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SUMMARY

Fluorine bond lability with respect to exchange is 
an important chemical property of binary fluorides. This can 

be useful in predicting new synthetic routes for derivatives 
of fluorine compounds or elucidating the mechanisms of 
processes taking place at fluorinated surfaces.

In the present study fluorine bond lability with

respect to exchange of some fluoroanions namely, boron,
phosphorus, arsenic, antimony, niobium and tantalum has been

18investigated during their interaction with [ F]-labelled

hexafluorides of molybdenum, tungsten and uranium in acetonitrile.

Two distinct types of exchange behaviour are identified among
the fluoroanions. It is firmly established that the M-F

bond (M = B,P, Nb and T a ) in BF^- , PF^~, NbF^” and TaF^” is
labile with respect to exchange whereas the As-F and Sb-F

bonds in AsF^” and SbF^” are inert although AsF^~ is found
18to exchange in the presence of UF^ F under the same conditions. 

The latter result is consistent with the higher fluoride ion 

affinity of UF^ as compared with that of MoF^ or WF^. An 

associative mechanism is used to account for the fluorine 
exchange of BF^” , NbFg” , TaF^.” and AsF^" although a
dissociative mechanism can not be ruled out. The difference 

in the fluoride bond lability among the fluoroanions under 
investigation is consistent with the difference in the Lewis 

acidity order of their parent fluorides.



Evidence for the existence of the heptafluoro-
molybdate(V I ) ion in solution has been obtained for the first

1Rtime in this study by reaction between CsF and MoF ' F in MeCN.5
The existence of the heptafluorotungstate(V I ) ion in solution is

confirmed by reaction between CsF and WF,_18F in MeCN. Both5
ions are assigned in the symmetry. The fluorine bond

lability with respect to exchange of MoF^ and WF^ has been

investigated both under homogeneous (MeCN) and heterogeneous
18(gas plus solid) conditions in the presence of MF^ F (M = Mo,

W or IJ). The WF^ ion has been used as its copper(II),
thallium(I), nitrosonium and caesium salts whereas MoF̂ ,"" ion

has been used as its caesium salt only. All systems are
18found to undergo rapid and complete [ F]-fluorine exchange 

18with MFj_ F (M = Mo or W) in MeCN at room temperature and below 
(253K). The nature of the cation does not have any effect on

the exchange behaviour of the systems. However under hetero

geneous conditions the same systems undergo partial exchange
18in the presence of MF^ F (M = Mo, W or U). In MeCN the 

experimental observations are consistent with, but do not 
prove, a displacement mechanism for the exchange and an 
associative mechanism can not be ruled out. Under hetero-

COAci' a  s
geneous^fluorine exchange is best accounted for by an associative

18mechanism. The partial exchange of [ F]-fluorine is ascribed 

to the anion-cation interaction.

The reaction between activated caesium fluoride and
18MFf— F (M = Mo, W and U) results in the formation of more than D y



one species, MoF^ , WF^ and UFg2 being the major ones.

The formation of more than one species is ascribed to the lack

of uniformity of the surface reactions. The amount of hexa-
fluoroacetone used during the activation of CsF is found to

have a direct effect on its reactivity and most probably its
18surface area. [ F]-Fluorine exchange is observed only when

uptakes of MFg are considerable. The exchange is shown to

take place between the adsorbed species and free hexafluorides.
An associative mechanism similar to that between MF7” (M = Mo or 

18W) and MF^ F (M= Mo,W or U)under heterogeneous conditions is 

used to account for the exchange between adsorbed species and 
free M F g 18F (M = M o , W ) .

The interaction of MF,_^8F (M = M o , W and U) with5
CuF^ and T1F under heterogeneous conditions results in a

18smaller uptake and [ F]-fluorine exchange in the case of CuFg 
as compared with T1F. In neither case has it been possible 
to determine the nature of the adsorbed species. The 
difference in affinity for the hexafluorides between T1F and 

CuFg is consistent with the difference in the Lewis acidity 

of Tl+ and Cu2 + .

The reaction between tris(dimethylamino)sulphonium 
dif luorotrimethylsilicate,- TAS+F , and MFg (M = Mo and W) in 
MeCN yields a brown viscous liquid thought to be due to 
either the formation of MF^~ or MFgNMe^ (M = Mo and W) species. 
It is shown that the reaction between TAS+F and BFg or PF^ 
results in the formation of colourless crystalline TAS+BF4“



or TAS+PFg salts respectively. Complete [ 8̂ F]-fluorine
i ^ 4 Q

exchange between TAS F“ and [ F]-labelled Me^SiF is found 
to take place in MeCN most probably via an associative 
mechanism.



CHAPTER ONE 
INTRODUCTION



1 . Introduction.

The chemistry of the high oxidation binary fluorides 
of the second and third transition metal series has been 

dominated over the past years by the study of their oxidising 

properties. It has been established [1] that the oxidising 

power of the hexafluorides increases with increase in the 

atomic number and decrease in the molecular volume in any 
series both in solution [2] , and in the gas phase [3].

For instance it has been shown [3] that molybdenum hexa

fluoride oxidises nitric oxide whereas tungsten hexa

fluoride does not.

However knowledge about the fluorine bond lability 
as well as its mechanism with respect to fluorine-for-fluorine 
exchange of the same binary fluorides is scarce. This 

chemical property can be useful in predicting new synthetic 

routes or elucidating mechanisms of catalytic processes 
taking place at fluorinated surfaces. In this respect more 

information is needed. Furthermore, although the hepta- 
and octa-fluoroanions of some of these transition metals have 

long been synthesised and characterised [4] little is known 

about their chemical behaviour.

It is with the hope of filling this gap that this 
project was undertaken. The hexafluorides under investigation 
were those of molybdenum, tungsten and uranium in the presence 

of various chemical environments such as solid thallium 
fluoride, copper difluoride and activated caesium fluoride 
under heterogeneous conditions. The behaviour of the same
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hexafluorides was examined both under homogeneous (in 

acetonitrile) and heterogeneous (gas plus solid) conditions 
in the presence of heptafluorotungstate(VI) ion using 

different counter-cations namely copper(II), thallium(I), 
nitrosonium(NO ) and caesium(Cs+ ). The reaction between 

tungsten hexafluoride and caesium heptafluoromolybdate(VI) 

was investigated in MeCN and under heterogeneous conditions.

It has been shown [5] using radiotracer techniques 
18that no observable [ F]-fluorine exchange takes place

18between caesium hexafluoroarsenate and [ F]-labelled arsenic
18pentafluoride or between caesium tetrafluoroborate and [ F]-

labelled boron trifluoride under heterogeneous conditions at
room temperature. However the same study has shown that

18partial exchange of [ F]-fluorine takes place between 
18CsBF^ and [ F]-BF^ in acetonitrile. Fluoroanions of the 

main group are widely used as inert counter-anions in 

synthetic and electrochemical studies, and in view of the 

findings mentioned above it was of interest to investigate 

the.behaviour of the hexafluorides of molybdenum, tungsten 

and uranium in the presence of fluoroanions such as tetra- 
fluoroborate, hexafluorophosphate, hexafluoroarsenate and 
hexafluoroantimonate ions as well as the transition metal 
ions hexafluoroniobate and hexafluorotantalate in acetonitrile. 

This allows comparison to be made with studies in which relative 
Lewis acidities have been determined as will be shown later in 
this thesis. The ordering of Lewis acid fluorides still lacks 

uniformity [6].
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Tris(dimethylamino)sulphoniumtrimethyl difluoro- 
silicate (TAS F ) is used as a source of soluble fluoride ion 

donor. It has been used for example to stabilise the tri- 
fluoromethoxide anion, F^CO , the crystal structure of which 
has been determined [7]. Part of this project was devoted 

to the examination of the behaviour of TAS+F ” as fluoride ion 
donor in the presence of the hexafluorides of molybdenum and 

tungsten, boron trifluoride, phosphorus pentafluoride and 
trimethyIfluorosilane in acetonitrile.

In this project the radiotracer technique with
18[ F]-fluorine as the radiotracer was the method of invest-

19igation used. F N.m.r. has been used as an alternative

method in solution studies [8]. One of the advantages of 
radiotracer techniques is their sensitivity in detecting the 

radioisotope during reactions. On the other hand these 
techniques do not enable direct identification of chemical 
species to be made, and therefore analogies with more 
conventionally characterised chemical species must be used 

to interpret the results.

In the forthcoming parts of this chapter some 

aspects of the chemistry of the hexafluorides and hepta- 
and octafluoroions of molybdenum, tungsten and uranium are 

reviewed (Sections 1.1 to 1.5). Sections 1.6 to 1.8 
review some aspects of the chemistry of boron trifluoride 
and the pentafluorides of phosphorus, arsenic, antimony, 
niobium and tantalum. In the remaining part of this chapter
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(Section 1.9) a brief discussion of the Lewis acidity of 
some binary fluorides is presented.

1 . 1 Preparation and Physical Properties of the Hexafluorides 
of Molybdenum, Tungsten and Uranium.

The hexafluorides of molybdenum, tungsten and
uranium can be prepared by various methods [9,10]. However,

the reaction between metals and elemental fluorine in flow
systems at high temperature is the most convenient method.

Uranium hexafluoride finds extensive use in the separation 
235of U from natural uranium on an industrial scale. Because 

of this it has been subject to extensive research as compared 

with MoF^ or WF^ and numerous methods for its synthesis have 

been developed [11]. Figures 1.1, 1.2 and 1.3 represent 
summaries of the preparative methods leading to MoF^ WF^ and 
UF^ respectively. These hexafluorides have relatively high 

vapour pressures at room temperature. Their boiling points 

are 308K for MoFg, 290 K for WF^ and 329K for UFg. This 

makes their manipulation in a vacuum system possible. These 

fluorides are monomeric having an octahedral arrangement of 
six fluorine atoms around the central metal atom. Their 
average metal-fluorine bond distances are 1.820A (MoF^) [1], 

1.832$ (WF6 ) [1] and 1.995$ (UFV  ^11]- They Possess
orthorhombic symmetry in the solid lattices. The results 
of neutron powder diffraction studies on MoFg, WFg and UF^ 

at low temperatures [12] have shown that the two former 
exist as more compact and spherically shaped molecules than 

the latter in the solid state.



