be assigned to solid Se0, ho@evér,since
the latter has a characteristic strong 1ine at 595 cm-].‘““ Also, no SeO2
could be extracted from thé mixture using benzene as a so]vgpt, in which
Se0, is so]uble.‘?? The lines characterigfic of excess Se0, could, howéver,
be etiminated by melting the sample with a\sma11 amount of KF. These
observations suggest that the eerss selenium dioxide is not present as
.free SeO2 in "the sq]id, and yet is still capable of reacting with KF.
Walrafen 1t® has reported that in Raman spectra of moltenuH25e03,a number
of broad lines (855, 800, 535, 410, 365, 330, 250 cm™') appear which he

has assidned to the 592052_ ion. It 1; therefore possible thgt excess Se0,

]

reacts with SeOzF' according to (6.2) and-that the complex anion SeZOAF' is

Se0, '+ SeQ,F” > 0,5e05e0F | (6.2)

responsible for the impurity lines in the spectra of KSeOZF containing

excess 3@02; Addition of -excess KF resu]fs in reaction (6.3) and

F* + 0,5e0Se0F  ~ 2Se0,F . (6.3)
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elimination of the additional lines.

el AN

“D. Preparation and Raman Spectrum of KOSeOQEQL

When a slight excess of KF was used in an attempted preparation

of KSeOZF, extra lines appearéd weakly in the Se=0 stretching region (see
for example Eigyre 6.1). As the KF:KSeOZF ratio was increased, the
additional peaks grew in intensity. The intensity of the additional
lines could be decreased if the mixture was heated with.SeOz. These
observations are consistent with the following equilibria involving the

SeOZFzz— 1onéﬂ6.4) and {6.5)). The same peaks were also observed when a

KF + KSe0,F 3 K,Se0,f, (6.4)

KpSe0,F, + S0, » 2KSeO,F . (6.5)

sample of KSe02F was heated to 180°C under vacuum for several days. A
white solid sublimed out, and this solid was identified as SeO2 by its
Raman spectrum. It would appear that the other product of the decompoéi-

tion is KZSeOZFZ‘formed according to the disproportionation

oL
2KSeOyF  » K,Se0,F, + Se0,t | (6.6)

. ! 2
Unfortiynately, it was not possible to prepare a pure sample of

K SeOZF2 Even when a KF:SeO ratio as high as 20:1 was used, the
\

product always conta1ned KSeO F as well as KZSeOZF2 At high KF'SeO
ratios however, the mlxture did 4§t melt at 300 C, and th1s may be partly

responsible for the mixture of products obtained. Heating KSe0,F under

2
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N

vacuum at temperatures aboye 200°é also always gave a product containing
both KSeO F and K, SeO F ._ In addition the mixture developed a red colour
at these high temperatures indicating that some decompos1tion, possibly
to elementa] selenium, had taken place. '
The Raman, l1ines associated with SeOzFZZ' are listed in Table 6.2.
‘These lines were obtained from the spectra of a number of different
samples, some containing considerable amounts of S OZF_ and" others con-
taining unknown quantities of décomposit1on products = The four high
frequency lines were always easily distinguishable in these spectra. The
lower frequency SeOZFZZ' fundamentals were much more difficult to
identify because of the presence of the SeeﬁF The four frequenciés
listed in Table 6.2 were distinguishable in the spectra of all the
samples containing large quantities of SeOZFZ2 ."ghe possibility that
some of these lines may be due to impurity cannot be eliminated however.
For this reason, the attribution of these lines,to $e02F22" i$ somewhat un-
certain, and the assignments given for these lines aré\therefore tentative.’
The assignments given in Table 6.2 were made on the basis of the

C2v structure (5) with the lone pair and the

\ oxygen atoms occupying the equatorial —L—Ze//o—“
‘positions of a-trigonal bipyramid. A similar T >0
s\ructure has been suggested for the related '
10n5 XOZF2 (x = C1, I, Br)(see Chapter I1I) 5]
and TeOzF2 %5 The nine fundamentals (r = 4A; + A, + 2By + ZBZ) for .

such a’structure are all expected to be Raman active.

o

v
\ /
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The four high frequency lines which are always observed have
been assigned to the SeO2 symgetric and asymmetric stretching modes split

by solid state effects. The assignment of the high frequency lines to

*

vsymSeO2 was made on the basis of the intensity of the lines in this
2-

region and is analogous to the assignments for TeO2 s - The fou} other
bands which could be attributed to SeOZFZZ' have been assigned by
comparison with the related molecules. Several of the fundamentals could
not be observgd, either due tb interference from the Raman lines

associated with the SeOZF' present in the sample or due to their weakness.

£. Attempted Preparation of the SOOEZZ- Ton.

M+802F— salts can be readily prepared from the appropriate metal

fluoride and liquid 302.47’113’17“ These salts dissociate into ME and
S0, however when heated (100-150°C for KSéZF 1743 ) and high temperature
reactions can, therefore, not be used to investigate the formation of
SOZFZZ_. The reaction between M+502F' and excess MF (M = Cs+, N(CH3)4+)
has bgen examined using CHBCN.as a solvent.!75 However, no definitive
evidence for MZSOZFZ was optaiped sincé hydrolysis of the products occurred
- while infra-red spectra were being recorded. In the present work, the
reaction between CsSOZF and excess CsF in CH3CN has been monitored by
Raman spectroscopy, and no peaks attributable to SOZFZZ' Qere observed.

The behaviour of selenium appears to be intermediate between

that of sulphur and of te]]urium.éozf' is a stable species that appears.

to show no tendency to form the SOZFZZ” iaon. SeOZF__is also a stable
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species but it Wi]] gtve SeOzFZZ' in the presence of excess fluoride,

and it 1s also slightly disproportionated at high temperature ta give
Se0, and SeOZFZZ'. In the case of tellurium, on the other hand, there
‘is no evidence f?r EEOZF- as a stable species but TeOZFZZ' is readily ,
prepared. When equimolar mixtures of TeO2 and F’)are heated, the'product
is a mixture of Te0, and TeOZFZZ-.165 Thus if TeOZF' is formed it is

completely disproportionated to TeO2 and Te02F22‘,

F. Experimental Section. -

L () KseDF: |

kSeOZF was prepared following the method described by Paetzold
.ahd Aurich 162 by mixing SeO2 and KF in a platinum crucible, which was
then placed inside a glass tube under a siow stream of dry nitrogen and
heated until é me]t*was formed. ‘In a typical experiment, 1.59 g
, and 0.825 g (14.2 o)) of KF were used. The white
crystalline product which resulted when the melt was g]]owéd to cool was

(14.3 mmol) of Se0

crushed in a mortar in the'éry-box and transferred to 1/4" o.d. glass or
6 mm o.d. quartz tubes,;and Raman spectra were recorded™

. The solubility oﬁaKSeOZE’in varijous -solvents was‘tested by iqtro~
ducing a solvent onto éome solid KSeOZF in a }/4“ o.d.glass tube (SOZCIF,
CH3CN and IF5 were distilled in; DMSO, HQONH2 and (CF3CO)20 Qere poured

in}. The Raman spectrum 5f‘the solution was then recorded and compared

. ﬁ\Q

“with that of the pure solvent.
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The Raman spectrum of molten KSeOzF was recorded in a 1/4" o.d.
glass tube. The sample was placed in a glass Dewar and a stream of
nitrogen, heated by a Nichrome resistance wiﬁe, was passed ghrough'the
Dewar. The temperature was monitored using a copper-constantan thermo-
couple placed near the sample. The maximum temperature which could be
attained was 280°C.

A sample of«KSeQZF,which had been prepared using excess SeOz,
waé placed in a glass d5ub1e-ampou]e (see Chapter III, section F(i)) and
benzene was introduced onto the solid. The mixture was shaken overdﬁqht,
and the solvent was filtered into the empty side of the.double-ampoule. °*
The benzene was then distilled back onto the KSeOZF/SeO2 mixture. No

residue was left behind indicating that no SeO2 had been extracted out

L)

o% the mixture.

~

(1) KgSe0fy.

Mixtures containing KF and SeO2 in mole ratios as high as 20:1
;mre heated to 300°C in a platinum crucible under a stream of dry nitrogen.
After being él]owed to €o@h, the pfoducts were crushed in a mortar and
introduced into 1/4" o.d. glass tubes to record the Raman spectruﬁ. A
sample of KSQOZF in a glass tube was heated under dynamic vacuum to 180°C
overnight, and a white material appeared in a cool section of the tube.
The Raman spectra of the sublimed material and of the white involdtile
residue were both'recorded. Anotﬁer similar experiment was carried out,
but a temperature of 230°C was maintained for three days. The involatile

residue remaining was colaured red and its Raman spectrum was recorded.

1
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(ii1) Attempted Preparation of SOZEZE:, ) *

0.423 g €1.95 mmol) of CsSOZF and 0.487 g (3.18 mmol) of CsF
were p]aced‘in a 10 mm o.d. ampoule and 1 g of CH3CN was distilled
in. The ampéu]e was sealed off and the mixture was shaken at room
temperature. After three weeks, the Raman spectrum of the Solid present
in the bottom of the ampoule was recorded and found to be identical to

that of CsSOZF starting material. The Raman spectrum of the CH3CN

solution did not show any peaks other than thos% due to CH3CN solvent.

4



CHAPTER VII

\1

CHARACTERIZATION OF Bro.F BY "9 N.M.R. SPECTROSCOPY, AND SOME

ATTEMPTED PREPARATIONS OF Br(VII) OXYFLUORQ SPECIES.

1

A. Introduction.

Only three species of bromine in the 7 oxidation state have been

prepared and characterized. These are the Broq' ion (in several salts,* >

HBrO, 17" and in isopropyl perbromate !'77), the 8rF6+ jon ’

(in the Sb,F,,” and AsF,” salts) and perbromyl fluoride BrO,f."" ¢

'Br02F3 has been detected by mass spectro@étry as a préduct of the hydrolysis

B4 176517

of BrFS.“H but h?s not been isolated or characterized (and was not

detected in the hydrolysis of BrF5 described in Chapter IV). The'reacti;n‘
of B;OZF with the strong oxidant PtF6 was originally Fhought to produce

~ Br02F2+PtF6-.1“° The reaction was proposed to be analogous to that by which

C102F2+PtF67 was prepared from C10,F and PtFa.66 However, the vibrational -

spectrum of the product of the reaction of BrOZF and PtF_ indicates that

6

it contains the BrOFZ+ cation rather than the Br02F2+ cation. Fogle and
. ,

Rewick ' have claimed*the preparation of BrF7 by the reaction of BrF5 with
F, at 1107-340°C usihg a CsF catalyst, but subsequent work = showed that
“a displacement reaction betweefl BrF6+AsF6- and NOF at low temperature

failed to p}oduce BrF7, and proceeded according to equation (7.1). In view

ZI8%C L notAasE.T & NOTBrFLT 4 F

6 6 ’ (7.1)

+ -
BrF6 + AsF6 f Z2NOF

150
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of the apparent instability df'BrF7 at -78°C, Fog?E and Rewick's claim
to have prepared it by a high temperature reaction is rather dubious. - *
Pilipovich and his coworkers !81°were unable to obtain érF7 from mixtures

of BrF5 and Fz‘which they exposed to u.v. réﬁiat1on for several hours at

-t

-40°C to -60°C. They were also unable to bhepére BrOF. by a similar

5
procedure using mixtures of Br‘F5 and 02l In bg}h cases, only the unchanged

L]
stasting materja]s were recovered.

17

Alkali metal salts of BrO4 are most conveniently prepared by
bubbling fluorine gas through an aqueous Br03- so]gtionfa“ The BrF6+ ion
is prepared by reacpion,of Br‘F5 yifh a KfF+ salt at room iemperathre.7

These pﬁeparati&e'methods a;é oxidations of a Br(V) compound to a Br(VII;
compound. . On the other hand; Br03F‘is‘bﬁebared by .the fluorination of

KBrO, with SbFg in HF‘S8 (equation(7.2)). The other products of the

y M, BroF + 7 R | 1 (7.2)
5: 103 oo :

-

4

KBr04 + ShF

=

reaction were not identified. This'reaction is not a redox process but a
. _ N -
ligand exchange reaction involving a compound which already contains

bromine in=the +VII state. .

In-the present work, both of these typé% of  reactions..were
emp]oyed.in attém&;fng to prepare new 6xyf1q6ro compaunds of Br(VfI),
although the ligand exchange méthod was more extensively used. .The un-
SuccessfuT attempt to use ngZ to oxidizé‘BkOZF and BrOF3 to Br02F3 and
5:fespectively, has been described in Chapter IV. In this chapteng“
some other reactions (all of which péoved incapable ofkproduc}ng new oxy-

" fluorides of Br(VII)) will be described. Also the ]gF nmr spectrum of

< N .
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8r03F has been recorded for the first time, and the Raman spectra of solid

and 11quid~BrO,F and of a solution of BrOgF in HF have been obtaineg.