Figure 1.1 Preparation of Molybdenum Hexafluoride [9,10].
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L:Jr Chemical Reactivity of the Hexaf luorides of Molybdenum,
Tungsten and Uranium.

The oxidising properties of the hexafluorides of 
molybdenum, tungsten and uranium have been investigated both 
in the gas phase and in solution.

In the gas phase it has been shown that nitric oxide 
is oxidised by MoF6 and UF6 to give adducts which contain N0+ 

cation and where the central atom is reduced to a pentavlent 

state [3, 13, 14], However WF^ shows no oxidising ability 

towards NO [3,13] even at 373K. O'Donnell and co-workers [15] 

have carried out systematic studies related to the relative 

reactivities of some high oxidation binary fluorides; those 
relevant to the present study, were MoF^, WF^ and UF^. Their 

investigations carried out in the presence of phosphorus 
trifluoride have shown that UFg oxidises readily PF^ to PF^. 

Molybdenum has been found to oxidise PF^ more slowly than 
UFg whereas WFg shows complete inertness towards it and 
hydrogen fluoride is needed to catalyse the reaction. From 

their results the authors concluded that the relative 
reactivity of the hexafluorides with respect to oxidation is 

in the order UF^>MoF^>WF^.

It has also been recognised [16] that f- and d- 

block hexafluorides oxidise graphite with concomitant inter
calation of the hexafluoroanions. Hexafluoride intercalated 
graphite has been shown to exhibit high conductivity [17].
The ability of these hexafluorides to oxidise and intercalate 
graphite has been related to their electron affinities [16].
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Studies involving the third transition series hexafluorides 

have demonstrated [18] that a hexafluoride must have an 

electron affinity of at least 452 kJ mol“ 1 if it is to 

intercalate into graphite spontaneously and oxidatively.

Hence due to its relatively low electron affinity,
_ -j

338 kJ mol [19], WF^ does not oxidise graphite [16].

The oxidising behaviour of the hexafluorides of

molybdenum, tungsten and uranium has been studied in various 

solvents. In acetonitrile a number of transition and post 

transition metals are oxidised by MF^ (M = Mo, W, U) to give 

solvated cations of the corresponding MF^“ anion [20,21].
In some cases the oxidation state of the metal depends on 
the hexafluoride used. This is illustrated by the example 
of thallium which is oxidised to Tl(III) by MoF^ and UF^ 
and to T1(I) by WF^ showing hence the relatively poor 

oxidising ability of the latter as compared with the two 

former [20].

The inferior oxidising ability of WF^ as compared

with MoF^ or UFr towards iodine in MeCN has been demonstrated6 6
by Anderson et. al. [22], who have shown that molecular iodine 
is oxidised by MoFg and UF^, but not by WFg, to give 
solvated mononuclear I+ , isolated as [I(NCMe)2][MFg] (M =
Mo, U). However in iodine pentafluoride only UF^ oxidises 

I2 to l2+ [23] . The difference in behaviour between the 
hexafluorides emphasises the role played by MeCN in 
solvation. The role played by the solvent in the behaviour 
of the hexafluorides is illustrated further by the example
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of sulphur dioxide in which MoF^ and WF^ have been shown [24] 

to oxidise alkali metal iodides to iodine and the correspond
ing hexafluorometallates (VI) equation (1.1)

2MF6 + 2EI -* I2 + 2EMF6 (1.1)

(M = Mo, W; E = alkali metal except lithium)

The oxidation reaction between the hexafluorides 
of molybdenum and tungsten has been investigated by Bond et- 

a l . [24] in anhydrous hydrogen fluoride. These authors have 
shown that the electrochemistry of these systems involves a 
reversible one electron reduction step, equation (1.2).

By determining the half- . wave potentials Ex of the
2

couples MoF^/MoF^ and WF^/WF^ the authors have found that 
MoF^ is stronger oxidiser than WF^ by one volt. The same 
difference between MoF^ and WFg has been found in MeCN [25].

MF^ + e (1.2)

(M = Mo, W)

1.3 Preparation of the Hepta- and Octafluoroions of 
Molybdenum, Tungsten and Uranium.

The hepta- and octa-fluorometallate(V I ) anions of 
molybdenum and tungsten were first prepared and character

ised by Hargreaves and Peacock [27] by reacting alkali 
fluorides, namely potassium, rubidium fluoride and caesium 
fluoride, with the corresponding hexafluoride in liquid



iodine pentafluoride at room temperature. In both cases 

the heptafluorometallate(VI) anions were obtained with 

rubidium and caesium as counter cations whereas the octa- 

fluorometallate(V I ) anions were obtained with the smaller 

potassium cation. Beuter et. al. [28] did not succeed in 

reproducing the results of Hargreaves and Peacock instead 

they used alkali iodides to prepare the heptafluoroanions 

which upon heating yielded the octafluoroanions. The 

hepta- and octa-fluorocomplex anions of molybdenum, tungsten 

and uranium have also been prepared by various methods using

different counter-cations. Sunder and co-workers [29]
-  -  2 -prepared MoF^ , WF^ and WFg by homogeneous gas reactions

between nitrosyl fluoride and the corresponding metal 
hexafluoride according to equations (1.3) to (1.5)

MoF. + (NOF) 273K> NOMoFr, (1.3)
O X. (

WF. + (NOF) 3 2 3 K - t -17h-> NOWF7 (1.4)
6 x (

NOWF7 + (NOF>x 3 2 £L -L6iL» (NO)2WFg (1.5)

Bougon et. al. [30] prepared the heptafluorouranate(V I ) by 

reaction between nitrosyl fluoride and uranium hexafluoride 
which in the presence of excess NOF yielded dinitrose- 
octafluorouranate(VI). The same workers prepared caesium
heptafluorouranate(VI) by reaction between CsF and liquid 
UFg at 338K. Upon heating CsUF^ yielded caesium octa- 

fluorouranate(VI) .
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Prescott et. al, [31] prepared WF^~ using Cu^+ and 

T1 as counter-cations by reaction between copper difluoride 
or thallium fluoride and WF^ in acetonitrile.

1.4 Structures of the Hepta- and Octa-fluoroanion of 
Molybdenum, Tungsten and Uranium.

Seven and eight coordinated fluorocomplexes are 
limited to the left of the transition metal series and 

have usually been described in terms of two different 

structures. Hoard [32] described, on the basis of his x-ray 

study, dipotassium heptafluoroniobate and heptafluorotantalate 

as having a slightly distorted monocapped trigonal prism 

The same structure was used by Brown and Walker [33] to 
interpret their neutron diffraction spectrum of K^MbF^. 

However, using vibrational spectroscopy Beuter et.al. [28] 
attributed a pentagonal bipyramid structure to K^TaF^. The 

discrepancy between these two results can be explained by 
the ease with which interconversion between the two structures 
can occur. The energy barrier between the two structures 

was found to be quite small [34] . But more recently English 
et. al. [35] were not able to interpret the infrared, Raman and 
1^F n.m.r. spectra of K^TaF^ in terms of any structure and 
concluded from their study that this fluorocomplex could only 
be visualised as a non rigid molecule at room temperature.

Similarly the structures of the heptafluoroanions of 
molybdenum, tungsten and uranium are expected to be pentagonal 

bipyramid or monocapped trigonal prism, Figure 1.4 ■ In
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principle^it is possible to distinguish between these two

structures from their vibrational spectra as their respective

selection rules are dissimilar. For a D,-, structure 105h
active vibrations are expected, 5 in the Raman and 5 in the 

infrared^following the rule of mutual exclusion. For a 

structure, 18 Raman and 15 infrared bands are expected. All 

infrared bands should coincide with the Raman lines, one 

Raman vibration being inactive. The structures of MF„”
>.Cv\S

(M = Mo, W, U)Vhave usually been described in the D,_. structure5h
from their room temperature vibrational spectra although 
it has been shown that the symmetry of UF^~ is no higher than 

77K [30,36,37]. The structure has been arrived 
at by different workers using nitrosonium (N0+ ) or alkali 

metals as counter-cations [28-30,36,37], however, this does 
not rule out the possibility that the MF^~ (M = Mo,W,U) anions 

do not adopt the structure at room temperature. This may

probably be due to the short life time of the latter structure 
as compared with the former on the time scale of the 

vibrational spectroscopic techniques.

The vibrational spectra of the octa-fluoroanions of
molybdenum and tungsten have been assigned in the square

antiprism symmetry [28,29] Figure 1.5b. Those of
the octa-fluorouranate(VI) anion have been assigned in the

cubic symmetry (0h ) [30,36], Figure 1.5a, although its low
temperature spectra have been interpreted in terms of dode-

cahydrai symmetry (D2d ) ’ Figure 1.5c. In principle :
it is possible to distinguish between the three structures.
For a D,, structure V  Raman and 5 infrared active vibrations 4h '
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Figure 1 .4 The Structure of the Heptafluoroanions
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Figure 1.5. The Structure of the Octafluoroanions.
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are expected following the rule of mutual exclusion. For

a D2d s tructure^ 15 Haman and 9 infrared active vibrations 

are expected following the rule of mutual exclusion. For

an 0h symmetry^ 4 Raman and 2 infrared active vibrations

are expected following the rule of mutual exclusions. As

in the case of MF^ (M = Mo,W,U), although the assignment 

of the octa-fluoroanions have been made in the D^d symmetry
2- 2- p_for MoFg and WFg and in the 0^ symmetry for UFg” this

does not rule out the possibility that the structures do not
coexist at room temperature. The D, , and D0 , structures are4d 2d
approximately of equal stability and spatial rearrangement 

between them is facile [38]. It can be argued that the life 

time of the D^d structure at room temperature is small compared 
with that of D^d or 0^ on the time scale of the vibrational 
spectroscopic techniques.