B. Raman and '%F N.M.R. Spectra of BrO.F.

(i) Raman Spectroscopy.

The vibrational Spectrum of gaseous BrO F has been studied by
Appelman and Claassen.5? A pseudo-tetrahedratl structure (1) of C3 Sym-
metry is pradicted by the VSEPR theory and ‘has been confirmed by elec-

tron diffraction studies.!!® The six fundamental

F
modes (1 = 3A] + 3E) are all infra-red and Raman |
. , . Br
active. Although Appelman and Claassen could. 044¢ f §§§0
' 0

readily identify and assign the three strefching
vibrations in the infra-red aﬁd Raman ;;ectra of W
gaseols BrQBF, the frequencies of the bending modes were not unequivocally
‘determined. In the Raman spectrum, the presence of HF and Brz impurities
largely obscured the ‘low frequenqy;region of the spectrum. " In the infra-
red spectrum, the bending modes could be observed But this region was
comp]?gated by the appearance of rdtat}ona1 fine stfuctd?eg The lines
which were attributed to the bending modes were assigned on the basis of
rathe} poor polarization data and by comparison with the vibrational
spectra of C103F and Br04_. Since the identification of the;fundamentql
bending modes aﬁd thejr assignments were not unequivocal, the Raman
~ spectrum of Br03F was reinvestigated. Spectra of liquid-BrO3F (Figure 7.1),
solid Br03F (Figure 7.2)‘and of a solution of Br03F jn HF‘we?e recorded
- A

+
14
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and the frequencies obtained from these spectra are listed in Table 7.1.
The Raman spectra of the liquid and the HF solution clearly show the
N .
. expected six lines. The frequencies and relative intensities of the peaks

Nat T

in the spectra of liquid BrO3F and of the solution in HF are very’%imjﬁ%r.
They are also similar to those of gaseous Br03F with fhe exception of vy
(vBr-F) which appears as a sharp line at 605 cm°] in the gas phase spec-
trum and as a broad line at 596 cm-] in the spe;tfum of the liquid

(594 cm—] in HF solution). A similar broadening has been reported for

s 0f C10,F on going from the gas phase spectrum 62 to the liquid spec-

trum.'8% Polarization data obtained from spectra of liquid Br03F and

1 1

and 596 cm
1

solutions of BrO3F in HF clearly showed the lines at 868 cm’
(in the liquid spectrum) to be polarized, whereas the line at 971 cm”

is depolarized. These three lines are the three stretching vibrations.

1 1

The three remaining lines at 378 cm ', 355 cm~ ' and 289 ! (in the

spectrum_of the liquid) are, therefore, the three bending modes which

have symmetry designations Aq + 28. The 355 cm-] 1iqe was found to have
a significantly lower polarization ratip than thg other two, suggesting
that this line is due to v3'(A1). Further evidence for this is obtained

from the Raman spectrum of solid BrO3F (Figure 7.2). In the low frequency

1 1

region, doublets are observed at 381 cm™' and 373 cm'], and at 297 cm~

1

and 293 cm ', and this suggesté that these pairs o¥ lines are due 'to E

modes where the degeneracy of the two components has been removed in the

crystal lattice. The E mode at 971 cm'] in the liquid is also split into

1 1

a doublet at 979 cm ', and 964 cm . The 351 en”! Tine is not split how-

ever,and this is consistent with its assignment to a fundamental of A1

i 2
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symmetry. v, (A;) appears as a sharp line at 868 cm’], and v, (A;)

consists of a broad line at‘602 cm_1 with a second broad component at

581 cm”'. The profiles of the Raman bands in solid BrO,F are very )
similar to those found in the(spectrum of solid C10,F,'®3 and this further
confirms the-assignments for BrO,F. Therery weak line at 405 cm ' in
Figure 7.2 was absent in other spectra of solid BrO3F and is therefore
assigned to a small amount of an unidentified impurity. The assignments
of the bending modes propesed in the present work confirm Appelman and

: C]aaSsén‘s assignments.

(ii) 19 N.M.R. Spectroscopy.

The ]gF nmr spectrum of liquid Br03F was recorded at -80°C and a
single broad line at —274‘ppm was observed. The 11£ewidth was'apbroxi—
mately 70 +5 Hz.. There was no evidence for any fine structure. A
saturated solution of §r03F in HF at -80°C was’ prepared. The solubility

of BrQ.,F was/calculated to be less than 0.8 mole/1000 9 of HF from the

3
weight of KBFO4 used in the preparatioﬁ and the amount of HF required to
just dissolve the BrO3F obtained. The accuraéy of this solubility deter-
mination depends on the efficiency of the conversion of KBrO4 into BrO3F
and the transfer of érOBF into the nmr.tube, and on the accuracy of the ©
estimate of the amount 6f HF added. Reaétion (7.2) has been reported to
give a 97% yield of Br‘03F.58 Also, only a very small peak due to v, of
BrO;F was visible in the Raman spectrum of the K8r04/SbF5/HF reaction

mixture after the Br03F used for this 19F nmr work had been distilled out.

Both of these facts suggest that the solubility of Br03F in HF at -78°C is

4
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close to the upper Wimit (0.8 mole/1000 g of HF)which was calculated.
The ]gF nmr pectrum of the solution of BrO F in HF at -80°C

showed in addition tp thée solvent peak (at +194 ppm) a weak,broad line at
!

~269 ppm which had aL]inewidth (at_half-height) of 194 +10 Hz. Warming

the solution to -66°

The 94.7 MHz ]9F nmr] spectrum of a saturated solution of Br03F in HF was

caused the singlet to broaden slightly to 217 +10 Hz.

recorded at +37°C‘a‘d the BrO3F resonance was again observed as a single
broad line (1inewid£h = 710 #+50 Hz). The brown colour of the saﬁple at
this temperature 1nhicated that some decomposition had occurred. No fine
structure could be observed. 4 ) ’

The d1ffer¥nce in chemical shift of 1iquid BrO,F and Bro,F dis-
solved 1n HF 1is sugstantial. Evans 8% has reported a’rather large ]gF
nmr s&%ifﬁt shift‘(up to 10 ppm) for a number of fluoro-carbons dissolved
in a variety of s?lvents. In these cases, the solvent shift was too large
to be attributed to a change in the bulk d1amagnet1c susceptibility (for

the magnitude of the paramagnetic contribution to the 19 F shift, probably

B
which Evans corr#cted , and he has suggested that the solvent can influence

{

|
by altering the fverage energy AE between the ground state and the excited
states which corftribute to the paramagnetic term. Such a change could be
brought about by the differences in van der Waals forces or dipolar forces
between the flyorine compound and the different salvents. In the case of
BrO3F, the 6 ppm difference in chemical shift between the 1iquiq and the

HF salution’may be rationalized on a similar basis.

iﬁe broadness of the 19 resonance of BrO,F is attributed to partial

/

1

A
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coupling between the fluorine and the central atom bromine. The two

7 8

naturally occurring isotopes of bromine gBr (50.57%) and ]Br (49.43%)

both have R = 3/2'and rather large quadrupole moments (Q = 0.33 and 0.28

in units of e x 10724 cmZ).160

The rate of relaxation of a nucleus
depends directly on the electric fileld gradient present at the nucleus

and upon the magnitude of the quadrupole moment. If this relaxation is
very rapid, coupling is not observed between this nucleus and adjacent
nuclei. When an atom with a large quadrupole moment (such as Br) is
situated in a molecule in which the ligands do not have an arrangemi?fpﬁf .
cubic symmetry there will, in general, be a large fif]d gradientﬁand.hence
a very rapid quadrupolar relaxation of the Br nucleus and no coupling will
be observed between the Br and the ligands. Examp]e; are BrOZF, BrOFZ+
and BrF5 yhere sharp ]?F nmr lines are observed with no evidence for any ..
coupling between the 19F and Br nuclei. On the other hand, if the bromine

is placed in a completely symmetrical environment, the electric field

gradient at the central atom will be zero and quadrupolar reléxation will

not occuk; coupling between the bromine and the ligands may then be

observed.” The ion BrF6+ is an example in which the central atom is octa-

hedrally surrounded by fluorine atoms. Coupling between the bromine and
fluorines produces a quartet ’7 (511 lines equal intensity) in the ]9F nmr
spectrum.(Two overlapping quartets are actually observed because the

two coup]ihg constants J and,JB] are stightly different). Some

"9gy-F Br-F . _
similar cases which have been reported are IF6 , 199 C]F6 ,1%8 and BF4 Llu6

In these jons, ‘the electric field gradient at the central atom is zero by
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symmetry in the free fon, and coupling is observed. In some cases, well

resolved coupling can be observed even if the central atom is not

4 .

completely symmetrically surrounded. In HBF3OH'_,coupHng between the

Mg and '%F is observed 16 despite the fact that the Mg atom is strictly

speéking not “in a tetrahedral environment. Presumably the similarity

between an F and an OH ligand (which means the electric field grédient at

B will be small) and the rather small value of the quadrupole for ]]B

24 sz) produce a slow rate of relaxation

19

(0.0355 in multiples of e x 10~

for the ]]B nucleus which allows the nB f coupling to be observed. In

other cases however, coupiing is not observed even when the central nucleus
. p . )
is in a seemingly symmetric environment. . In octahedral 102F4 ‘(which is

+) 127

isoelectronic with IF6 , No I-]gF coupling is observed.’® . Presumably

] \

the slight difference in the electronegativities of the oxygen and fluorine

ligands producés a small electric field gradient at iodine and this com-

24

bined with the large quadrupole moment (-0.75 in units of e x 10~ cm2)

of ]271 producesa‘répid rate of relaxation far this nucleus.

Intermediate rates of quadrupole relaxation of the central.atom

v/
*

(A) will affect the ]9F spectrum of the ligands. If the rate .of relaxation
is relatively slow, then the multiplets caused by the A-]gF coup1ing‘will

broaden. As the Fate of quadrupolar relaxation increases, these multiplets
coalesce into broad lines. For very rapid relaxation, the ]gF\nmr spec-
trum will show only sharp lines. ft’is believed that the broad line

found. for Br03F is the result of intermediate rate qua@nupold? relaxation

of the central atom. The Br in Br03F is tetrahedrally surrounded by three
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oxygen atoms and one fluorine atom. The small resultant electric field

798r and 8]Br nuclei to undergo relaxation so that

gradient caUse§ the
the two sets of overlapping quartets expected for Br03F are coalesced into
a single broad line. The rate of relaxation is not sufficient however to
completely eliminate the Br—]gF coupling since in that ;asé a Yharp line
would have been observed. Intermolecular exchange of the F ligands .
could also account for the broadness of the ]9F resonance, but this is
unlikely in view of the relative inertness of Br03F (see below). The
broadening of the ]gF nmr resonance of Br03F iq HF when the'temperature

was raised from -80°C to -66°C and then to +37°C can be‘explained in terms
of a slower rate of quadrupole relaxation at the higher temperatures which
causes the Br-F coupling to be less collapsed. A similar temperature
dependence has been observed in phe nmr spectrum of C103F, aﬁa this has
been discussed in detail by Bacon et a1.155<1n generalNFerms, the rate of
quadrupolar relaxation for an atom in a rapidly tumbling molecule varie§;
directly with t?e rotational correlation timé Teo which can be thought of
as the length of time required (on tge average) for a molecule to rotate
through an angle..of a radian.!%0,186  Ag the temperature is raised, the
molecule tumbles more rapidly. The rate of quadrupole relaxation therefore
decreases (since Te decreases) and a betterjresolyed spectrum is observed.
The difference in the linewidths of the Br03F resonance at -80°C for the
purelliquid and for the HF so]utioﬁ is presumably also attributable to

the difference in the value of L since this will depend on the viscosigx \j‘

3

of the medium.!60
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The singlet opsefved for BrO3F in HF at +37°C was rather similar
in shape to the ]gF nmr -resonance observed for C103F at -131°C.} "% This
indicates tgaﬁ‘the rate of quadrupole relaxation in B¥03F is much more
rapid than that in C]03F at any given température. This can be attributed
at least in part to the considerably larger quadrupolemoments of both of

the bromine isotopes than of the chlorine isotopes (Q = 0.080 for 3303

37 24

r

and 0.062 for Cl in units of e X 10° cmz). There may q]sd be dif-
ferences in the electric field gradients at the central atoms chlorine
and brom%ne, but the magnitude of these e]ecto*ﬁ ield gradients cannot
be estimated easily. Comparison with IO3F is not pbssible Since the

d’6‘3

latter has been only poorly characterize and no ]gF nmr data has been

reported.
The similarity between the ]gF nmr resonances of BrO3F at +37°C
and C103F at -131°C suggests that a considerable increase in temperature

would be required in order to resolve the coupling in Br03F. In C10,F,

3
the broad singlet at -131°C was found to split into a doublet at -79°C

and the expected four lines could only be observed at room temperature.l85,18”
Thus it can be anticipated that an HF solution of Br03F would have to be
heated above 100°C in order to observe the expected splittings due to

Br-F coupling. However, in view of the decomposition which began to occur

at +37°C, it is unlikely that a solution of Br03F would *be of sufficient

thermal stability to survive at such a high temperature.