1.5 Fluorine Bond Lability of the Hexafluorides of
Molybdenum, Tungsten, Uranium and their Derivatives.

18Using [ F]-fluorine as a radiotracer and hexa-

fluorobenzene as a solvent Fraser e_t. al. [39] have investigated

the lability of tungsten(VI)-fluorine bonds of some tungsten
18hexafluoride derivatives in the presence of [ F]-labelled

1 strimethylfluorosilane. Their results have shown that [ F]-fluorine 

exchange depends on. the identity and number of substituents.
Hence methoxytungsten 1V I ) pentafluoride, WFg(OMe), dimethoxy- 
tungsten(VI) tetrafluoride, WF^tOMe)^ and diethylamino- 
tungsten'VI) pentafluoride, WF^fNEtg) all undergo considerable
1 F exchange and further substitution of fluorine occurs readily. 

1BHowever.less f F]-fluorine exchange and a slow suhstitut ion *
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18have been observed between Me^Si F  and phenoxytungsten(V I )

pentafluoride , WF^OPh or pentafluorophenoxytungsten(V I )
1 8pentaf luoride, W F ^ O C ^ .  No [ F]-fluorine exchange has

s 18been oberved between Me^Si F and cis-tetramethoxytungsten(V I )
difluoride, cis-WF^ (OMe ) 7[ and further substitution of

fluorine using trimethylmethoxysilicate has required

elevated temperature,.Even so complete conversion to WF(OMe),-5
1 8has not been complete. Similarly^no measureable [ F] -

fluorine exchange has been found to occur between tetra-
methoxymolybdenum(V I ) difluoride, MoF^OMe)^, or pentamethoxy-

1 8molybdenum(V I ) fluoride and Me^Si F [40]. From their

results the authors [40] have concluded that the qualitative
18similarity between [ F]-fluorine exchange and substitution 

behaviour suggests that both processes may occur by similar 
mechanisms. These must be similar to that described by 

Sommer et. a_l. [41] for reactions between covalent halides 

and organosilicon ethers or amines which involve either 
S^j-Si or S^2_Si pathways. This mechanism which involves a 

species containing Si-F-W bridge as an intermediate stresses 
both donor and acceptor properties of W(VI).

The behaviour of fluorine exchange in the series of 
fluoride methoxides of tungsten(VI) has been examined in 

more detail by Poole and Winfield [40] . Using the same
radiotracer technique the authors have found that a complete
18 18 [ F]-fluorine exchange occurs between WF^(OMe) and BF^ F,

M e ^ S i ^ F  ; Me2 S i 1^FFor WF^'^F. From the linear McKay plots

these authors argued that .although WF^(OMe) is monomeric in
C^F^ and thus contains structurally non equivalent fluoride
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ligands all these fluoride ligands exchange at similar rates.
[18F]- Fluorine exchange between WFr (OMe) and Me^Si18F isb 3
thought to take place via an associative mechanism involving 

a transition state containing seven coordinate tungsten which

acts both as donor and as an acceptor. This property has also
been emphasised by Prescott et. aJL. ["31] who have shown that 

18complete [ F]-fluorine exchange takes place between thallium■I )
18heptafluorotungstate(VI) and WFr F in acetonitrile at roomb

temperature.

Another study involving the exchange behaviour of

high oxidation state transition metal fluorides is that due

to Glavincevski and Brownstein [8,42] who have examined the
fluorine exchange behaviour between azidohexafluorotungstate(V I )

ion, [WFgfN^)]” , and WF^ in sulphur dioxide and between
cyanohexafluorotungstate(V I ) ion, [WF^(CN)]” and WF^ in

19dichloromethane. Using F n.m.r. techniques, it has been 

found that in either case exchange takes place between the 

reactants and involves a mechanism of low activation energy.

From their results the authors have suggested that the 
exchange takes place via a displacement mechanism (Equations

1.6 and 1 .7 ).

[W*F6 (N3 !]“ + WF6 -----=► [WF6 (N3 )]* + W*F6 M.6)

[W*F,(CN)]~ + WF6 --- =»■ [WF g (CN ) ] ” + W Fg (1.7)

in which complexed W F^ is displaced by free WFg.

Berry et. al. [21] in their study of the oxidising 
and fluoride ion acceptor properties of uranium hexafluoride
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have shown that complete [ F]-fluorine exchange occurs 

between UF~ and U F ^ F  in MeCN. More recently [18F]-fluorine

has been used to examine the exchange reaction between UF 6̂"18 18 and BF^ F and Me^Si F [43]. The results of this study
have shown that in either case substantial [18F]-fluorine

exchange occurs. The authors have argued that this is the
result both of the effective Lewis acid centre, U (V I ), and

the donor properties of fluorine bound to U(VI). By

comparison with previous studies involving MoF^, WF^ and
UF^ the same authors have obtained a qualitative order of
MF^ (M = Mo,W,U) bond lability towards R^Si^8F (R = Me,Et).
This order is UF^MoF^>WF^ .6 6 6

1.6 Chemistry of Boron Trifluoride and the Pentafluorides 
of Phosphorus and Arsenic.

Boron trifluoride, phosphorus pentafluoride and
arsenic pentafluoride are all gases at room temperature.
They are strong Lewis acids and the order of their Lewis

acidity has been determined by a variety of methods (Table 1.1).
In most cases this order is AsFc>PF_>BF~. Boron trifluoride5 5 3
forms stable non-ionic four coordinate complexes with o r g a n i c  

donors such as ethers and amides [44], and, of relevance to 

the present work, acetonitrile. It has been shown in the 

latter case [45] that the C=N force constant increases 
significantly upon complexation resulting in an increase in 
the C e N stretching frequency. The crystal structure o f  

this adduct has been determined [46] and shows that the boron
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atom has a pseudotetrahedral geometry. In the same way 

PF^ and AsF,- form stable non-ionic six-coordinate complexes 

with organic donor molecules such as ethers, sulphoxides, 

amides, esters [47] and in particular MeCN. The vibrational 

spectra of AsF^.NCMe have been studied in detail [48] and 

have shown that the arsenic atom is in an octahedral 

environment. In the case of PFC , although it has not been

possible to isolate its MeCNVat room temperature [49],
19 317F [49,50] and J 'p [49 ,51] n.m.r. spectroscopic studies have
shown that rapid exchange takes place between free and complexed

PFj-. The crystal structure of PF^.py (py = pyridine) [52]

and PF^.NH^ [53] have shown that in either case the phosphorus
atom is in an octahedral environment.

With fluoride ion donors such as selenium tetra- 
fluoride [54], sulphur tetrafluoride or tellurium tetra- 

fluoride [55], BF^, PF^ and AsF,- form adducts in which the 
cations SeF^+ , SF^+ or TeF^ + and the corresponding anion 
are linked by fluorine bridges. Azeem et. al [56] have 
studied the structure of the adducts formed between SF^ and

1 gBF^, PF^ and AsF,- by investigation of the [ F]-fluorine
18exchange between [ F]-labelled SF^ and BF^ and between SFA and 

1 R[ F]-labelled BF^. Furthermore9they have studied these adducts by
1 9examination of their vibrational spectra. Using F n.m.r 

and conductivity techniques the same authors have also 
investigated the reaction between SF^ and the SF^.BF^ adduct. 
Their experimental results have been best accounted for in 

terms of an ionic structure S F ^ M F ^  with a relatively strong 

fluorine bridging between the ions. Later Bartlett and
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co-workers [57] have solved the crystal structure of
SF3 BF^ and SF^ AsF^ in which BF^ and AsFg~ occupy a

lattice site of symmetry lower than T ,  and 0  r e s p e c t i v e l y .d h

Fluorine bridged species are often used to account

for the fluorine exchange behaviour of fluorides. Brownstein

[58] has studied the reactions of BF~, PFC and AsFr- with their3 5 5
. . .  1Qfluoroanions in dichloromethane. Using F n.m.r. techniques

he has shown for example that a rapid fluoride exchange takes 
place between BF^ and PF^” via a bimolecular mechanism and 

postulated that a. fluorine bridged species is the most 

likely intermediate in the exchange process.

The fluoroanions derived from BF~ , PFn and AsF,- are3 5 5
widely used as counter-anions supporting electrolytes in 

electrochemical studies [59]. Supporting electrolytes 
decrease the electrical resistance of the solution by acting 

as a current carrier and thus ensure the movement of the 
electron active species by diffusion rather than by electrical 

migration in the voltage field across the electrochemical 

cell. The hexafluoroanions of phosphorus and arsenic as 
their lithium salts have been used to increase the efficiency 
of the charging/discharging process of polypyrrole films in 

lithium-polypyrrole batteries [60].

The oxidising properties of PF,_ and AsF,- have been 

demonstrated in many ways.

* In sulphur dioxide AsF^ has been 

used to oxidise copper and nickel metals to give CuAsF^ and
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N i (A s F ^ )^ •2SO2 [61] respectively. In MeCN copper metal 

is also oxidised by PF^ although slowly to give solvated 

copper (I) hexafluorophosphate but AsF^ shows no oxidising 

ability towards Cu under the same conditions [49] • This 

has been explained in terms of thermodynamic and kinetic 

factors as the AsF^.NCMe adduct is more inert. In this 

respect the AsF^ is a less oxidising agent than the hexa- 

fluorides MF^ (M = Mo,W,Re and U) towards the same metal in 

MeCN [49] . However, in liquid iodine pentafluoride both 
PFj_ and AsF^ show stronger oxidising ability towards iodine 
than MoF^ or WFg [62].

In the presence of fluorine PFr and AsFr have been5 5
shown to intercalate oxidatively in graphite [63] to give 
CgMF^ (M = P or As) salts. When M = As the salt exhibits 
a conductivity comparable to that of aluminium metal [64].

1.7 Chemistry of Antimony Pentafluoride.

Antimony pentafluoride is a colourless and a very

viscous liquid at room temperature. It is hygroscopic

and fumes in moist air. The pure liquid can be handled
and distilled in glass if moisture is excluded. Liquid

1 9SbFg has a polymeric structure as established by F n.m.r. 
spectroscopy. This has been shown to have a cis-fluorine
bridged structure in which each antimony atom is surrounded 
by six fluorine atoms in a octahedral arrangement (Figure 1.6). 
Vapour density measurements [66] and mass spectroscopic 
studies [67] suggest that the polymerisation of SbF^ persists 
into the vapour state. Due to the recognition of its
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’’superacid” properties which are useful in stabilising carbo- 

cations [68], the solution chemistry of SbF^ has prompted a 
wide interest since the late sixties. It is firmly 

established that SbF^ is a very strong Lewis acid. Gillespie
1 Qand Moss [65b] have used F n.m.r. spectroscopy to study the 

HF/SbFg system and have shown that in very dilute SbF,. 

solutions SbFg is present and that polymeric anions, 

[SbnF5n+ 1] _ > forra with increasing SbF^ concentration. This 
has also been confirmed by cryoscopic measurements [69] where 
it has been shown that SbF^ behaves as a strong binary electro
lyte in dilute solution. SbF^ reacts with a variety of 

binary fluorides to give SbF^” or S b ^ F a n i o n s ,  e.g, BrF^ + 
SbFg [70], C1F2 + SbF6' [71], N b F ^  S b ^ g  [72], XeF+ 
S b g F ^ - [73] and Li+SbFg- [74]. With acetonitrile SbF_ 

forms an adduct [115] for which a detaileAvibrational 
spectroscopic study has been carried out [75]. This shows
that the antimony atom is in aooctahedral environment. In 

1 9an F n.m.r. study [58] it has been shown that rapid fluorine
exchange takes place between SbFg” and PF,_ or AsF^ in dichloro-

methane at room temperature. The fluorine exchange has been

explained in terms of mechanism involving a fluorine bridged
19intermediate, P S b F ^  and AsSb F ^  for which F n.m.r. 

evidence has been found. Antimony pentafluoride has been 

shown to oxidise molecular iodine in sulphur dioxide to give 
blue crystals of I ^ S h F ^ ” [76] in which antimony is in a 
distorted octahedral arrangement.
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Figure 1.6 The Polymeric Structure of Liquid Antimony Pentafluoride,

O
• : Nb,Ta

Figure 1.7 The Tetrameric Unit of Niobium and Tantalum
Pentafluoride Structure.
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1.8 Chemistry of the Pentafluorides of Niobium and Tantalum.

The close similarity of the atomic and ionic radii 
of niobium and tantalum reflected in the similar properties 

of niobium and tantalum pentafluorides. These are thermally
stable, form snowy-white crystalline solids, colourless 

liquids and colourless vapours. Both pentafluorides may be 
prepared by direct fluorination of the corresponding metals 

[77] or by reacting the metal pentachloride with hydrogen 
fluoride [78]. Their vapour pressures at 323K ac* relatively 

high which allows purification by vacuum sublimation to be 
effected. Both pentafluorides adopt the molybdenum penta- 
fluoride structure. This consists of tetrameric units 
containing four metal atoms with four coplanar bridging 

fluorine atoms as shown in Figure 1.7 [79]. The vibrational 
spectra of their solid and liquid phases have been investigated 

and interpreted in terms of cis-fluorine bridging [80]. On 

the basis of electron diffraction [81], and vapour density [66] 
studies it has been concluded that both pentafluorides are 

trimeric in the vapour.

Niobium and tantalum pentafluorides are both strong

Lewis acids complexing a wide variety of donors such as
ethers [82] , sulphides [82] and amines [83-85] . They both

n-react with fluoride ions to form anions of the type MF^+n 
(M = Nb,Ta) [86]. Their hexafluoroanions have been shown 
to form bridging complexes in solution in the presence of 

their parent fluorides as well as in the presence of the 
pentafluorides of antimony and arsenic [8 6 ] . The structure 
of these bridging complexes have been derived from their
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19 F n.m.r. spectra and consists of two octahedra joined by 

a fluorine bridge through the corners. The structure for 

Nb^ ^ 1 ~ an<3 T a ^ F ^ ” has been determined in the solid state 

by x-ray diffraction [87].

1.9 Lewis Acidity Order of Binary Fluorides.

1 .9.1 General Definitions.

There have been many definitions offered for the 

terms acid and base. Since very early work in this area 
involved investigations in aqueous solution, the definition 

of Arrhenius [88] restricted acids and bases to this medium. 

Acids were defined as substances which on reaction with 

water increase the hydronium ion concentration of the 
solution. Bases were defined as substances that on reaction 
with water increase the hydroxide ion concentration of the 

solution. This definition was extended by Brdnsted and 
Lowry [89,90] to include reactions taking place in solvents 

other than water. They defined an acid as a molecule or 
ion capable of losing a proton and a base as a molecule 
capable of adding a proton. The reaction of gaseous ammonia 

and hydrogen chloride (Equation 1.8) to produce ammonium 

chloride is a representative example.

NH3 + HC1 -> N H ^ C l ’ (1.8)

Another definition worth mentioning was originally 

due to the ideas of Franklin [91] known also as the solvent 
system definition. Following this concept an acid is



- 21 -

defined as any substance that yields, either by direct 

dissociation or by interaction with solvent, the cation 

characteristic of that solvent. A base is defined as any 
substance that yields by direct dissociation or by inter

action with the solvent, the anion characteristic of the 

solvent. Within this definition a donor acid is a substance 
that can split off solvent cations or can unite with solvent 

molecules to form cations. An acceptor acid is a substance 
that can combine with solvent anions. A base donor is a 
substance that can split off solvent anions or can unite with 
solvent molecules to form anions. An acceptor base is a 

substance that can combine with solvent cations.

1.9-2 Lewis Acid-Base Definition.

A more conceptually wider definition of acid-base 

was due to G.W. Lewis [92]. He originally defined an acid as 

any molecule radical or ion in which an atom, because of the 
presence of incomplete electronic group, can accept one or 

more electron pairs (i.e. as an electron-pair acceptor). 
Correspondingly a base is defined as a species that has within 
its molecular structure an atom(s) that is(are) capable of 
donating an electron pair (i.e. as an electron-pair donor).
A typical Lewis acid-base reaction is presented by the reaction 
between trimethylamine and boron trifluoride (Equation 1.9)

M e3 N + B F 3 + Me3 N B F 3 ( 1 . 9 )
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In modern use a Lewis base is any substance which has 
electron density that can be shared with another substance in 

a chemical reaction, and an acid is any substance capable of 

accepting electron density from a Lewis base. When the 

product of the acid-base reaction is the non-ionised 

combination of the acid and the base it is referred to as an 
addition compound or an adduct.

1.9.3 Lewis Acidity Order

In order to have a complete understanding of any 

body of information it is necessary to put that information 

on a quantitative basis. In this case it is important to 
set up quantitative criteria for the strengths of acidsand 

bases. Although the Lewis definition has wider applications 
it suffers from the absence of a generally applicable order 

of acid or base strengths.

From the above definition an estimation of the 
enthalpy change accompanying reactions for a series of acids 
and reference base should., in principle^allow a quantitative 
ordering of their strengths. In practice., acidity strengths 
have been inferred from a variety of indirectly related 

properties such as solubilities, sublimation temperatures 
etc. These types of investigation have usually been carried 
out in solution, occasionally with formation of an insoluble 
product or reactant or both. Unfortunately many discrepancies 
still persist as far as the order of Lewis acidity of binary
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fluorides of the main group is concerned. This is due to 

differences in solvational energies of products and reactants 
or lattice energy effects or both which may obscure intrinsic 

differences in acidity. Furthermore, it has been shown that 

the order of acid strengths is dependent on the reference 

base chosen [93,94]. Table 1.1 summarises the results of 

some investigations using different fluoride ion donors in 

various solvents. There have been^, nonetheless,, many attempts 
. establishing a universal acidity scale. Among which is that 

due to Gutmann [95] otherwise known as the donor number. This 
is defined as the negative enthalpy of reaction of a base with 

the Lewis acid antimony pentachloride SbCl^. Drago and co
workers [96] have proposed a way of expressing enthalpies of 

reactions in terms of contributing parameters of acids and 

bases (Equation 1.10 )

-AH = eAeB + cAcB + tAtg (1.10)

where Ah is the enthalpy of formation of the Lewis acid-base 

adduct, eAcA are parameters characteristic of the acid, 
are parameters characteristic of the base and the tAtg adds 

the energy of the electron density transfer effect.

A more objective approach to this problem uses ion 

cyclotron resonance techniques which do not involve solvents 
and allows the measurement of the ion affinity. The gas 
phase ion affinity is defined as the negative enthalpy 

change for the reaction (Equation 1.11 )

A (g) + X“ (g) + AX~(g) ( 1 . 1 1)
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The results of a recent study [6] using ion cyclotron 
resonance techniques for a series of Lewis acids is presented 
in Table 1.1 (bottom line).

Although ion cyclotron resonance techniques give a 

Lewis acidity order independent of the solvent factors the 

Lewis acidity order on an absolute scale is still the centre 
of some controversy. The accuracy of the enthalpy changes 
will depend on the ancillary data used for the appropriate 

enthalpy cycle. This is illustrated by the example of the 
fluoride ion affinity of BF^ where there have been originally 

two reports of the value of the enthalpy change. Altshuller

[102] gives a value of -297 kJ mol whereas Bills and Cotton
_ i

[103] give a value of -381 kJ mol . The latter value was
confirmed by Bartlett and co-workers [104] who, using lattice

_energy calculations found a value of-385 ± 25 kJ mol 
These authors [104] give also values for the enthalpy changes 
of the fluoride ion affinity of PF^ and AsF^. These have 

been found as -422.7 ± 33.5 and -464.5 ± 16.7 kJ mol  ̂

respectively. According to these values the Lewis acidity 
order of these fluorides is AsF^ > PF^> B F ^ .