(111) Reaction of BrO,F with Sbf, and AsF.

No evidence was found for any-interaction between BrO3F and the



163 .

strong Lewis acids Sbf; and Asf.. The Raman spectrum of a solution of
BrO3F in HF containing excess SbF5 was recorded at -78°C, and the threé
stretching frequencies of BrO,F were observed. These three frequencies
fouﬁd for a sampie of BrQ.F

3
cid. Adduct formation via

were not significantly different from tho

dissolved in HF in the absence of a Lewis

either (7.3) or (7.4) would have resulted in a shift in the stretching

+

Bro,F + SbF, - Br0, + SbF (7.3)
BrOJF + SbF. - 0,Br-0-SbFg * (7.4)
N

- *

frequencies of the BrO,F. Equation (7.3) would produce a Br03+ cation
with higher Br=0 stretching frequencies than BrO3F and no Br-F stretching
mode would be seen. Formation.of an adduct through oxygen woulq also have
changgd the Br0 region of the spectrum in that two high frequency

Raman bands would have been exﬁected for the terminal Br0 bonds, whereas
one lower frequency peak due to the bridging Br(Q would have been seen.

It can, therefore, be concluded that BrO3F does not form an adduct with
SbF5 at ‘low temperature in HF solvent. Similarly, the lgF amr spectrué.bf
an HF solution of 8r03F containing excess AsF5 was recorded at -80°C. The
. peak attributable to Br03F was at the same cﬁemical shift as that in a
sample of BrO3F in HF in the ébsence of AsF5. No separate signal in the

F on As(V) region was ob;erved and the Ast was therefore undergoing rapid

F™ exchange with the HF solvent. Thus no evidence for any interaction

g
- between Br03F and AsF5 was obtained. The inertness of BrO3F towards Lewis

1
~
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acids is analogous to the lack of complex formation between C103F and the

Lewis acids BF3, PF_, AsF SbFS and 503.21

5 5°
C. Reactions Involving KBroq;
(i) Solution in Hydrofluoric Acid. R
When KBrQ, is dissolved in HF, the Raman spectrum of ‘the golution
shows onty a single broad peak at 800 cm'], which’is close to the value

A

of ‘1 for BrOa' found in the spectrum of‘the so]id)(798 cm-
other Raman lines are presumably too weak to be observed. Th
spectruw of the solution shows only the single strong line q e to the HF
solvent. These results indicate that KBrO4 doeslnot feact'With HF. In

this behaviour, Br04' resembles C104— which is also inert/towards HF, but

differs from I04— which has been shown tolreact with HF/according to (7.5)!¢
/

/

. . . ‘
KIO, + 8HF » KIOF, + 2Hi0" + 2w, ' (7.5)

‘This reaction is attributable to the ease with whigﬁ iodine can expand its
valence shell to achieve octahedral coordinat1on.ﬁéromine does not appear to
be capable of doing this readily. - In aqueous solution, it has been shown
that pergromate is not hydrated 84 whereas I047/read11y forms hydrated ' ¢
species such as H4106'.188 That the Ramaagfrgﬁuency observed for a solution
of KBr0, in HF should be very similar to that of vy of the Br0, ion
suggests that this ion is not protonated to give perbromic acid HOBrO?.

- The possibility that the 8Q0 cm'] peak is actually vy of HOB'rO3 is made®

unlikely by the fact that the formal BrQ bond order in'HOBrO3 is higher .



. HF 15, strictly speak1ng, a stronger acid than 100% H2504 (H, =~11. g3)19n
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£3Y

than that in BrO and that vy of HOBr‘O3 shou]d ‘be at a higher frequency
than v, "of BrO .. This is shown by comparison of the X0 symmetric
stretching freqygncy in the related pairs of molecules HOSe03~R(862 cm’])laq
and $e0,%” (833 cm™'),11% HOC10; (1031 cn™ )10 and €10,” (928 cm™'). M1
Also, in the anan spestrum of HC104 the %I-Oh.sQretchgqg'frequenqy is
more intense than the “symmetriec103ﬂ stretching made. 'In the Raman
spectrum of KBrO4 dissolved jn HF, no peak was observed which could be
attribuféd to WBr=0H of HBr0,. The nésufts bbtained are therefore most

cons1stent with the BrO4 ion being mostly-unprotonated in anhydrous HF.

ThlS is a rather surprlslng result since the va]ua of the Hammett

. acidnty function H0 for HF conta1n1ng 0.05% HZO has been recently deter-

_mined to be -70.8 191 (a]fhough;previously’determined values of -10.2 192
and. -10.4 '3 indicate a slightly lower acidity) and has been estimated

to be -15.1 for HF in the absence of any water %mpurity‘9 U Thys ‘anhydrous

‘but s1nce the 1ast traces of HZO are.xgrtual]y 1mpossib1e to remove from
-

the HF the ac1d1ty of experlmentally available HF 15 slightly lqwer than .

thgt of H,S0,." It has been shown s that €10, is exfén51ve1y (or perhaps

* % even,completely) protonated to HC10 1n 100% H,S0, . It would,..therefore,

. )havq{been expetted that BrO4 » which m1ght bé expected to be a stronger

" rather surprising-result found in the present workg ' \.' N

+

base than ClO4 . wou]d be protopated to HOBrO3 1n HF. However, the
ac1d1ty of the: HF . used in. this work _may have been cons1derab1y lower than
' that of the extens1ve1y purified HF used. 1n the H vaiue determ1nat1ons

- due “to the presence of HZO’ Th1s may in part be responsible for the

¢

L

A\
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(ii) Reactions with some F]uorinating}Agents.i

The reactions of various fluorinating agents with KBrO4 were
investigated:

(a) Asfe:  Appelman and Studier have shown that KBr0, ‘can be
fluorinated'by SbF5 to give Br03F (engtioq(7.2)). In the~présgnt work,

it was found that AsFS\wi11 also fluorinate KBr‘O4 using HF as a édlvent%

19

The BrO3F produced was identified by its ~“F omr spectrum. The Raman

spectrum of the white solid which remained after the HF, BrO,F and excess

3
AsF5 were removed under vacuum from the reaction vessel showed only lines

attributable to the AsF.~ anion. The reaction is therefore not simply

“(7.6) since the Raman spectrum of KAsOF; has been reported !9¢ and was
> ¢ - F

. HF - .
KBrO4 + AsF5 — BrO3F + KAsOF4 )

[
P :
not observed in our work. AsOF3 was not a product of the reaction either

{7.6)

4

since its Raman spectrum 197 was not onerved.v An altgrnative explanation
may be put forward if a mechanism analogous to the one proposed for the

formation of C103F from 6104~ in superacid media 2! is agsumed. This

o 3

mechanism involves the pérticipat1on of the protoﬁéied acid H20X03+

(X = C1, Br) produced by réaction (7.8) where MFQ;#S‘a Lewis acid suclr as
AsF5 dr SbFS. This is followed by react1oe\?f this cation with HF (7.9).

2HF + 2MF, + KO, ot 0K, ¢ 2MFT T+ T (7.8)

<

+
) H20X03

o ] +

+ HF +‘H30 + X03F ¢ (7.9)
™= |~ Ca . ‘ . T ¥

The oyerall react;;;:E;:kherefore (7.}0). Invoking the involvement of

K . ¢
« - ]
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_ . . -
X0, .+ 3HF ¥ 2MF. > XOF + Hi0T + 2MF,- (7.10)

protonated HBrO in this reaction scheme is not’ inconsistent with the fact ¢

" that BrO does not appear to be protonated in pure HF s1nce MF /HF )

mixtures have beer shown to be very much more acidic than pure HF.(H0 =

-21.1 for a 0.6 mole % solution of §bF5 in HF 131), Reéction (7.9) woﬁ]d

most likely be a nuc1eophi1ic displacement of HZO by HF rather than

cleavage of the HZOXO ion into HZO and XO , followed by reaction pf \
X03 with HF. Involvement of C]O in the reaction of 0104'.has been

rejected as being unlikely because of the 1ac§ of complex formation

between C103F°and various kewis acids,?! and the ;am§~argument can be

applied to BrO,F (see above). In the case of the reaction of Br04' with

ASFS, remova]hgf the volatile components BrO,F, HF and excess AsF5

would leave a 1.1 mixture of KAsF and Hs0 AsFG:lcje {which has-been shown!to
be stidble at room temperature). Both of these products wou]d'disp]ay

only Raman lines characteristic of the AsF;" anion. as opsefved. (The H30+
lines cannot be observed in the R#man spectrum of solid H30+ASF6- because
of the1r broadness and Tow 1ntenslty 138)  If the H30*AsFé'dehomposed

for some reason dur1ng the reaction or as the HF solvent was being removed,

A

the decomposition products (H 0 + HF + AsF wou]d a]so be volatile and

5)
would not affect th? Raman spectrum of the sol1d residue. Thus, although
. the exact equat1on for the reaction cannot be written (since the presence

of H30 ASF6 is uncertain), the data obtained can be rationalized. The %

fact that no Raman .lines due to KBrO4 were observed in the Raman spectrum

-~ 1
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of the residue suggests that the reaction géés to completion (which was
also observed when SbF was used as a fluorinating agent 68y,

(b) BrFS: The reaction between KBr(Q, and Bstvﬁas also been
examined. KBr0, and excess Brf, wer; mixed at room -temperature and th?/
soJ;d KBrO4 did not dissolve to any sighificant extent. After“the reaction
mixture had stbod for 30 minu;es at room temperature, 19F nmr:éﬁd Raman
spectra of the liquid BrF5 layer failed to show the presence of any,
oxygen—conzaining Br(VII) species in solutidn. Thus the direct reaction
between KBrO4 and Bng‘is at least .rather é]ow (and may not occur at aTﬁTZ
A small amount of HF was introduced into the mixtgre,since in the
K8r03/BrF5'system,this was found to be a catalyst for this reacﬁion (see
Chapter III). After 1.1/2 hours‘at room ngpérature, still no reaction
could be detected based on the Raman and ]9F.nmr spectra of the BrF5
solvent. Removal of the'volati1e materiafs under vacuum Teft a white
solid whose Raman spectrum was identjcal with that of KBrO4.9“ That
apparently no reaction oEcurs betwgen KBrO4 and BrFS‘is §urpris}ng in view
of the fact that BrF5 is a fairly powerfu uorinating agent. ‘The lack
of reaction is probably due to the insolubility of KBrO4 in BrF. (and in

5
Brfg containing some HF). Indeed, KBr0, and g react readily in the

5

, presence‘of HF as a solvent (in which both KBrO4 and BrF. are soluble).
When KBrO4 and excess BrF5 were combined with a large excess of HF, all

©

the solid present dissolved at -48°C. The Raman spectrum of the solution

showed lines attributable to Brf 128" and BrO4F and a line -at 916 em !

which could be attributed to BrOZF (see Chapter IV). The other Raman lines

e

A
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-— R
expected for;BrOZF were too weak to be observed. No BrOF3 was present\in
Y .

the sampie since its characteristic Br=0 stretching frequency was not

19

observed. The "“F nmr spectrum of the solution showed the AX4 pattern of

BrF5 in addition to the HF solvent line. Careful examination of the
quintet of BrF5 (6 = -270 ppm) showed that the quintet was skeyed and

- suggested that a weak broad 1ing (assigned to BrOBF) was present at

roughly the same chemical shift as t;; quintet of BrF5. No separate signal
could be observed for Bro F since this has been sho&n, in Chapter 1V, to
undergo rapid {1uérine exchange with HF at low temperature. The reaction

can therefore be written as .11). As was the case in the reaction of

+ 2HF - 2BrO,F + BrO,F + ZKHF

ZKBrO4 +. Brf 3 2

(7.11)

5 2

N

Brfg with the iodine (V) oxides and oxyflgoride%, any Br0?3 produced as

an intermediate in‘(7.11 must be removed by rapid reagtion with KBrO4 to

’

account for the production of BrOZF and the absence of 8r0F3

When the volatile components of the reaction mixture werisremoved under

as a product.

vacuum, a white solid wag %ﬁiained which was idenp?fied as KHF2 from its
Raman spectrum. Since no Tines attributable to KBrO4'were observed in the
Raman speétra of the HF solution react16n mixture or in the solid residue .
obtained, (7.11) must go to comb]etion at -48°C. In another KBrOQYBrF5/HF
experiment, the mixture of Br03F, Br'F5 and BTOZF was allowed to warm up

to room temperature and the Raman spectrum of the so]u;1en was used to Y
detect changes in the sample. After 1.1/2 hours, the Br03F:BrF5 ratio

_had not changed, but the BrOZF signal had become weaker (probably due to-

4

A N



‘to’BrFS. . It was therefore thought that reaction (7.12) might occur. The
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thénnal-decomposition, see Chapter IV). Thus Br03F is apparently not
fluorinated by Brf. at room temperature™®

N (c) KrFZ: The reaction of KBrO4 with Kr'F2 was investigatéd. In
Chapter IV it was shown that KrF2 f]ﬁor1nateslBr02F to BrOF3 and BrOF3

L]

|<Br04 + KrF, + 2HF -» BrO,F + Kr + %0, + KHF 7.12)

2 3 2

results obtained were ambiguous however, but show that-(7.12) d6es not
occur. A mixture of KrF2 and KBrO4 (mole ratio 1.40:1) in HF was allowed

\

to reac%}at altemperéture s11ghtly higher than -%8°C for a few minutes. )
The Bdﬁ;n spectrum of the.solution showed 1arge peaks attributable to‘Kr‘F2
andiBrO4‘, along with a rather weak peék at 916 cm'1 which/cou1ﬁ be )
assigned to BrOzF.~ The sample was allowed to warm up slowly to room
temperature to disso1§e all phe solid present. 'Bubbles:of‘gas were formed

as the sample watmed up, indicating that a reaction was faking place.