CHAPTER TWO 

EXPERIMENTAL
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2. Experimental

2.1 Equipment.

Due to the moisture sensitivity of the reagents 
used in this work all manipulations were carried out
using vacuum lines or a glove box.

2.1.1 Vacuum Line

The vacuum lines were constructed from Pyrex
glass and evacuated using a mercury diffusion pump in

series with an Edwards rotary oil pump which achieved a 
-4vacuum of <10 Torr. A mercury vacustat and a gauge,

Heise !'P±0.5 Torr: were used to check the vacuum and measure
the pressure of gases respectively. Standard glass

joints were greased with Apiezon N or Kel F. P.T.F.E.

stop-cocks (J. Young Ltd), were used at the inlets of the 
vacuum lines.

2.1.2 Inert Atmosphere.

An oxygen-free-nitrogen atmosphere box < 10 p . p . m )

was used to handle and store hygroscopic solids. All glass
vessels were flamed-out before being taken inside the glove 

b o x .

2.1.3 Vibrational Spectroscopy.

The characterisation of compounds was carried out 

mainly by vibrational spectroscopy. Infrared spectra, in
_ -Ithe range 4000 - 180 cm were recorded on Perkin Elmer 983 

or 580 ir-spectrophotometers. The samples were analysed
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as Nujol mulls between silica or AgCl discs. Gas samples

were analysed in a gas cell made from Pyrex glass (cellpath 5cm) 
and equipped with AgCl windows sealed to the glass with 
Araldite.

Raman spectra were obtained using a Spex Ramatog. 
Spectrometer, using an argon ion (488.0, 5 1 4 .5nm) or krypton 
ion '647.1, 520.8, 568.2nml laser source. The samples, 

solids or solutions were sealed in Pyrex glass capillaries.

2.2 Preparation and Purification of Reagents.

2.2.1 Purification of Acetonitrile.

Acetonitrile (Rathburn HPLC Grade S) was purified 

according to an extended method [>05] of that described by 

Walker and Rameley [106] and consisted of a series of 
refluxes followed by rapid distillation over:

1. A1C13 for 1 h.
2. KMnO^ and Li^CO^ for 0.25 h.
3. KHSO^ for 1 h.

4. CaH^ for 1 h.
5 . Po0 r- for 0.5 h (twice)2 5

Acetonitrile was then degassed under vacuum and transferred 

onto thermally activated alumina (neutral, 60 mesh) and 
shaken thoroughly. It was then transferred onto activated
3A molecular sieves, degassed and allowed to stand for 24 h. 
Before use, MeCN was finely vacuum distilled onto freshly
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activated 3A molecular sieves.

Acetonitrile 4-Vwis purified had an absorbance in the 

range 0.05 - 0.15 at 200nm and a cut off at I85nm.

2.2.2 Purification of Diethylether.

Analar diethylether was purified by treatment with 
freshly cut sodium until no further reaction was observed.

It was then degassed under vacuum, transferred onto thermally 

activated 3A molecular sieves and allowed to stand for 24 h. 

Before use Et^O was transferred onto freshly activated 3A 

molecular sieves.

2.2.3 Preparation and Purification of Molybdenum Hexafluoride [ 1 —  ]

Molybdenum hexafluoride was prepared by reaction 

between molybdenum powder (B.D.H.) and elemental fluorine in 

a flow system at high temperature. The reactor consisted of 
two sections : a metal section and a glass section 

(Figure 2.1).

The metal section was made of a nickel reaction
tube 4 7 cm long and 1.6 cm internal diameter, containing
a nickel boat loaded with 2-4g molybdenum powder. The
glass section comprised a series of traps made of Pyrex
glass. The end ground glass of the traps were joined to
the reaction tube by Swagelok and Teflon ferrules. Traps
A ,B and E were cooled with a dry ice-dichloromethane bath
U95K'. These were used respectively, to dry the fluorine
gas, collect MoF^ and retain moisture.o
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Before reaction the NaF contained in all the traps 
was activated with a hot flame and the whole glass section 
flamed-out under vacuum then flushed with nitrogen gas 

overnight. The reaction tube was heated to 623K and a

mixture of fluorine and nitrogen (F2 :N2 1 :3 ) admitted to the
tube until the reaction was completed.

Once the fluorination'V'completed the glass section
was sealed off at point S and attached to a standard

-4vacuum line (<10 Torr), trap B being kept at 77K. The

MoFg was purified by trap-to-trap distillation over activated 

NaF and finally transferred into the breakseal ampoule D 
where it was stored over NaF at 77K until required.

2.2.4 Preparation and Purification of Dinitrogen Tetroxide [108].

Dinitrogen tetroxide was prepared by thermal 

decomposition of lead nitrate (Riedel-De Huen A.G) using a 

Pyrex glass reactor, figure (2.2.)

9g of Pb(N0 2 )2 were loaded in the reaction tube
and dried under vacuum at 293K for 2 h , then heated gently

with a gas torch. Trap A was loaded with P2°5 and
cooled with a liquid nitrogen-carbon tetrachloride slush

bath (253K) to retain moisture or nitric acid from the
decomposition of Pb(N03 )2 - Trap 2 containing P205 was

cooled with a dry ice dichloromethane bath (195K) in which
~H\t had

N _ 0 , was collected. Once allVPb(N O - )0vdecomposed the stop-2 4 j
cock was closed and N20  ̂ purified by trap-to-trap distillation 

over and finally stored in a stainless steel pressure

vessel until required.
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The infrared spectrum of ^2^4 was recorded 
using a gas cell and is presented in Table 2.1. This

reveals the presence of nitric oxide as shown by the 

bands at 1616 and 1322 cm-  ̂ [ 10°V] . No trace of nitric
acid was present.

2.2.5 Preparation of Nitrosyl Fluoride [1.1 0 I .

Nitrosyl fluoride was prepared by reaction of 
dinitrogen tetroxide with activated potassium fluoride (B.D.H).

Ammol of were condensed in a Monel high pressure
vessel ('Hoke, 90cm ) containing excess KF which had been 
activated by reaction with (CF^I^CO in MeCN and heated at 

383K for 12 h. The bomb was warmed to room temperature and 

the reaction left to proceed for 0.5 h. The bomb was then 

cooled to 195K and NOF removed and immediately used. The 

yield of the reaction was 50%, based on the initial pressure 
of . However, the infrared spectrum of NOF (Table 2.2)

revealed the presence of some nitric oxide as shown by the 

bands at 1616 cm"^ and 1322 cm- ** [109].



Table 2.1 Infrared Spectrum of Dinitrogen Tetroxide.

This work. Literature
[109]

Assignment

3440 w + vn comb.5 9
3111 m + Vg comb.

2920 w 2971 m vc + v.. comb. 5 11
2747 w + 2v^ comb.

2620 w 2630 m comb.

2579 w Vg +v^ comb.

2124 w V 1 + v12 comk*
1937 w v.j.| +Vg comb.

1750 s 1748 s NO str.

1616 s NO

1495 w v9 ” V3 comk ’
1322 s no2
1260 s 1262 s NO str.

750 vs 750 vs def.

695 m Vg +v^ comb.

429 s \>rj NOg wag.

381 m .v10 NOg rock

I

vs = very strong; s = strong; m = medium; w = weak



Table 2.2 Infrared Spectrum of Nitrosyl Fluoride.

This work. Literature
[111] [112]

Assignment

2920 w
1887 N-0 str. (NOF)

1860 s 1852 N-0 str. (FNO)
1840 s 1844 NO str.
1830 s
1750 m
1616 s no2
1322 m no2

780
765 751 vs 767 NOF bend
750 735 NOF bend (NOF)

520 s
5'10
492

521 N-F str.
N-str (FNO) 
0-F str (NOF)

vs = very strong; s = strong; m = medium; w = weak
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2 .2.6 Preparation of Tris(dimethylamino)sulphonium 
Difluoro-trimethylsilicate.

Tris(dimethylamino)sulphonium difluorotrimethyl- 

silicate t TAS+F;was prepared by reaction between N,N-dimethyl 

trimethylsilylamine and sulphur tetrafluoride in dry diethyl 

ether (Equation 2.1) in a double limb vessel, figured 2.3) 

using a modified version : of the established method [113].

St 0
3Me2NSiMe5 + SF^-- gf 8lf* (Me g N ) ̂  SMe ̂ Si Fg + 2Me3SiF

(2.1 )

24 mmol of Me2NSiMe^ (Aldrich Chemical Company, 

Inc) which had been degassed several times under vacuum 

and stored over activated 4A molecular sieves, were 

condensed in one limb of the reaction vessel containing 

dry Et^O (4cm^). 8 mmol of SF^ (Matheson) were condensed

into the other limb and werewarmed slowly to allow SF^ to 

distil into the cooled reaction limb. The vessel was 

then warmed slowly to room temperature« /\t this stage 

white crystals started to precipitate immediately. The 

mixture was then shaken for two days to allow reaction to 

proceed to completion. After carefully removing the

volatile material a white crystalline solid was isolated 

and stored in sealed ampoules at 273K until required. 
Infrared analysis of the volatile material showed bands 

attributable only to Et^O and Ne^SiF.



Figure 2.3 Double-limb Reaction Vessel



2.2.7 Preparation of Trimethylfluorosilane [39]

Trimethylsilylfluoride was prepared by reaction 

between tungsten hexafluoride and N,N-diathyltrimethyl- 

silylamine (Equation 2.2) in a glass vessel.