After ten minutes at room temperature, all the solid in the tube had dis-

~solved. The Raman spectrum of the solution showed that the sample con-

[ b N
sisted mainly of BrOZF. A weak peak due to ‘unreacted KBrQ4 was aiso

'ﬁresent, along with three very weak lines which could be assjgned to BrF5

(presumably . formed by reaction of'BFOZF with.Ker [see Chapter IV]). There

was no KrF2 or BrﬁéF present in the produc%.‘LThat BrO,F is the'maJOr

~ product is rather surprising since this represents a reduction of Br (VII)
‘to Br (V). in the presence of the strongvoxidanf KrF,. The only reasonable

~explanation for this is that the Br04" was fluorinated to an unstable &y

fluoro compdhnd of“Bry(VII).by.Ker, and that this unstable species

. i .
R4

\* .

\
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decomposes to BrOZF, (equation (7.]3)).. It is possible that the unstable

’

KrF2 o .
) KBroqf —_— [ 7] — BrOzF _ N (7.13)
species is Br02F3 (equation (7.14)) which could conceivably 1ose~F2
: ' KrF2 .
KBrO4 f Kr‘F2 + HF ~ KHF2 + K + %02 + Br03F —_— [BrQZF3] t Kr + ”02
- ' BrOF + F (7.18)

2 2

" to broduce BrOZF. Thfsfreaction wod1& egplain the presence ;f the un-
reacted [(BrO4 (since less than a 2:1 ratio of KrF2 to KBrOaiwas used).
The reaction was repeated and this time the mixture was allowed to remain

at low temperature for an extended period of time to see if any BrO3F or

L)

the unstable spectes responsible for the appearance of BrOZF could be

detected. A mixture of KBrO4 and KrEz (mole ratiq 1.21:1) in HF was

allowed to stand at -78°C for two hours. A large améunt of solid was

T

presenﬁ in the bottom of the tube, and no effort was made to dissolve this
solid by warming the sample. The Raman spectra of the solid and of the

. |
soluégon consisted only of lines attributable to KBr0, and KrF,. No Br0

4 2
was observed. Since both Br04_ and'Kr‘F2 were present in solution but no

¢

2'5"’—
' products were formed} the reactibﬁjhuét be’ slow at low.temperatuﬁe, (1.ew

the élowness of the regcfion was not due to thef1nsolubi]ity of one of

reagents). The reactién mixture was warmed. to -72°C for twelve hours. ’

Raman sp%ctra indicated that the major compopents of thg mixture were

still KBrO4 and KrFZ, Sut very weak Tines attribufab]eﬁ€o BrOZF were

obServed. After i\fgy{her 24 hours -at -72°C, the amount of BéOZF present

"8
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had increased but was still rather small. Warmming the .sample to -63"C
caused bubbling "to occﬂ?‘ahd after 2.1/2 houre the amount of BrOZF had
. again increased: Leaving the sample at -63°C for 18 hours and then
warming it to -48°C for 4 hours each caused an increase in the amount of
Br02F present. -in order to atiembt to observe the product distribution
at the end of the reaction, the tube was warmed quickly to room temperature(
to allow the reaction to go to eompletion. As the mixture was warming up
however, it detonated violently and ruptured the tube. The reason for
the explosion is not clear in view of the fact that the previous time

this reaction was done, “the mixture warmed smoothly up to room temperature.
The more rapid rate of warming in the second case may have been a‘factor
in»promoting the explosion. Since the product m{xture'present after
completion of the reaction could not be observed, no further information
could be obtained about the stoichiometry of the reaction. It was, however,
established that KBrO4 and KrFZ react rather s]owiy at low temperature, ‘
and ghat the on]} observable product of ‘the.reaction is Br0,F. No Raman
lineg due to BrO3 or any other'oxygen cqﬁpaining bromine épeéies were
observed. This wogld'mean that if (7.14) represents the prdcesé tha£ is
occurring, the react1on of. BrO3F with Ker and the decompos1tion of Br02F3
would have to be very rapid even at -72°C 1n order td account for the
ByozF produced at this temperature. The reactionm of BrO3F w1th Krf, was’

2
therefore examined. Approximately equimolar amoungé of BrO3F and Kr'F2 were

4

allowed to react (using HF'as a solvent) for 20 hours at -78°€, and then

[ 23 N

“for 20 hours at -72°C. Raman spectra of the solution present showed the

-

tow
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[

presence‘of Br03F and KrE2 invso1ution, but there was no.sign of Br02F or
any other changes‘in the Raman specyra that would suggest that a reaction
had occurred. The mixture was warmed to -63°C for 4 hours, then -48°C

for 8 hours énd then -22°C for 4 hours. The Raman spectra recorded during

this procedure again showed ﬁain]y KrF2 and BFO3F, and rather weak lines

. due to BrF5 became visible. The sample was allowed to stand at room temp-

erature for 45 minutes and then cooled back down to -78°C, The Raman
spectra of the mixture agaim indicated that no significant change had

taken place in the sample, with the exception of a slight increase in the

19

amount of BrFs present. The '°F nmr spectrum of the solution at -20°C

‘(the lowest temperature at which no precipitate was present) showed single

peaks at +197 ppin due to HF, -52 ppm due ﬁ? K#Fz, a_doyblet at--133 ppm

:due'to'BrFS and a broad line at -270 ppm representing BEO3F and the quintet

resonance due to BrFS. Integration of the signals showed the molar ratios
v A

to be KrF2:8r03F:BrF5 = 13:1]:1.’ This is in agreement with the'aﬁproxi{<
mately équimolar amounts of BEO3F and KrF2 used. ‘The Bng produced probably

62
3F to Br2 followed

by fluorination to B'rF5 by KrF2. The apparent inertness of BrQéF towards

arises from the partial thermal decomposition of. Br0

KrF2 is consistent with its inertness towards BrFs, AsFS and SbF5 and

eliminates equation (7.14) as a possible explanation of the KBr0,/Krf, re-

" action, since the rapid reaction bet@een BrO3F and Ker which is ?Bhuined

by (7.14) does not occur. The‘KBrOQ/Ker'reaction was not investigated =

further since even at the lowest temperatures used, no evidence could be
¢ Q ! °

.
found as to the identity of the unstable 1ntermedjate which 15 presumed to '

-4

Py
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« 1s always formed with BrF4+Sb2F11'/
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be decomposing to BrOZF, A low temperature matrix isolation experiment
may be useful to trap unstable intermediates in the reaction but this was

beyond the Scope of the preseﬁl work.

: . + -
- D. Reactions Involving Brf. AsF. .

BrF6+AsF6' can be conveniently synﬁhésized from the reaction of
Brf, with KrF+AsF6".7 BrFB+Sb2F11‘ as not used in this work since this
ngan impurwty, and the presence of
BrF4+ would subétantia]]y coméiiﬁfif/the reactions and producg mixtures
formed. ‘ ‘ . .
(i) Hydrolysis.
The hydrolysis of BrFé+ was examined as a possiblie method of

e + - .
preparing BrOF5 (equation (7.1%)). AYfhough in theory BrOF4 AsF_  could be

6

Brig AsFe™ + H,0 ~ BrOF, + H

6 ? (7.15)

formed,  the fact éhat IOF5 has been shown to for@ ox ridged adducts
with the Lewis acfdé rather than ionic saﬁts containing the IOF4+ cation -
suggests that Br0F4+ is unlikely to be stable and would abstract a fluoride
ion from“the sglvent to form Brof,.. ‘
When BrF6+AsF6' and an equimolar amount of HQO were allowed to react
at -72°C using HF as a solvent, .bubb]és of gas were formed. After
2 hours at -72°C, all the SO]if BrF6+AsF6— had dissqlved and the bubbling ~
hgd cépsed. The Raman spectrum of the solution was rec&Fded. The St;anogt

lines in the sﬁectrum could be unequivocally assigned to BrFS, and nothing

appeared in the'BrO stretching region. A weak peak appeared which could

.

R N TA R 12 6 '
\ . )



175

be assigned to a small amount of KrF2 (this was the starting material for

the preparation of KrF+AsF6i and may not have completely reacted). The
&y

region from 1770 an”) to 1900 cn”! was examined but no peak appeared which

-1 . + -
in solid 02 ASF6

spectrum of the solution recorded at the freezing point of the solution

could be attributed to 0 (1858 cm 199y The 19 pmr

Japproximateiy -80°C) showed, in addition to a strong singlet at +194 ppm
due to HF, a doublet at -131 ppm (J =77 %5 Hz) and a broad }%ne at

=268 ppm which were assigned to Brf, (5 = =132 and -270 ppm %7 and

Jep = 76 Hz Y00y The inteﬁﬁity of the broad iine at -268 ppm was too
éma11,to allow the expected quintet splitting pattern to be observed. In
addition,a bréad,weak line at ~ +68 ppm was observed and this was assigned
to the F on As of ASFS' (s = §8.4 ppm)}?! and/or AsF¢ {

Lndergoing slow F~ exchange with the HF solvent to account for the slightly

5 = 65.2 ppm)21

higher than expectgd chemical shift. No other péaks which could be
attributed to BrOF; were observed.’

The spectroscop1c data suggests that the hydrolysis of BrF6 AsF6
does not proceed accord1ng to (7.15) but that BrF5 is the major product.
The bubbling of the so]ution during the .yeaction and the failure to
observe thé characteristic ('):;F line in the Raman spectrum of the so}utign

‘suggest‘that 02 and not 02+ is a'pnguct.~ This is furthér supported by
. the fact that removal of the volatile components under vacuum did npt
produce any solid residue, whereas had 02+ been present the white salt
02+Asﬁ6' would have been 1eft'behjnd. fhus, a]though'Bnst will o§{dize

02 to 02+ at room temperature,’ this process abparent]y does not take
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place at low temperature in HF solution. The exact nature of the fluoro-
arsenic species present could not be determined by ]?F nmr or Raman spectro-
scopy. The single line observed at § = +68 ppm in the ]gF nmr spectrum

< was interpreted in terms of fluoride exchange between the fluoro-arsenic
’

1

épecies and the HF solvent. In the Raman spectra, Y3 of AsF6’ (685 cm” )

3 of BrF5

whereas v, of Asf (733 cm_])?01 would have been coincident

\

-with the very strong line due to the FEP tube (733 cm—]). The equation

would have been coincident with the broad line assigned to

(680 cm-l)

“

for the reaction can be written as (7.16). Although Dean et al.!?' have

Brfg AsF™ + 1,0 > BrF. + 10, + 2HF + AsF

2 5 » (7.16)

5
11

}. . N - Y -
and H_I ,no Raman lines due to As,f 132,137,133 were observed in this
2. 2N ;

" work. It is possible that at the higher concentrations used in this work,

shown that dilute solutions of Ast in HF are largely ionized to As.,f

the extent of jonization of the ASF5 is rather small and the main fluoro- .
arsenic species(present is AsF5 (which would not be directly observable

due to interference from the FEP tube). The amount of AsZF]]' present
- s
would then be too small to be detectable in the Raman spectrum.