233K
WF6 + 4-Me5 S iN E t2 ----------------- WF^ ( N E t2 4M e^S iP

(2 .2 )

The vessel was cooled to 77K and WFg (16.0 mmol,

Ozark Mahoning) admitted under vacuum . Excess

Me^SiNEt2 (63.3 mmol, Aldrich Chemical Company, Inc) was

transferred. The mixture was kept at 233K overnight

until the exothermic reaction subsided then the vessel was

warmed slowly to room temperature and left for a further

6 h. The mixture was cooled to 197K and Me^SiF removed
j

and stored in vacuo over activated 4A molecular sieves.

The yield was 80% on the basis of Me^SiNEtp used. The 

infrared spectrum (Table 2.3) of Me^SiF showed no impurities 

and was consistent with the literature [ 11A]. Its

molecular weight determined 90.3 ± 2.9 was in good agreement 

with the 92 theoretical value.

2.2.8 Purification of the Pentafluorides of Niobium and 
Tantalum.

The pentafluorides of niobium and tantalum were 

purified by sublimation using an all-glass manifold 

(Figure 2.4). NbF^ or TaF^ (5g* Fluorochem Ltd) were 
loaded into a previously evacuated and flamed breakseal 

vessel in the glove box. The vessel was re-evacuated



Table 2.3 Infrared Spectrum of Trimethylfluorosilane.

This work Literature [11 A] Assignment

2974 st 2968 v.st v CH- as 3
2922 m 2910 w va CH- s 3

1452 vw 1450 w

1429 vw 1425 W 
1415 w

v CH, as 3

1310 vw 1312 w.

1263 v.st 1262 St. v CH- s 3

920 v.st 912 v.st v Si-F s
852 v.st 858 v.st vas CH3
767 st. 760 st vs CH2

712 w v C,Sias 3
627 vw 619 VW v C-Si s 3

vs = very strong; s = strong; m= medium;

w = weak; vw = very weak
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and sealed off at point A before being joined to the 

manifold. This was flamed out under vacuum, tap C 

closed and the seal broken open using a glass sealed metal 

bar. The pentafluorides were sublimed using an oil
bath and collected at 77K in the u-shaped tube which 

was then sealed at points and and stored at 77K 
until required.

2 . 2 . 9  P r e p a r a t i o n  o f  A r s e n i c  P e n t a f l u o r i d e - A c e t o n i t r i l e  

A d d u c t  [ A  8  ] .

Arsenic pentafluoride was handled easily as its

acetonitrile adduct. The adduct was prepared by

reaction between AsFc and MeCN in a double limb vessel.
5

The reaction vessel was evacuated, flamed-out 

and cooled to 77K. Acetonitrile (10 cm ) was admitted
by vacuum distillation, followed by AsF^ (10 mmi Matheson). 

The mixture was warmed slowly to room temperature until 

the exothermic reaction subsided, the vessel was then 

shaken for a few hours and the colourless solution was 

decanted into the empty limb. After removal of excess

MeCN a white solid was isolated, sealed in an ampoule 

and stored at 273K until required. The infrared 

spectrum of the solid contained bands due to coordinated 

MeCN (Table 2.4). The bands at vmax 738 (v1Q), 720 ( )

and 670 (V g ) cm were due to As-F stretching modes in an 

octahedral environment.



To Vacuum

77 K

Oil bath

Figure 2.4 Sublimation Manifold



Table 2.4 Infrared Spectrum of AsFr . NCMe ---------   5-----

This work Literature [48]
■ .. . ■ ■ — 1

Assignment

3020 w 3023 mw CH^ str.
2950 mw CH^ str.

2340 s 2350 s v2 ON str
2310 ms 2315 ms v-z+v. comb. 3 4

1410 mw, br v . . CH.* def. 14 3
1365 m 1364 mw v, CH.* def. 3 3

1030 m 1030 mw CH^ rock
960 m 962 mw CC str.
738 vs 735 vs AsF-el
720 vs 718 vs As-F axial str.
670 ms 671 ms Vg As-F eq- str.
510 m

435 m 435 m v -jy CCN def
390 sh,w 9

m: medium, m . s :  medium s t r o n g ,  s :  s t r o n g ,  

vs : v e r y  s t r o n g ,  mw: medium weak, w: weak,

sh : s h a rp
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?•2«10 Preparation of Antimony Pentafluoride Acetonitrile
Adduct [115] .

Acetonitrile was the solvent used throughout
the work; it was therefore more convenient to use SbFr-5
as its MeCN adduct.

Pure SbF^ (ca. 3g> 13.8mmol) which had been
purified by low temperature trap-to-trap distillation was

transferred under vacuum into a flamed-out double limb
•7vessel containing MeCN (10 cm ). The vessel was then

warmed to room temperature, shaken for a few hours and 

the colourless solution decanted into the other limb.

After removal of excess MeCN a white solid was isolated 

sealed in an ampoule and stored at 273K until required.
The infrared spectrum of the solid (Table 2.5) contained 
bands due to coordinated MeCN. The bands at vmax
1200 ( v 1 0 )> 962 (vg+vl6), 640 (V5 ) and 680 (vg) were
due to the stretching modes of Sb-F in sn octahedral 

environment.



Table 2.5 Infrared Spectrum of SbF^.NCMe--------— -----------   5 -----

This work Literature [75] Assignment

3020 mw 3021 mw V.J2 CH3 str*
2948 mw vi CH^ str.

2336 ms 2342 ms V2 CN str.

2305 m 2312 m comb.

2260 w 2276 w v 1 — v 1 & comb.
1448 w V 15+ V 19 comb*
1404 mw v lZf CH3 def.

1362 mw 1358 mw v3 CH3 def.

1200 w 1198 w 2v .j q SbF^ eq .str.

1150 vw 1153 vw ?

1127 w 1127 w 9

1028 w 1027 v-r- CH0 rock 15 3
962 sh 974 sh V8+ V 16 comb-

965 mw CC str.

714 m 2 v 12+ v 19 comb*
640 sh 617 w vc SbF axial str. 5
680 vs 663 vs SbF^ eq .str.

413 sh 412 mw CCN def.

m : medium, M s : medium strong, mw : medium weak, 
s: strong, vs: very strong w: weak,

v w : very weak, sh:sharp
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2 ?2 *11 Preparation of Acetonitrile Adduct of the Penta-
fluorides of Niobium and Tantalum [ P3 ,84 ,116] .

The pentafluorides of niobium and tantalum were 
handled more conveniently as their acetonitrile adducts 
since the solvent used throughout the work was 

acetonitrile. The adducts were prepared by reaction

between MeCN and the corresponding binary fluoride using 

a double limb vessel (Figure 2.3 ) and a sublimation
manifold (Figure 2.4 ).

A breakseal vessel containing pure NbF^ or 

TaF^ (5gj Fluorochem Ltd) was joined to the sublimation 

manifold to which the double limb vessel was attached,
-z

flamed-out, then cooled to 77K. Acetonitrile (7 cm ,

section 2.3.1) was admitted by vacuum distillation and
NbFr- or TaFr- sublimed. The vessel was allowed to reach5 5
room temperature and the mixture shaken overnight. The

yellow solution was decanted into the empty limb and 

excess MeCN removed under vacuum to give a yellow solid

in either case. These were stored in breakseal
ampoules at 273K until required. The infrared spectrum

of NbFr- .NCMe contained bands at v 2335 (comb.),S irldLA
2300 (CN), 1030 (CH^ rock), 950 (CC) cm due to

_ -)
coordinated MeCN and bands at 720 and 620 cm assigned

to Nb-F vibrations [23]. The infrared spectrum of
-1TaF,- .NCMe contained bands at 720 and 590 cm assigned 

to Ta-F vibrations [34,116].
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2.2.12 Preparation of Lithium Tetrafluoroborate. Lithium 
Hexafluorophosphate and Lithium Hexafluoroarsenate.

The salts LiBF^, LiPFg and LiAsFg were 

prepared by reactions between lithium fluoride and 

boron trifluoride, phosphorus pentafluoride or arsenic 

pentafluoride in acetonitrile using a double limb vessel. 

The experimental method was essentially identical in all 
cases.

Anhydrous LiF (0.2g, 7.7 mmol, B.D.H.) was 
loaded in the previously evacuated and flamed-out 

vessel in the glove box, transferred to the vacuum line 

and re-evacuated . Boron trifluoride (4.5mmol, Ozark

Mahoning), PF^ (4«5mmol, Matheson) or AsF^ (4.5mmol, 

Matheson) were admitted at 77K followed by MeCN (5 cm ).

The mixtures were allowed to reach room temperature and 

shaken for 0.5 h. The colourless solutions were then 

decanted into the empty limb. After removal of the

volatile material white solids were isolated, sealed in 

ampoules and stored at 273K until required. The
infrared spectra of solids LiBF^, LiPFg and LiAsFg 
(Nujol Mull) are presented in Tables 2.6 to 2.8 
respectively. No satisfactory Raman spectra were

obtained as the samples burned in the laser beam.



Table 2,6 Infrared Spectrum of Nitrosonium Tetrafluoro- 
borate and Lithium Tetrafluoroborate.

NOBF LiBF AssignmentKBF

This work

2340 m
1100-1020

vs,br

v NO
1090-1040

vs,br
1035-1090 vs,br

773 m770 m
536 vs 
525 vs

530 s530 s 
520 s

370 w

357 w

m: medium, w: weak, 
br : broad

s : strong, vs: very strong,



Table 2.7 Infrared Spectrum of Nitrosium Hexafluoro-
phosphate and Lithium Hexafluorophosphate•

NO P F6 LiPF.6 KPF6 Assignment

This work [74]

2340 

840 (vs)

560 (m)

840 (vs) 

560 (m,sh)

830 (s) 

560 (m)

vNO [29] 

(F1u>

m : medium, s : strong, vs : very strong, sh : sharp



Table 2.8 Infrared Spectrum of Nitrosonium Hexafluoro-
arsenate and Lithium Hexafluoroarsenate.