(11) KBro,. ' :

The reaction of BrFG*AsF6' with KBrO4 was investigated as a pos-

sible jmeans of making BrOF5 according to equation (/7.17). BrF6+AsF6' and

6 '+ KBrO, - BrO.F + BrOF, + KASF

R
AsF 4 3

BrF

6

6 (/;]7)

’
&

an approximately equimolar amount of KBrO4 were placed in an FEP nmr tube
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and HF distilled in as a solvent. The tube was warmed to -72°C for 40
minutes and bubbtes of gas were formed in the mixture. The sample consisted
of a clear solution with a white solid 1y%ng under it. Raman spectra were
recorded f&r both the solution and the solid. The species pre%ént in
solution were identified as BrO3F,and BrF5 with a small amount of BrOPl.

jhe solid on the other hand consisted of main1y KAsF6 and RrOZF. The

oy s . , + ,
gharacterrﬁtlc stretching frequency of the 02 cation was not*observedl

1

. . N
These observations suggest that the reaction does not proceed according

to (7.17) but rather that (7.18) is the primary reaction. The formation

v

BrF6+AsF6_ ¢ KBFO, - Brfg + 10 (7.18)

5 ¢+ BrO3F + KAsF

2. 6

o

ot gas bubbles in the reaction mixture is due to the-O? beind evolved. The

presence of BrO?F as a product can bhe rationalized by a secondary reaction

T of Brf, with KBrO4 (equation (7.11)). The KHFZ‘producbd by this reaction

JlerD4 + Br‘F5 + 2HF 28r03F + Br02F + 2KHF2 (7.1)

.

voeuld also react with BrF6+ according to (7.19). Thus some of the gas

GoF "AsFcT ¢ KHF, - BrFg + F, + KASFo  HF VAL

-

. . +
evolved may have been F, rather than 0,. As was mentioned, no O

5 was
4

observed and, as in the case of the hydrolysis of 8rF6+, it must be con-

« luded that BrFG* 1s incapable of oxidizing 0, at low temperature in HE .

.. . . . :, ,‘.
solution. The ]9F nmr spectrum of the reaction mixture 'was recorded at

-79°C. In addition to the strong HF solvent line.at +193 ppm, two other

]
FE Y

\
k4
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“

,s1gnals were observed; a doublet at -132 ppm-and a broad line at -269 ppm.
The doublet is aséignedﬂto the X4 bortion of the AX4 pattern of BrF\,
whereas the broad peak at -269 ppm is assigned to a superposition of the
broad Bro,F siﬁha] and the quintet of Brf;. Integration of the -1327and
-269 ppm'signals showed their relative intensities to be approximate]v
2:1. From this,the relative mole ratios of Brf, and BrO.F can be cal-
7‘culated to be approximately equal, which is in agreement with equat1o;
(7.18): If reactioms(7:115 followedlby (7:19) occur, this would increase
the relative amount of BrO3F sipce two moles of Br03F are produced for.
every mole of Brf

5
not proceed to a sufficient extent to noticeably alter the, 1:1 BrO3F:BrFS

generated. It must be assumed that these reactions do

ratio expected on the basis of equation (7.18). 1iIn view of the rather

poor accd}aCy of the integration of the sﬁectrum (at best +10%, see

Chapter I1), substantial céntributions from equations(7.11) and (7.19)

N - t
would yo undetected, Any BrOZF or AsF6 present in solution must be under-

goiny rapid fluoride exchange with the HF solvent as no separate signals
are seen for these species. The sample was warmed b}iefly to room temp-
erature and then cooled to -40°C. Ramqq spectra of the _solid and solution
yresent were identical to those recorded after the mixture had’ been warmed
only to -72°C. The reaction was, therefore, complete after 40 minutes at
-72°C. “The volatile components of the mixture were removed un?gr vacuum

and a white solid remained. The Raman spectrum of this white solid consisted
I 4

of, lines attributable to KAsFg. No Jines due to KBr0, or Brf "AsF ™ were
. / A \~‘ . .
observed, indicating that both were completely consumed in the reaction.

=



' pdssib]e reaction is (7.20) between BrF ? and BrOZFZ‘“Tth‘Wduld be in

#

| X3

Since the BrEGfAsE6 was_apparently ﬁresent in S]Tght excess some Tﬁ;lt

‘@Dst;have Leen consumed by reactions other than (7.18) and (7.19). A
. 6 .

+ - > . ,
| _\\\?BrF6 AsFg "+ BrO,F - 3Brf, .+ 2AsF. + 0, (7.20)

~ .- . 0

aqreemeht with the behaviour or‘BrOZF towards KrFZ.. Alternatively, warming

the séhd]e to reom temberature may bave caused some decompositibn of Br03f-
or BrOéF (or both) to Br whrch wou]d be rapidly fluorwnated by BrF6

and this could a]so account for the ]QEF of Brf AsF6 in the residue.
_However, the presence of an excess of B'rF6 ASF6 .15 not definitive due to

the uncertainties infthe weigthgs; andithese suggestions about poss1hle
tside reactions’must be regarded as rather speculative. If in faet KBrOi

was the _reagent present in sllght excess, ‘then the failure to observe

t oL

g KBrO in the solid residue of the reaction is readily exp]a1ned since the

oxcess will be entjrely consumed by reaction (7.11).

(1i1) Brogf. )

The reect{vitv’of BrQ,F towards’BrF.6+ has been tesfed.' BrE6+Ast'
_ang BrOiF were a1lowed to {nteract in the presence of HF as a-solvent {and <
seme BrF 1mpur1ty was present also). The reaction was monitored by Raman
spectroscopy on the solution and on the solid present at low temperature
After 45 minutes at -72°C and 2Q mlnutes‘at -62°C, no reaction had occurredf
and the solution cdntéihed Broé# dhd'Brstwherees the solid consisted of

N

BrF6+AsF6;., The tube was allowed to warm up to room tempcrature for 1 .

“minutes. All th? solid.dissolved to give a ctear,colowrless solution. :

1

TR b .- -
T L e e
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was still found to contain only Bng3F and BrFS. Only'Raman lines .

»

~ . ) q'\’x \ R ]80
. .
. .

.
.

4
’

Copling the sample back down to -80°C caused a large amount of precipitate

-to ,be formed. The solid was identified as BrF6+AsF6_ whereas' the solution

+

, attributable to these three species were observed. However, the Raman

spectrum of the sample did exhibit fluorescence which indicates that at
. . N T,
- room temperature a reaction occurs which produces a small amount.of a

fluorescent product. The exact nature of this material was not invest- )

‘s S

“igated further. It can be concluded that Br03F does not react rapidly

~

8 +
with BrF6 _even at room temperature.

3

£. Miscellaneous Reactions.

(1) At tempted Preparation of BrOF .
Aq'gttempt was made to prepare BrOF5 by a high prgssure reaction.
A mixture of BrF5 and a stoichiometric amount of 02 required for equation
(7.21) were placed in a Monel-bomb along with a large excess 6f F2 gas to
give a total pressure of approximately 1400 psi‘at room temperature. The
+ Q2 —— Z-BrOF5 E . (7.20)

a3

0}

dixture was heatéd'to 175°C for several days. After removal of the nén-
condensable gdses‘ai ~196°Cythe contents of the bomb were distilled into
a Kel-F trap, and some of the material was transferred to an FEP nmr tube.
The ]9F nmr spectrum of this material showed 6n1y lines attributable to

BrFS, indicating that reactioq\(?.Zﬂ) had not occurred. v -
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(i) Reaction of Br03F and KrF B

<

The ree/:ion of BrO3F with the very powerful fluorinating agent

KrF" was a]so brlefly studied us1ng HF as a solvent. To an approximately

.
«

“equimolar mixture oF Br0,F and Krf, was added a excess of AsF.. The
R .

5
\\\\\\*‘\\\\miXture.was kept at -72°C for approximately 72 hodrs. A large amount of
~ . . .

white solid was present in the bottom of the tube-and Raman spectroscopy

showed this solid tb be most]y'KrF+AsF6_ with some unreacted Krf, in it.

2
The vy strefching mode of, Br03F was also visible due to the presence of

some of the HF solution intermingled with the solid. No extra lines were

+ observed in the Br0 stretching region and it was coficluded that no re-

S~

action had occurred. When the sample was allowed to warm up 'to room tem-

. A
perature, vigorous gas evolution began to take place and the solution

F

}apid1y turpéd brown. .The reaction was-immediate1ycduenched by cooling .

~

. ;he sample to -196°C. The frozen sahp]é was then warmed to -72°C. This
produced a brown solution standing over a solid. The Raman spectrum of
the solid indicated fhat some KrF+AsF6‘.was still present but the main
lines cou1d now be attributed t6'02+AsF" ' The sﬁectrum of the solution
showed that BrOBF was also still present but that Br‘F5 had been produced.
lr03F therefore does react w1th kre at room temperature but decomposition

~

occurs. The BrF5 produced probably arises as a result of fluorination of
tﬁe Br2 pqod@ced by the decompositioﬁ gsig?e the so}dtion was brown). ‘A

number of other weak Raman lines were obsegyed which are presumably due to
decomposition prdducts which were notiiqentified.. No lines were obgerved

in the Br=0 region of the spectrum‘aﬁowever. This indicates that if

v



Br‘OZFZ+ or Bi"OZF3 were produced in the %eacti&n, these species were at
least in‘part responéib]e for the decomposi%ion which was seen to occur.
.o ‘ .

¢

F. Discussion.

) "The perbromate .ion has been found to be readily fluorinated to

Br03F by a number of f]uorinafing agents such aslAst, BrFS,.BYF ’

6,'qnd
presumably Bﬁ0F3._ BrogF is stable with respect: to these fluorinating

agents and KrFé also,and this relative inertness is analogeus to the

'rémgrkab]e stability and inertness of C]O3F. For C10,Fs~this has been .

attributed to the favourable pseudotetrahedral geometry of the molecule

and its strong covalent C1-F bond.2! These arguments presumably apply to

.BrO3F as well. Br03F is attacked by the extremely st}ong fluorinating

’

+
9 BrF5 and-Br2

could be detected. No evidence couid be” found for the production of

agent KrF+ however, but only the decomposition products 0

Br02F3 4r Br02F2+ which might have been expected as products. Similarly, -
the reactién of.KBr_O4 with Ker is apparently anomalous since although
the-reactidn procéeds smoothly at Tow temperatu}e,~on1y BrOzF can be
observed as a préduct. The mosf reasonab]e}exp]anation involves the pro-

duction of an unstable intermediate which is decompasing to Br02F. No

. information as to the'natdre of this intermediate could be obtained.

~ i

- The reaction of the Br‘FG'+ jon with pofenﬁia] oxygen donors such
as HZO and Br04' failed to give BrOFé as a product. Insteéd BrF5 wasAformed.
This may be due largely to the inability of Br(VIf)'to accommodate seven -

ligands around it. Evidence for fhis comes from the apparent instability
i . R N

T
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v
”~

'of_BrF7. Thus in the cése of the dro?xsis, reactiqn hccérding to '
scheme (7.22) cannot occur du® to the inability to form tlie seven co- -

ordinate intermediate._ Instead, the H,0 molecule may attack at a fluorine

r

- F M
‘ F i! F o s :
+ ~8 . . +
Brf + H0 —¥— F/lr(‘f——f’ﬂ BrOF, + H,F  (7.22)
R .

atom. The reaction may be an‘SNé disp]acement’on fluorine of Class 4 as

catalogued by Liebman and JdrY}s‘ZOZ (equation (7.23))2 Applying .
X-F" % 2 > X+ F-1" . (7.23)
this to X = BrF5 and’:Z = HZO’ one gets (7.24) where'BrFS and prdtonatedﬁ N
F + ) . - - RS
| F H T e
F—Bf—F + 0] 4 Brf, + F—0—H : (7.24)
. 2 , < \
F7I H H
R F ) i
Q 3
/ .
. s
: + M “ ' . |
. . F -0 + HF > FOH + H,F ] . . (7.25)
) \‘H 2 . .

hypofluorous acld8l+203 ape produced. Loss of a proton to the solvent °
(7.25) would produce HOF. This would then decompose to HF and O, (to -
. account for the bubbles of gas which were observed)., The factors which

affect the raté of this decomposition are poorly understood. Such a re-

[

action scheme would account for all the products observed. It-also suggests,

-’

that attempts to prepare BrOF5 by reaction of Br56+ with oxygen donors are

3
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‘unlikely.to succeed since the. BrF6 ion will be attacked at a fluorine
l1gand rather than at 1he central Br atom. ’
Attempts to produce yue‘Br (VII))oxyf]uorides.BnO% ahd Br0 F3 by

ox{dation of the Br (V) speeieé BrOF3 and BrO,F .with KrF2 or by the high -

2
pressure reaction of BrF with oxygen were unsuecessfu1 _ This lack of
success dOes not, however, 1mp1y that these two Br (VII) species are
1nherent1y unstab]e A very high activation barrier could equally wedl

be respons.ible for the failure of the redct1ons attempted A.simi1ar .

. situation exxsts in the case of/ghe preparatwon of ‘the BrQ, ™ jon {see
Chapter 1)}. . S

6. Experinental Section.
(1)Br~0F*
BrOSF was prepare& by_the meﬁhod of Appelman and Studier."™ In a
typical pﬁeparation, 0.359 9 (1.65 mmol1) of SbF.

5
of HF in an FEP nmr tube and the mixture coo]ed to ~196°C. 0.079'g

was disso]ved in 0.27 g

(0. /3 mmo]) of KBrO w¢5\added 1n a dry box. The mixture was warmed to
-72°C fér several hours and then to room temperature for a few m1nutes
when the samp]e was cooled to -30°C, a white slurry was produced The

Raman spectrum of this mlxture_showed BrosF to be present (in so]utiou)4k
and a strong ling at 660 cm -l was aSSIQHEd to SbFs (see Table 5 5). A
number of additional wqak lines; appéared which cou]d possibly be due to

v

‘ Sbs F]]- or other Sb-F5 1 1ons No BrO4 was observed in the Raman spectrum.

The tube (A) was cooled to -63°C and a static d1st111at1on into another

»
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< FEP .nmr tube {B)~at -196°C was set dpp, Some white material (presumab1y
* the rather vo]ati]e«BrO3F) distilled over very rapidly, whereas other
’ "white materia].(presumab1y HF) came over more slowly. Only a small part .
* of the 1iquid in the original reaction tybg tA)-was distilled into tube
(8). The Raman spectrum'of the material remaining in tube (A} showed
that only a sma11'amognt'of BrO3F remained. When the second.iube (B) was
warmed to -78°C, the white 'solid he]ted and two(immistib]e‘layers were
formed. The Raman and ]QF nmr sﬁectra'of both layers werecrecorded, w}th :
,mﬁch’stronger signals being gbtainéd from the i0wer layer. Also, when
more HF was added, the upper layer in the tube increased in volume while
the lower layer decreased. Both these facts suggeét that the upper“1ayer
was a satd?ated solution of Br03F in HF, whereas theelower layer was
liquid BrO3F (with some HF dissolved in it). Enough HF was added Fo'form
a saturated solution at -78°C, and the amount of HF required to achieve ‘
complete dissolution was estimated on the basis of the volume of the |

solution formed. ) -

(17) Reactions of KBrO,

5 0.026 g {0.14 mmol) of KBro, was dissolved v

(a) KBrO, and AsF
in 0.2 g of HF }h ah FEP nmr tube, and 0.78 mmol of AsF5 was distilled in.

The mixture was warmed to -78°C to give a clear solution and a whige'so1id.

The volatile components of this mixture were distilled into a second FEP

+

nmr tube, and the ]gF nmr spectrum of the solution was recorded :é?—77°c.

A singlet at +150 ppm was assigned to HF undergoing rapid exchangk with

¢
ASFS, and a broad, weak line at -270 ppm was assigned to Br03F. The * .

1
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final traces of HF were removed under vacuum from the white solid which .

~

remained in the original reaction tube, and the Raman, spectrum. of the

1 1

'solid was recorded. Three 11neé(ét 693 om~ ', 582 cm’

, and 378 e were
observed which indicated tﬁe presencesof ASFG'.)"'k
(b) KBr0, and ﬁrFsi 0.088 g (0.48 mmol) of KBro, was p]aéed T
an FEP nmr tube, and 1.14 g (6.55 mmo1l) -of BrF5 was digti]\ed in. The
sample was a1lqyed to warm up to room temperature for 30 minutes, qnd tben
cooled to ~60F63 A solid was present ‘in the‘bottom of the tube at low
’temperature énd at room temperature.“‘]gF nmr and Raman séectrq }epordéd
on the liquid showg? only peaks due tq BrF5.~ . L
Approximately 0.003 g of HF (estimated on the basis of volume of -

o

L4
gaseous HF) was distilied into the sample, and the mixture was allowed to

war& ﬁb f? room temperature for one hour., fhe sampie was cooled to -4§“C
and Tgr niir aﬁd Réman Spectroscopy indicated that no défeetab1e anmount of
reaction had‘occurred. " The volatile components of‘the.mixture were removed

« under vacuum and a white solid was formed. This salid was identified as
Kbro4 on thé basis of its Raman spectrum. - . ) x‘ ’
o In anothér experiment, 0.]07 g (0.582 mmol) of’KBrO4 was dissolved .
in 6.62>§ of HF ip art FEP nmr tube, and 9.459 g 52.63 mmél) of BrF5 Was
distil}?d in. . The tube was warmed to -48°C to dissolve all the solid
éresent and then cooled back down te -65°C. The Raman.spectr@n daf the
solution was kgconded.at this tgmperature, and the ]9F'nmw.spbctrum Wwas

recorded at -70°C. The sample was pumped to dryness under vacuum at room

temperature and the white solid which was formed was,identified as KHF,,’
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by its Raman spectrum. ‘ .
(c).*_KBrO4 ang'KrFZ: In one experiment, 0.050 g (0.27 mmol) of
'KBrd4 was mixed with ‘0.13 g of HF in an FEP nmr épbe, and 0.047 g (0.38 mmol)
of KrF2 was di;ti1led in. The.sample was warmed to -78°C and a large
.aﬁbqnt of solid was present in the tube. The sample was removed from the

cold bath, rapidly warmed for a-few seconds and then cooled back to -78°C.

After several of these heating and coo]iﬁg cycles, the Raman spectrum of
. r

~

?he solution was recordeq (theré was still solid present). When the sample
was allowed to warm up to room temperature, gas bubb[es were evq}véd. A
clear, co]our}ess.splut(?n was obtained after ten minutes and its Raman
spectrum was recorded. .

‘In a different expériment, 0.075 g (0.41 mmol) of KBrO4 was mixed
with 0.12 «a of HF and 0.041 g (6.34 mnol)'of KrF2 ;as distilled in. The ~
‘sample was warmed to -78°C for 2:hours, -72°C for 36 hours, -€£3°C for 8
hours and /~48°C for 4 hours. The Raman spectra of the ‘solution and of
~the sdHid presenf in the bottom were periodically-monitored. The }?F nmr

spectrum of the solution was also recorded after the tube had stood at
-637C, and only signal's due to HF (exchanging with any Brﬂ;?’thaq was
present ) and Krf2 were observed. The sample was £hen warmed rapidly-
towards room teﬁéerature. Vigorous bubbling occurredland before thv,"
" sample’ reached room temperafuré it'détonated with a.bright red flash.
(i1i1) -Reactions of BrF5+AsF6:; k j.
{a) Hydrolysis: 0.0435 g (0.113 mmol) of BrFG‘AsFG— yas prepared

~in a 1/4" o.d. FEP tubé fitped with an FEP nmr tube side-arm. A layer of
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HF (0.4 g) was placed over the BrstAst_ to avoid reaction of the‘lattor'

with the small amount of 02 preSent in-the dry box atmosphere. The .

mixture was cooled to -196°C and- 2.0 ul (0.11 mmol) of HZO was syringed
inFo'the thbeﬁ(in a dry box) and, formed .a frbzen bead. The N2 in -the »

. tube was'remove&aunder vacuum and the frozen bead eof H20 was knocked down
onto the layer of frozen HF. The mixture was warmed to -72°C amd- bubbloe
of gas were formed. After 2 hours at -72°C, alj the solid in the tube

had dissolved and a clear solution was present.' A portion of the solutron
was‘decanted into the nmr tube side-arm,éhd Raman and.‘qF nmr spectra were.
recorded. The volatile components of the solution were removed under
vacuum at -72°C and_theﬁ at room temperature. No §olid residue wa; lett

\ -

behind. ’ . . * - .

{b) BrF6*AsF6' and KBr0,: 0.061 g (0.16 mmol) of 6rr6+AaFL' wa

pngggggd in an FEP nmr tubé, and a layer of HF (~ 0.1 q) was distilled in.
0.026 4 {0.14 nmot) of KBrO4 was then introduced inte the tube kept at

-196 C. The mivture was warmed to -72°C to give a clear salution and a

white solid. Bubbles of ga$ were also formed. Raman spectra of the sotid

19

and of the solution were recorded, and the '“F nmr spectrum-of the

solution was recorded as well. ' The samble was warmed briefly to room

temperalure,-€oo1ed to -40°C, and Raman sbectra recorded on both the solid

and solution,
) - s -
<) BrF6+AsF6 and Br03F: 0.059 g (0.13 mmol) of BrFG*AsFé was

prepared in an FEP nmr tube.: The solution resulting from the reaction of

. .

Brf, AsF§ with KBro, (geftion (b)

) was used as a source of Br03F. This

<
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-solution was cooled to -62°C and the components which were volatile at

this temperature (HF, BrO3F and BrFS) were distilled onto the freshly
made Brf. AsF. . This mixture was allowed to warm up to -mR°C, and a

6 &
clear colourless solution standing over a white solid was obtained. Raman

spectroscopy showed Br0.F and Brf, to be present in salution, wherea~ the
: 3 5

solid consisted of mrF6fAsF6 . The tube was kept at -72°C for a5 minute .,

-62 € for 20 minutes and then room temperature for 15 minutes. Raman
A}

spectroscopv was used to attempt to detect any reaction which might have

.

oecurred. No significant changes were observed in the spectra, other thu
the fact that fluorescence was observed in the Raman speclrym after tne
sample nad been warmed to room temperature.

65—

‘Approximately 0.43 mmo] of BrO,F (estimated on the basis oi the

{iv) Reactions of Br0.F with KrF, and KrF ' AsF
i\ ) — n J C v

amount of KBr0, u§ed in 1ts preparation) wa§'dis$otued in 0.5 g of HF n
an FEP v tube and 0.054 g (0.44 mmol) of Krf, was distilled in. The
mixture was warmed to -78°€C (for 20 hours), -72°C (for 20 hours), -63 C
{for 4 hours), -48°C {for 8 hours) and -22°C (for‘d hours )., Raman spectra
of Lhe.qolution and of the solid present were recorded. The qémple Wwas
allowed to warm to room temperature for 45 minutes, then cooled to -/t C
and tne Raman spectra of solution‘qnd solid again recorded. The ‘°r~nmr
.spectrum of the sample was obtained at ;20°C.

Since no reaction had apparently taken place, 1.1 nmol of AsF = was

distilled into the tube. The sample tube was sealed off (to prevent the

<
possibility of air leaking in aﬁa reacting with the KrF+) and warmed to
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-72°C far several days. A large amount of solid was obtained and thi, wa.™

6

‘ . + .
shown to be mainly KrF AsF_. from its Raman spectrum. Some unreacted

(v) Brf » F, and 0, at High Temperature and Pressure.

A Mopel bomb (volume 44 cm3) fitted with a Monel valvwe wa. con-

-

L4
ditioned with 1500 psi of F2 at room temperature and was then evacuatedd

overntght.  2.56 g (14.6 mmol) of BrF, was distilled in. /.85 mmgt of

5
and 168 mmol of F2 were (ondensed in to give an overail pressure of appro.-
imately 1400 psi at réom temperature and the bomb was heated te 175 € tor
sayeral days. The noﬂ-condensable gases were removed at -196 'C and the
contents of the bomb were distilled into a Kel-F trap. .A white solid wa-

trapped out at -1967C. This mateéia] was still a solid at -787C. Warming
the tube to ~48°C however caused the solid to melt (m.p. of Brr5 ”

-61.3 C 7). Some of this liquid was distilled into an FEP nmr tube and
the lqr nmr spectrum recorded at room temperature showed Iineg attribytable

to Brf, .
by
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CHAPTER VIII | e
CONCLUS TONS

A. Introductien.
" This thesis describes the first detailed study of the oxyfluorides
of bromine. <Prior to this work, BfozF was the only oxyfluoro spou10§ of

Br (V) which had been reported, and it had not been spectroscon1ca11v

characterized: The preparation of BrOF and of the ions 8102 \ BrOF .
L)
BrOF and BrO F2 has been accomprished in this work, and these (alonq
19

with BrOZF)have been characterized by Raman and F nmr spectroscopy

During the course of th1s.pﬁ03ect, other'workers have also reported evidence™”
for these molecules and ions. _whére there is overlap, our results agreé, -
well with those of these other workers but in some-cases our interpretat1%ns
of the data differ. X . ’

A number of reactions 1nv01v1ng Br (VII) oxyf]uo;olspecies are
described, but none!]ed to the formation of any new molécules. Ihes%’fe-
, actions nevertheless incréase our knowledge of Br (!}I) dhemistry'and brovide
a basis for future work in ihis rather poorly explored field of halogen

<

chemistry.

oo

Comparison of the Oxyfluorides @ Brominewith those of Chlorine and

fodine. | e
A direct comparison of the oxyfluora species of chlorine, bromine

and iodine is most readi]y made for the halogens in the.+(V) oxidation state

19}
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mediate between CIOF3 and 1053- Although 1t issprebably not as heavilv

- 167

since all the neutra]iaolecuTes “and the correspondingASiﬁg]y‘charqed

anions and eatﬁons are noW‘known‘ The bromine compounds appear to resemb]e

[y o

the chior1ne compounds more, closely than those of 1od1ne 1@ many respects.

hereas Br02F and C]OZF ‘1l are both monomer1c in the solid and 11qu1d

,_\

phases, IOZF is- a highly associated solid wh1ch decomposes without me1t1n0 ?