This work Literature Assignment
NOAsFg LiAsFg CsAsF6 [74] KAsF, [118]

2330 (sh) 

705 (vs) 705 (s)

505 (m) ? 
398 (m)

699 (s) 

392 (m)

702 (s) 

368 (s)

v NO"1* [29] 

v3 (F1u>

V, (F ) 4 1u

m : medium, s : strong, vs : very strong sh : sharp
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2.2.13 Preparation of Nitrosonium Hexafluorophosphate
and Nbtrosonium Hexafluopoarsenate.

Nitrosoninm hexafluorophosphate and nitrosonium 
hexaf 1 uDPDarsemte wepe prepared by homogeneous gas 
reactions between nitrosyl fluoride and phosphorus penta- 
fluoride d p  arsenic pentafluoride respectively in a 
sbandand vacuum glass vessel.

bmmol of FNO (Section 2.3 .5) was vacuum distilled 
into bhe evacuated and preflamed vessel followed by P F^ o p  

AsF^ (6mmol, Matheson). The mixture was warmed very
slowly bo room temperature by which time bhe reacblon was 
complebe and a white solid was obtained. After removal
of excess reactants bhe solids were bransferred bo bhe 
glove box and shored in ampoules under vacuum until
required. The infrared spectrum of NOPF^ (Table 2.7)

—  1 +contained a band ab 233D cm abbribubed bo v:N0 and
—  1 - 1bands ab 85D cm and 55D cm assigned bo and mode

of PFg” in bhe ocbahedral symmebry (0^) respectively.
- 1The infrared specbrum of NQAsFg contained bands ab 2330 era 

assigned bo vND^ and 705 ciiT  assigned bo bhe mode of 
AsF^“ in bhe ocbahedral symmebry (0 ).. No satisfactory 
Paman spectra were obtained for both salts as the samples 
decomposed in bhe laser beam.

2.2.1b Preparation of Lithium Hexaf1uoroantimprate^

Lithium h e x a fluoroantimonate was prepared by 
reaction between lithium fluoride and antimony pentafluoride 
as its acetonitrile adduct in acetonitrile using a double
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limb vessel (Figure 2.3).

0.2g, 7. 7mmol of LiF (B.D.H) and SbFJJCMe5
(1g, 3.8mmol) were loaded in the flamed-out reaction 

vessel in the glove box. The vessel was transferred

to the vacuum line, evacuated and MeCN (5cm^, Section 2.3.1} 
distilled at 77K. The vessel was then warmed to room

temperature and the mixture shaken for 0.5h. The

colourless solution was decanted into the empty limb and 
after removal of volatile material a white solid was 

isolated. Both infrared and Raman spectra of the solid

(Table 2.9) contained bands at 670 cm  ̂ assigned to the 

fFlu> anc* v -| (A 1g.) modes of vibration of SbF^” [74] 
respectively. No bands due to coordinated acetonitrile
were present.

2.2.15 Preparation of Lithium Hexafluoroniobate, Lithium
Hexafluorotantalate and Copper(II) Hexafluoroniobate 
Pentakis(Acetonitrile).

The salts LiNbF^, LiTaF^ and [Cu(NCMe)^][Nb^]^ 
were prepared by reactions between lithium fluoride or copper 
difluoride and the corresponding acetontrile-adduct of 
niobium or tantalum pentafluorides in acetonitrile using a 

double limb vessel.

The flamed-out reaction vessel was loaded with 

LiF (0.5 g , 5.8mmol, B.D.H) or CuF2 (0.6g, 5.9mmol, Ozark 

Mahoning) followed by NbF^.NCMe (0.9g, Ammol, Section 2.3.1) 
or TaF,_, NCMe (1.3g, Ammol, section 2.3.1). The vessel



Table 2.9 Infrared and Raman Spectra of Lithium Hexafluoro-
antimonate.

Inf rared Raman

This work Literature Assignment This work Literature Assignment
[74] [74]

670 vs 669 v3 ' V 670 668 *1 (V
558 V 2 <Eg )

350 V4 (F1U>
294 v5 (F2g >

280 m

m : medium, vs : very strong



was re-evacuated, cooled to 77K and MeCN (5 c m ^ ) vacuum 

distilled. The vessel was warmed to room temperature

and the mixtures shaken overnight. The liquid phases 
were decanted into the empty limb and excess volatile 

material removed under vacuum to give white solids in the 

case of LiF and a blue solid in the case of CuF2 . All

solids were soluble in MeCN without apparent decomposition.

The infrared spectrum of solid LiNbF^ (Nujol Mull)
_ -1contained bands at 685 Cm)f 625(vs) and 530 (m) cm .msix

The infrared spectrum of KNbF^ [119] reveals only one band 
_ 1at 580 cm assigned to the vibration mode of NbF^ in

the octahedral symmetry (Oh). In view of the additional

bands present in the infrared spectrum of LiNbF^ it is

reasonable to argue that it is due to lowering of site

symmetry in NbF^” considering the small size of Li+ cation.

The solid infrared spectrum of LiTaF^ had bands at vfflax 655 (m
- 1505 'vs), 540 (w) and 225 (m) cm . The infrared spectrum

of [Cu(NCMe)^][TaF^]2 [54] in the same regions contains
_ 1

bands at vmax 590 v3 (F 1u ) and 286 \>̂ {? 2 )̂ cm . Using
the same argument as for LiNbF^ it is reasonable to 
consider that a lowering of the symmetry in TaFg had 
taken place. The infrared spectrum of solid [CutNCMe)^]-
[NbF^]2 (Nujol Mull) contained bands due to coordinated 

MeCN, 2338 (comb.), 2300 v(CN), 1035 p(CH3 ), 950 v(CC) cm" 1
_ 1

and bands at 615 v3 anc3 540 cm an
octahedral environment (Oh). Its solid Raman spectrum

containedVband at \) 684 v 1 (A- ) cm [120],max i
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^ •2•16 Preparation of Copper(II) Heptafluorotungstate(V I )
pentakis(Acetonitrile) f3l1

The solid [Cu(NCMe),-][WF^]^ was prepared by 

reaction between copper difluoride and tungsten hexafluoride 

in acetonitrile using a double limb glass vessel (Figure 2.3)

Anhydrous CuF^ (0.60g, 6mmol, Ozark Mahoning) was 
loaded into the flamed-out reaction vessel, transferred to 

the vacuum line and evacuated. Acetonitrile (5 cm3 ,

Section 2.3.1) was added by vacuum distillation followed 

by WF^ M.2g, Ammol, Ozark Mahoning). The mixture was

allowed to warm slowly to room temperature and shaken for 

several hours to give a blue solution. This was decanted

into the empty limb and after removal of volatile material 

a blue solid was isolated. The infrared spectrum of the
solid (Nujol Mull) contained bands due to coordinated MeCN,

2338 (comb.), 2300 v (O N ), 1035 p(CH3 ), 950 v(CC) [121] and
_ ia strong band at 620 cm assigned to the vibration 

mode of WF^“ in the pentagonal bipyramid symmetry (D^^) [28].
_ iIts Raman spectrum contained a band at 704 cm assigned 

to the v 1 vibration mode of WF^ in the D^h symmetry.

2.2.17 Preparation of Thallium(I) Heptafluorotungstate(V I ) [31] .

Thallium(I) h e p t a f luorotungstate(V I ) was prepared 

by reaction between thallium fluoride and tungsten hexa
fluoride in acetonitrile using a double limb glass vessel 

(Figure 2.3).



Anhydrous T1F (1.35g, 6.6mmol, K and K Laboratories) 
was thoroughly ground and loaded in the previously 

evacuated and flamed—out reaction vessel in the glove box, 
transferred to the vacuum line and re-evacuated. The 

vessel was cooled to 77K and MeCN (5 cm3 , Section 2.3.1) 
vacuum distilled followed by WFg (1.2g, 4mmol, Ozark 

Mahoning) . The mixture was allowed to reach slowly

ambient temperature and shaken for a few hours. The

colourless solution was then decanted into the empty limb 

and after removal of volatile material a white solid was 

isolated. The infrared and Raman spectra of the solid
contained bands at vmax 620 and 710 cm” 1 assigned 

respectively to the and mode of vibration of WF^” in 

the pentagonal bipyramid symmetry (D^) [28], Bands due 
to coordinated MeCN were absent.

2.2.18 Preparation of Nitrosonium Heptafluorotungstate(VI)

Nitrosonium heptafluorotungstate(V I ) was prepared 

by homogeneous gas reaction between nitrosyl fluoride and 
tungsten heptafluoride in a standard vacuum glass vessel. 
Excess WF^ (8mmol, Ozark Mahoning) was vacuum distilled 
into the evacuated and preflamed vessel followed by NOF 

(Ammol, section 2.2.5). The mixture was warmed very
slowly to room temperature by which time the reaction was 

complete and a white solid was obtained. After removal of

excess reactants the solid was transferred to the glove box
and stored in an ampoule under vacuum until required. Its

-1 -1infrared spectrum contained bands at 2330 cm and 620 cm



assigned to the vibration of N0+ and vibration mode of 

WFj in the pentagonal bipyramid symmetry (D^) [29],

respectively. Its Raman spectrum contained bands at
-1 -12330 cm and 71A cm assigned to the vibration of N0+

and V-j vibration mode of WF^ in the pentagonal bipyramid 
symmetry (D^) [29] respectively.

2.2.19 Preparation of Caesium Heptafluorotungstate(V I ) and 
Caesium Heptafluoromolybdate(VI).

Caesium heptafluorotungstate(V I ) and caesium hepta- 
fluoromolybdate (V I ) were prepared by reaction between 

caesium fluoride and the corresponding hexafluoride in 

acetonitrile in a double limb glass vessel (Figure 2.3).