\ R

' This presumab]y ref]ects the tendency of iodine to achieve high coord1naﬁ1on

Ratd

numbers through Segondary'bond1ng in the solid. Simjrarly ClOF 1 dnd

is a
3 1A

polymeric s011d, %" In this case however, BrOF3 can be COns1dere¢\as inter-

BrOF3 both form assoc1ated 11qu1ds at room temperature whereas IGF

’

bridged as IOF3; 3

more .Raman lines thangwould be expected for the monomer. This association

the bridging in 1iquid BrOF, is extensive enouagh™ to cause

apparent1y=persists in HF solution (from the Ranian épectra) and}at low

temperature in SOaC]F and SO (from the 19

F nmr spectra). For C10ﬁ3,bn
the other hand, the Raman spectrum of the 1iquid ‘can be satusfactor11y

ass1gned on the basis of a monomer.*! The decomposition of the 0x1detr1-

fluorides of the halogens show &‘discontinuity between bromine and iodine.

Whereas CTOF, " and BrOF , decompose thermally according, to equation (8.1)

-

¢ KOFy —e XFy o+ w0, X =0l Br o (s

IOF3.disproportionates according to (8.2).5% Finally, the behaviour of. the

210F 2 I0,F + ; ~ 8.2)

compounds XOZF and XOF3 (X = C1, Br, \) in HF §olution provides another
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. example of the difference between iodine and the other two halogens.

Whereas IOZE and IOF3 both react with anhydroﬂs HF (reactioﬁs {(8.3) and

(8.4))5g C10,F, C10F,, BrO,F and BrOF, .are inert towards fluorination by HF.

+ 2H.0

I0,F + 4HF .. IF5 2

2

v .
I0F, + ZHF .~ IF; + H,0 - - )

5 2 ‘

°

The cations and anions derived from the oxyfluorjdes X0,F and XQF
(x = C1, ér and I) seem to have many common féaturgs. In-all three casecs,
the structure; of the_ anions X02F2- and X0F4' appear to be based on tri-
gonal bipyrgdal ang octahedral arrapgemgnts of electron puirs about th

central atom. This is in accord with the predictions of. the VSEPR theory.

]

F - “ O -
Lz o
1 o L F=" " >~F
F -~

Tne s»tructures of the two iodine compounds were established byﬂcrystallo-
g~aphy, *»°7 whereas %Qr the b}omine and chlorine “»*- anions, Raman -and
L)F qﬁr'spectroscopy‘were used. These idealized geomefries appear to he
somewhat distorted in the solid state,however, since more lines are observed
in the Raman spectra than would be expected. The three X0F24 cations huave
been studied (X‘= C1,37+3% 1,51 Br (Chapter Q)) and a pyramidal geometry
ha$ been suggested. In all three‘césés,; "
thegé appear to be ‘significant anion-cation F ?7X§§’O

interactions in the solid. Similarly, the

)

|
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+ .. SRR . L
XOZ' catlons are all -bent .;1‘cu1es. Anlon-catAon bridging has been

establwshed cry. ailoqrapnlfaqty for €10, sz ]] 7 and spectroscop%ca]?y

for 102 AsF6 5t S1m11ar bridging is presumab1y responsxble for the

anoma]ously low Br= 0 stretching frequencies in the AsF F " and

6 *

[SbFG(SbFS)]~24]_ salts of the-BrO2 cation. In the XO2 %Pd XOFZ+

salts,
discrete cations anpear to be present (in éontrast to the polymeric oxyaen

bridged cation whiﬁh was suggested for\J0é+AsF6“~&§ but disproved in later
‘work i), h \ )
'In certain respects, the bromine system differs from both the
analogous chlorine and iodine systems, particu1ar\y in the Stabil{tlv~ of

‘the products. For instance, Br02+

temperature.whergas the corresponding C1 and I cations have been shown to

+ 2, ’
and BrOF2 salts decompose at room

be stable at this temperature. The stabilities of the oxidetriflyorides
appear to follow a simi1ar;p§ttern, with BrOF3 stowly liberating oxvaen at '
room-tempgfature whereas IOF3 a?d C]OF3 are cénsiderab]y more stable. A

“inal e\Amp}e is the failure (both in this work and in previaqus work R
1 prepare BrOZSO3F *This can bg cpqtrasted w{th_the ready preparation ot
C10,50,F 7% and IOZSO3F " and suggests that brofiyl fluorcsulphate mav be
much less §tab1é than its chloryl or Todyl analogues. A similar sytuation
exists in the oxides of the halogens. Although chlorine and iodine form
stable, well charactegiéed oxides, thoée of bromine are boorly understood

and tend to be much less.stable. That most of the oxyfluoro species of*

~

Br (V) had not been reported or characterized at the outset of this work N

may therefore be due to the somewhat lower stability of many of these species

“
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when compared to their C1 and I dnalogues and also to|the fact that ‘the
oxides of Br were not we]J—known} while the oxides of €1 and I have been
used as convenient starting materials for the synthesis of the oxyfluorides

of these elements.

C. Future Directions for Research. :
(i) Bro(v). -

Although all the possible Br ({) oxyfluoro species have been shown
to exist and have been characterized, a number of questions, remain un-
aq@W&red. A determination of the crystal strubturgs of K8r02F2 and KBrof,
would provide information on the more subtle features of the structures o:
these two anions and would be useful for verifying the, assignments of the
Raman frequencies. Comparisons ‘could be made with the crystal structures
of the analogous iodine compounds. It was found in this work that the

KBrQF4 vrepared was crystalline in nature {(whereas KBr0,f, was denerallv

2
groduced as a powder).  Although no crystals suitable for-a complete
strutture determination could be found, it appears Tikely that car@fu]}
crystailigation of KBrOF4 from CH3CN will eventually yie]d_good crystals.
Similarly,. X-ray crystallographic studies would be very useful to
resolve some of thé ambigﬁities a§sociated with the Raman spectra_ﬁf tne

BroF," and 8m62f~sa1ts. Specifically, both the large shift of . of AsF,

1
in BrOF?FAsFG' and the low value of the BPOZf stretching frequencies have
been attributed to fluorine bridging between the anion and the cation which

can only be detecteg with certainty by X-ray crystal]ography., The
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difficulty in this case is the decomposition of these salts at ro&m tem-
perature, which requires that thg strucpdre determination and the manipu-
lations of the crystals be berformgd at low temperature. A thorough . ’
inbestigation of the BrOF /SbF system ‘would also be useful in order to
shed light on the apparent d1screpanc1es in the Raman spectrum of

BrOF2 SDF o Finally, work on the reactions of Br0,F “and BrOF; with

2

other Lewis acids {such as BiF, NbF; or Tan) would also help in under-

’stanﬁinq these systems. Bougon and h1s coworkers 2%% have found thét
adducts of BrOF3 with PF5 and 81F5 are not stable at room -temperature, but
a lgw temperature 1nvest1gat1on might yield usefu] results.

Perhaps the most intriguing structural problem relating to the

r (V) oxyfluorides is the nature of the associjation in BrOF,. In Chapter
v, it va suggested that theiassoc1ation may be simfiar to that found in
SF4 and C1OF3. A careful study of\ihe temperature and concentration
dependence of the Raman spectra of BrOF3 dissolved in HF (and 1in other
solvents ds'well) wiqht show which bands are the most affected by chanjes
in tﬁe extent .of association. ~Similarly, gas phase spectra or matrix
fLofation spectra might yield the fundamehtfi frequencies of -a>monameric
BrOﬁ\ mo]ocu]e, and comparison of these with the lines.due to associated
Brﬂr w~u1d certa1n1y be helpful. These experiments are comp11cate§
however by the dpparently low volatility of BrOF3 and its instability at
room temperatyre.

“Tinally, the nature of the adduct between Br02F and Ber5 encoun tered

in this work was not pursued in detail, and this system should-be investi-

- gated further..



(i1) Br (VII).
A!though several new oxyfluorides of Br (V) were prepared, no new
oxyf]ubrides of ‘Br (VII) were obtained in'thfs work. A number of possible

preparative reactions were iﬁvest1gafed however. -1t was found, not un-
expectedly, thgt the fluorinating agents AsFé, 8rF5 and BrF6+ will aonver(
Brb4— to BrO,F, and tha§ BrO,F is ;table towards further {1u§rinat10n.
Similarly, -attempts to prepare BrOFS from 8rF6+were unsuccessful and this
has been attributed to the inability of the reéction to proceed through a

. . J
seven-coordinate intermediate. Two of the reactions attempted should be

reinves}iqated: The neéction of kBrO4 with KrF2 produced BrO?F‘and this

unexpected result leY to the gestion that an unstable intermedigte 15

involved in the react rking at lower temperatures in a different

solvent (or perhaps ip a m

>

f it might be bossib]e to,oBtain evidence
as Lo the pature 5 intermediate. A]sQ,.BrO3F waé found to react with
the strong fluorinating agent krF+AsF6',but only decomposition products
could bg gbserved. Again, a further investigation of ths reaction might
tead to new,oxyf1ﬁorides of Br (ViI), possibly Br02F2+.

Another approach which should be'éursued is the reaction of Br (V)
oayfiuorides or oxjdes with powerful fluorinating agents. It was shown in
this work that Krf, is incapable of oxidizing BrOZF or Br0F3-to.rhe Br (VII}
species Br0,F, and BrOF . Adelhelm and Jacob 180 haye attempfed the re-
action of BrOZF wi"thiPtF6 and their results are consistent with BrOF?f as

)

a pgoduct (rather than Br02F2+). The fluorinating agents Kr.F+ and qur3*

have been ,hown fo oxidize BrF5 to BrFG* ﬁowever,and may be capable of

- e N
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producing Br02F2+ and BrOF," (or BrOF,) from BFOF and BrOF,. Cxperi-

mental djfficulties arise here however,since any decomposition of BrO.F
. . “

(or BrOF3) to O2 or Brzh may lead to formation of 02+ or Br T salts which’

2
could fomp1icate the Raman spectra of the products. Despite these diffi-

culties, these reactions are perhaps the.most likely to succeed in over-

coming the apparently high kinetic barrier to formation of the Br (VII)

-

oxyfluorides.

D. The Relation 6f\Reactiw{€;ﬂ;; Geometry in Oxyfluoro Compounds.
The structurgds §ugg ted in'this~thesis are cofgistent with the

theory that the geome r& of h molecule is determined by the number of

electron pairs on the. alence shell of the central atom‘of the molecule
(the Valence Shell Electron Pair Repulsion theqry).

Christe et al."*\ have suggested that the arrangement of the '

electron pairs about the central atom also influences the reactivity ot the

molecule towards Lewis acids and bases.- They have noted that among the

~

fluorides and oxyfluorides of chlorine, those molecules which are derived

from a‘trigona] bipyramidal arrangement of ligands and loné pairs about the
Centra}‘atqm react réadi]y with Lewis acids and bases (to form cations and
anions containing tetrahedral and octahedral qrrangements,-respeCtive1v).
On the other hand, parent molecules. whiéh are based on ocﬁahgdra] or tetra-
hedral anrangeﬁeﬁts are much less reacfive towards Lewis acids and bases.
The explanation for these ohservat%ons was suguested to be that octahedral

and tetrahedral Qeometries are energetically favourable, whereas a trigonal

_ bipyramidal geometry is energetically unfavourable. The reasons for this

\



were, however,not explained.

»
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Regardiess of the theoretical basié, the

noijon‘that,the‘higﬁ1y symmetric 6ctéhedra1 and tetrahedral arrangements

are somehow more favourable than the much less symmetric trigonal bipyramil

can be used to rationalize a considerable number of acid-base reactions

involving fluorides and oxyfluorides.

For example, C]OF3 (trigonal

bipyramid) is both a better fluoride acceptor and donor than C102F {tetra-

hedral) or C]FS (octahedral).

. 1., +
. . Lewis
! ;%¢C}\\\F acid
0 TOF
tetrahedral
‘ly +
Lewié
/Cl\ . “acid
0 : 0 -
tridona]
+
F
é]//’ Lewis
l \\‘F “acid

trigonal
bipyramidal

F .
S
[ >F
F
- trigonal
bipyramidal
USZERN
0 F
tetraﬁedra]
f -
F FF
'\ -
Cl ¥
F L F
octahedrél

.These observations are consistent with the

F

octahedral

\

=

TN

-n-—n——'-n
=2

trigonal
bipyramidal W

/.

™~~~
F,/’

M- =

seven-coordinate

favourability of the highly symmetric arrangément§ ¢f ligands and nan-bondiny

electron pairs, and are difficult to ratipnalize on any other basis. The

3

e —
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N

~J

fact that CIF. has not yet been prepared - % can however be attributea

6
to the steric difficulties involved with positioning six ligands around a
C1 (V) central atom (to give an overal) seven-coordinate structupe if the
Tone pair is &tefegchemica]1} active).‘ ~
A considerable number of other acid-base reactions of varinus oxv-
%luqridgs can be rationalized on the basis of the structures of tﬂe parent
molecule and the ion formed: Thus IOFS (océahed#al) is inert towards
reaction with F~ donors and forms oxygen bridged adducts with lewis acids.
The Tack of reaction with F~ donors here cannot be attributed. to steric
factors gince IF% (seven-coordinate) and IF8- {eight-coordinate): Care

both known. Similarly, SOF, (tetrahedral}) and SO.FC1 (tetrahedral) form

2 2
oxygen bridged adducts with Lewis acids <77 and preserve the t%trahodrli
arrangement, whereés SOF4 (trigonal bipyramidal) forms the SOFj;+ 100 (tetra-
hedral) when reacted with a Lewis ac}d.1“7

» The work reported in. this thgsis for the most part agrees with the
suggestion of Christe et all However, reliable estimates of, the relative
" Lewis acidities or basicities of various molecules are sometimes not eas:lv !
obtainables For instance, it was shown in Chapter IV that the reaction of
BrOZF and KF proceeds to an eitént of less than 12% in twenty-four howr < ar rou
temperature. One might therefore conclude that BrOZF is’ a\relqtibely ppo}
F~ acceptor. However, it was shown in Chapter 111 that KBrCZF2 can Be
prepared as a pure compound and is stable indefinitely at room temperature,
suggesting that BrOZF is a reasonaé}y good F~ acceqtor. Such'ambiquous

1

results occur because many of the reactions investigated in this thesis



are probably'k%netical}y controlled. The producf mixtures observed do not
necessarily peﬁresent the most thermodynamically favdﬁred ones,since the
reaction may not have reached equilibrium if the reaction is made partic-
ular]y/sﬁﬁﬁﬂg;*gxh%gh‘aal1vat10n energy or by the insolubility of one of
the reagents Desp1t9 thege difficulties, the ev1dence nr9sented in this
thesis squestS\%hat Brof 5 i$7a better fluoride ion acceptor than BrOjf.
Under rather similar conditions, BrOF3 rapidiy abstracts a fluoride 10n

from KHF2 whereas BrO,F does not. Also, the reaction of a mixture of  .:

2
k8r02F2 ;;f_iE{OFQ with a molar deficit of AsF5 leaves a residue cortaining
only KBr Thus BrOF3 dppears to be a stronger Lewis acid than Bro !

&
(and this conclusion was used when a reaction schéme for k8r03/8rr“ ARN
proposed in Chapter 111). . .
. _ .o
Oirect comparison of .the Lewis basicity of BrOZF and Brdt v, mare

ditf{cult to make. Ideally, one should allow a mixture of the two to
compete for a Lewis acid. Tﬁis was however naot dong, so the comparison
awst be made on a more qualitative basis. -All the react}ons of Brij with
g xcesh Lewis acid produced mixtures which contained no BrOF3. With bromyl
tlaoriae on.thg other hand, small amounts of BrOzF were sometimes observed
i the product ever.when excess Lewis acid was used. Also, the BrOI?'
“alts - onerally seemed ta be more stable ghan the Br02+ salts. ‘Alnnouqn
this evilisnce is by no means conclusive, it doés suqapgt that b‘rOf'3 15 d
petter fowis acid than'BrOZF. Thus- the ease of the;rogctions of BrOJF ane
fBrOF3 witr .Lewis acids and F~ donors support the sugqe%{ion of Christe et ai

1f the association present in Tliquid BrOF3 is the same as that wnich has



-

been suggested to be present in SI',, Brf,, CIF, ' and CIOF 5, "+ then thi-

also 5ugqesE§,L§§t octahedral coordination

is a more favourable arranéement than a F | .
, ‘\S/'

trigonal bipyramidal one. Similar cases F’// |‘~..?,
where octahedral coordination 'is achieved F-,~‘£‘/,/F

. ~ . ‘ --/l\[
through the formation of bridges have been F
réported and include molecules such as ,
SeOF,, * TeOF, "~ and 10,F,,”~ and in these cases the monomers would be

“unfa§0urab1e" five-coordinate structures.

Other work presented in this thesis,however,shows that the ;yrwh'vy
argument is nof always reliable and that other factors must be importan’.
The facile reaction of SeO2 with KF to produce KSeOQF cannot be dt§r1bu?od

to the (hange in the syme${y about Se since in both the SeQ, pol.ce

o

starting material and in the SeOzF‘ anion, the Se is tetrahedrally .urrounded
by three ligands and one lone pair. Furthermore, SeOzF' Shows a sitanittican’
tondency to accept a fiuoride ion to-give SeOZFzz'. This {s somewhat

. .urprislnq'since in thié reaction both the decrease in the symmetrylof the
~lectron nair‘arrangemehi and the electrostatic repuision between the

,eOQE' and the incoming F"idn must be overcome. Even more surprising ther
is the related te]]&rium system where the TeOZF"}on {which should have a
stable electron pair arrangement) is not known whereas the "less favourable
reozrpz' wn is readily formed.!t> This points out one of the limitation.

of thi. approach to reactivity. Trends in acid-base behaviour for a number

of analoguus molecules within a*group of the periodic table (e.q. LIO!i.



~

A}
BrOF3 and IOF3) cannot be predicted by this method since the molecules

will all have the same electron pair arrangement in their primary coordin-
ation spheres.

It was COﬂcluQed in Chapter IV thét BrOF3 fluorinates a number of
iodine oxides and oxyfluorides more rapidly tﬁan Bng, and thaf'BrOFj mus ¢
alse hydrolyse considerably faster than BrFS. Although it would be tempting
to assign this difference in the reaction rates to the less favouravle
o{ectron pair arrangement around BrOF3 (trigonal bipynam?dal) compared to
BYFS (octahedral), a steric argument can be successfully applied a» well.
The rate at which a group (for example, H20) adds to a Brf5 mgleculo oan
be predwutoa to be considerably slower than the rate of additién to a
B'rOF3 molecule. The five-coardinate BrOF, can readily become six-coord:nats
(i€ the lone pair is counted as occupying a position) whereas the six-
coordinate BrF5 would have to become either seven-coordinate or six-
coordinate with a steveochemically inactive lone pair, both of which wre

.nfavourable processes. For example, the reaction of BrF5 with KF to give

£
xﬁrrb proceeds rather slowly (more than one week to obtain compplete reaction

- at room temperature in‘the presence of excess BrFS) and vihrational and

X-ray powder diffraction data suggest that the product {s octahedral with

the lone pair being stejeochémicaT]y inactive - (although this 1. not
c g

i
necessarily conclusive since the distortion from 0h symmetry could be very

cmall}. On the basis of the rate of addition of an incoming group, one

-

can therefore rationalize the more rapid rate of reaction of BrOF, compared

3
to BrFs. Furthermore, a similar argument can be used to explain why BrOFA'



hydrolyses more rapidly than BrFe" (Chapter [II). Addition of H,0 to

BrOF4' followed by loss of ™ is possible, but addition of H,0 to anl'

¢ Yy
is clearly unfavourable since an eight-coordinate (or seven-coordinate 1t
the lone pair is inactive) is imvolved. Hence steric arquments can be

. .
applied to rat?&na]i:o this reaction as well, Consideration of the —vimetr,

L4

6 should by les

favourabie than Rﬂ“Fi' (or at best, equally favourable if the lone pair v

about the central tom would ltead us to predict that Brf

inactive) and would fail to rationalize‘the observeh rates of hyirolson
In summary therefore, the suggestion that a molecule's reac vty
is dépendent upon the symmetry of the arrvangement ot the ligand< and . e
cairs aboft the central atom does seem to vationalise a areat deal ot
reaction chemistry and some of the results obtained in the present work
.
dowever, several exceptions to these trends do occur and there are e
v number ot factors involived, some of which evidently ﬁomlnato over 'he
symmetry considerations in certain cases.
Frown and Unknown Sey fluoro. Compounds of the_ ialugens .
i+ Table 1.1 all the oxyfluorides of the halogens in the +(V: 1l
S Vi) n\idation state, along with the sinqly chaéqed ions derived ;Vuu
them ar» listed. The square brackets show which onés have ot vet besn
p;'vpeu‘ml . .
Arl of the expected oxytfluoro compounds ot CH(VY, BryV) and 1V,

have now oeen reported. Although ‘the properties and <tructure, ot the

bromine V) compounds do not differ radically from those that might be

\ -

———



u

:)nl,

‘be anticipated based on a comparison with the chlorine and jodine analoque-,

they are‘nevertheless in many cases less stable than .the related oxyfluoro
specfos of the other halogens. i
Considerably feyor oxyfluoro compounds containing halogens in the
+(VI1) oxidation state have been reported. However, for several of these
unknown compounds, apparently straightforward preparative routes have '
failed and some rationalization for this lack of success can be qiven. § .o
instance, C]OéF has been shown to be inert towards reaction with a varietv
o} Lewis acids and fluoride ion dqnors.-1 The failure to obtain Clﬂj* amd

€10,f," has been attributed to the strength of the C1-F bond and the jack

of a molecular dipole moment which is a result of the pseudo-tetrahodrd:

arranaencnt about the central atom. On the same basis, 1¢ mfght be antior

pated that Br03F would be similarly inert towards Lewis acide and *ruorade
ion donors.  The work presented ia this thesis supports this but since -
these reactions have not yet been investigated in detail, definitive

+ - -
~enciusions os to the possible existence of BrO3 and BrOjl\ canaot He

sdde, The reaction of iOFS and IOZF3 with the stronq Lewts acids \bF; and

Nof, have failed to produce the cations IOF Yooy and 10 Fm+. s o in
5 \ 4 '24.
the former case, an oxygen bridged FSM-O-IF5 adduct 1§ formed;

» [}

whereas 1w the latter case oxygen bridged (MF4-102F4)n polymers are nroducad

(M - Sb, As). -7 These results may be in large measure attributable fn the

» >

tendency of iodine to favour a high coordination number, which is.al«o

3v IOBF 1‘[?\!'

[OFy * and by the facile hydration of 10,” to HalOg™ 1 ° in aqueous

reflected in the polymer{c nature of the oxyfluorides 102F

4

o
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salution. The fact that straightforward reactions have failed to produce

species such as €10, C10,F, ", 10F,  and 10,F," make it unlikely that

these 'will be observed as isolable entities, although they may eventually '
! N . . . . .
be shown to have marginal stability under extreme conditions'(for exampile

at low temperature in a matrix).

[

" Although no efforts to prepare the anions’C]OF6- and Br0F6'
2 . \

have
been reported (since the parent oxyfluorides arg'non known), these may be

-

expected to be of low stability for steric reasons. The failure to prepare

the fluorides XF5 (X = C1, % Br 7) by means of a reaction between the XPNJ
, . / : . )
catdon and a fluoride ifn donor at low temperature suggesis that the centra’

3 .
atam is incapable of accommodating seven groupSXin its primary coordinat un
. 4 ©

sphere. ﬁoreover, the anomalously high chemical shift of the ]gF nmr

" L+ . . g L . .
reconarce for CI¥6 has been attributed to considerablge crowding it -tnhe

‘valerice ~hell of the chlorine,  which also suggests that a seventh electron

< 6 -

‘rair could not be accommodated. -Finally, the “non-existence" of CIF

and the appe-ent lack or stereochemical activity of the Tone ‘pair in Brt

b
Indicate that seven electran pairs cannot-be disposed about a Br (V) or

C1 (V) central atom and it can be anticipated that the crowding:would bi
even more -severe about a Br (VII) or C1 (VII) céntral atom. In view ot

s Anis. 1t would be rather surprising if the anions CiOFs' and Br0F6- were

found to be stable. h

.
»

‘ Although the apparent "non-existence" of a number of the entries in

“

square brackets in Table Y.1 can be rationalized, no convinCing reasons can

be found why some of the other unknown halogen (VII) oxyfluorides shoulid

v

L2



not be stable. This is particularly true of the Br (VII) speci®s BrOFg

. . + -
and Br02F3, and the ions derived from the latter,BrOZF2 and BnOZF4 .

Steric reasons cannot be the dominating. factor here since bromine sur-

H

rounded by six ligands is found .in the stable ions BrF

- .+
6 and Br’F6 .
Similarly, the fact that C]OF5 and C]OéFA— have not yet been prepared s

is somewhat surprising in view of the stability of the isoelectronic (1F6§

cation. ‘”- In this case it could be argued that the extra repulsions in
th §a1once shell of the central atom'intrOQuced by rep]éﬁing a fluorine
Tigand in C]F6+ by a doubly bondedmoxygen.ﬁight des?abi]ize‘the~mo1e{u]e.
In the case of the I (VII) oxyfluoro compounds, IO3F has no£ been we'l:
characterized. Although a preparative route has been publist é;"‘e;m?1g7r
experimental details were not provided and an attempt to répeat the |

preparation has failed. ! Attempts to prepare 10,F by different methous

have alsa been unsuccessful.®!+%8 <€onsequently, no.inf“hation is available

on the structure of IO3F, or on the possib}lity of forming the ions 103*
‘ or L03F2 . - .

That there are several reasonable oxy fluoro compounds of the
halogens which are as yet unknown demonstrates, that there is still 2 Lon-

siderable amount of work to be done on these systems.

o

1 f
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