Caesium fluoride (0.76g, 5mmol, B.D.H, Optran 

g rade) was thoroughly ground and loaded in the previously 

evacuated and flamed-out reaction vessel, transferred to the 

vacuum line and re-evacuated. The reaction limb was

cooled to 77K and MeCN (5 cm , Section 2.2.1) transferred 

followed by WF^ (1.2g, Ammol Ozark Mahoning) or MoF^

(0.85g, Ammol, Section 2.2.3). The mixture was allowed 
to warm slowly to room temperature and shaken for a few 

hours. The colourless solutions were then decanted

into the empty limb and after removal of volatile material 
white solids were isolated. The infrared and Raman
spectra of CsWF^, contained bands at 620 cm assigned to 

vibration mode of WF^ in the pentagonal bipyramid symmetry 
(D ) [28] and 714 cm-1 assigned to v 1 vibration mode of
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WF^ in the pentagonal bipyramid symmetry ) [28]

respectively. Bands due to coordinated acetonitrile were

absent in both cases. The infrared spectrum of CsMoF^ contained
—  1a band at ^max 630 cm attributed to vibration mode

of MoFj in the pentagonal bipyramid symmetry ( )  [28,29]

and its Raman spectrum contained a band at v 683 cm"1max
attributed to v-| vibration mode of MoF^ in the pentagonal 
bipyramid symmetry (D^) [28,29].

2.3 Activation of Caesium Fluoride.

Caesium fluoride was activated by reaction with 

hexafluoroacetone in acetonitrile and thermal decomposition 

of its 1:1 hexafluoroacetone adduct [122], This
method has been shown to increase significantly its surface 

area [122,123] and enhance its reactivity [124].

Caesium fluoride (3 g ,20mmol,B .D .H Optran Grade) was thoroughly 

ground using an agate pestle and mortar in the glove box and 
loaded in a stainless steel pressure vessel (Hoke Inc.) 
containing four stainless steel ball-bearings. The vessel
was transferred to a vacuum line and evacuated. Acetonitrile 

(5 cm3 ) and ( C F ^ C O  (33mmol, 7 atmosphere autogeneous 
pressure, Fluorochem Ltd.) were added by vacuum distillation 

and the mixture shaken overnight. After removal of MeCN

and excess ( C F ^ C O  the vessel was heated at 393K for 
sixteen hours. The CsF hence activated was off-white in
colour. The solid was transferred to the glove box,
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ground and stored until required. The infrared spectrum 

recorded after activation contained bands due to a small 

quantity of (CF^^CO being retained as heptafluoroisopropo*ick_ 
ion [12?].

2.4 Radiochemical Techniques

Radioactive isotopes have wide applications in 
research. Neutron activation, isotope dilution, radio-
metric titration and last but not least radioisotopic 

exchange are only some of the methods of investigation.

In some cases they make experiments possible which could 
not be carried out in any other way. In others they

offer a more convenient and a simpler procedure than 

conventional methods.

The basic assumption in all tracer work is that the 

radioactive isotope behaves chemically in an identical 

manner to a non-radioactive isotope. This assumption

is valid in the great majority of cases although hydrogen 
and some of the lighter elements are exceptions. Owing

to large differences in relative atomic mass,isotopes of 
lighter elements have different velocities which would 

make considerable difference in kinetic studies.

Before 1934 the application of radioactive isotopes 

was limited to the use of naturally occurring isotopes but 

at the beginning of that year artificial radioactivity 

was discovered by Curie and Joliot [126]. They found
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that aluminium foil which had been bombarded with ot 

particles gave off radiation after the bombardment had 
ceased (Equation 2.3)

27A1 + 4He  ---- ^  30p + 1N (2.3
13 2 15 0

This finding along with the successful operation of 

nuclear reactors and the development of particle accelerators 

since 1945 led to the production of artificial radioactive 

isotopes of nearly all the elements with half lives 

ranging from microseconds to many millions of years.

2.5 Isotopic Exchange Reactions.

Radioactive isotopes were used in exchange reactions 

as early as 1920 when Heresey [127] showed that exchange

occurred between lead ions in precipitated lead chloride

and lead in solution.

An isotopic exchange reaction can be defined by 

equation (2.4)

AX + BX* ^  —  AX* + BX (2.4)

where * represents the radioactive isotope which is inter

changing between the chemical form BX and another chemical
form AX. The rate of disappearance of the isotopic

species from an initially labelled reactant (BX) or the



rate of appearance in an initially unlabelled reactant (AX) 
is described by a first order rate law [128]. Where

isotopic exchange takes place, and provided the reaction is 
conducted in a stable homogeneous phase the overall 

concentrations of AX and BX do not change. The rate R

at which X atoms interchange between AX and BX is given by 
The McKay equation (2.5)

R = -2'303 x - ab x log (1-F) '2.5)
t a+b

where a and b are the total concentrations (AX+AX ) and 

(BX+BX* Respectively. If AX or BX contain n equivalent

exchangeable atoms or groups, the effective concentrations 
will be n times the ordinary ones. F is the fraction of

isotope exchanged at time t and defined by equation (2.6).

p _ fraction of activity in the initially unlabelled compound________
fraction of isotope (mg atom) in the initially unlabelled compound

(2.6)

In the present work f was determined experimentally 

using equations (2 . 7) and (2 .8)
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where SQ , count min mmol , is the specific count rate

of the initially labelled compound, S^_, count min”  ̂ mmol- \

is the specific count rate of the same compound at time t.
-1 -1Sq., count min mmol , is the specific count rate

corresponding to complete exchange. A 1 and A2 , count
_ 1

min , are the count rate&after exchange between m^ and m 2 

mmol reactants (1 being inactive initially) containing 
respectively x and y F atoms.

In practice three main situations arise:

1 . The situation where only F exchange takes place and

where there is no retention of labelled compound by 

the initially unlabelled compound. In this case

equations(2.7)and(2.8)yield the same value provided 

the radiochemical balance >95% (section 2.12) and 
f ranges between 0, corresponding to the absence of 
exchange, and 1 ,corresponding to random distribution 

of activity.

2. The situation where both retention and exchange

take place in which case equation(2.8)yields f values
>1. Equation(2.7) must therefore be used. This

situation was encountered in the heterogeneous
18systems involving activated CsF and MF^ F (M = Mo,

W, U) .

3. The situation where there is uptake but no exchange

in which case equation [2.7) yields f values - 0 and 

equation(2 .8)yields f values >1.
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182.6 [ F]-Fluorine as Radiotracer.

Naturally occurring fluorine is monoisotopic with 
a spin number I = This makes it useful in n.m.r.

studies. The element has five artificially produced
radioisotopes (1?F, 18F, 20F, 21F and 22F) of which [18F]- 

fluorine has the longest half life. The most recently

determined value for its half life is 109.72±0.06 min [129].

During the process of decay of [^8F]-fluorine to
18[ 0]-oxygen an emission of a positron 8+ , that is a positively

charged electron takes place. This results in the decrease 

of the atomic number by one but leaves the mass number 

of the isotope unchanged. The kinetic energy of the

emitted positron is reduced through interactions with 

surrounding particles and collides with an electron resulting 

in a mutual annhilation and an emission of 0.511 MeV 

y-photonS„

1 R[ F ] - F l u o r i n e  is an attractive radiotracer as its 

y-radiation is easily detected. Since its discovery in

1937 [ 13d ,  [18F]-fluorine has been used in inorganic
_ *|

chemistry [ 131] and due to the strong C-F bond (477k J mol ) 
it has been probably more extensively used in biological and 

medical studies [132]*

Due to its short half life |1 F(-labelled compounds

are not commercially available. Hence they must be

produced and used during one working day. After six half
lives only 1-2% of the starting activity is left and there

fore correction for radioactive decay is required.



Ra
te

Figure 2.5. Kinetic Relationship between
1 ftIncorporation and decay of [ F]-Fluorine

*limit
Time

 Product formation
 Decay curve of['8Fj-fluorine
 Incorporation of ['TJ-fluonne in

the labelled product



Depending on the access to suitable facilities
18[ F]-fluorine can be produced by different methods but in

general an accelerator, a cyclotron or a nuclear reactor

is required. Table 2.10 gives some examples of cyclotron
18produced [ F]-fluorine.

Table 2.10 Cyclotron Production of [^8F~1-Fluorine

Reaction Target Material Energy Range 
of Particles(MeV)

Ref.

I6n , , \ 1 8-rp0 (a,d) F Si02; H^O oAoCVI 133

20Ne(d,a)18F Ne/H^ gas 30---»  0 133, 134

19F(P, Pn)l8F F2 gas 31---»  7 135

19F(P,2n)l8Ne

18mc y  „ 18p F2 gas 31 7' 1351.5 s

18The incorporation of [ F]-fluorine in the desired 

compound competes with its radioactive decay. Figure 2.5
represents the relationship between the incorporation, time 

and radioactive decay of [ ̂ 8F]-fluorine. For a better radiochemical 

yield the incorporation time must not be longer than .
The purity of radiotracers is of considerable importance.

Two principle types of impurity exist:

1. Radionuclidic impurity where radioactive nuclides

other than those desired are present.



2. Radiochemical impurity where the nuclide of interest
is also present in a chemical form differing from 
the one specially needed.

The former can be checked by determining the half 
life and^where possible9the energy of the emitted particle 

by the radionuclide of interest. The latter can be

checked by conventional methods, e.g., vibrational spectroscopy.

2.7 Counting Apparatus.

The y-rays emitted during the annihilation process of
+ 18the $ of [ F]-fluorine were counted using a Nal well scintillation 

counter (Ekco Enterprises Ltd., N700A) equipped with a photo

multiplier, well dimensions 1.56 x 0.73 in. diameter, and a 

scaler ratemeter (Nuclear Enterprises, SR7) -

The y-rays emitted by the source are photoelectrically

absorbed by the Nal crystal. The light photons produced
interact with the photocathode and release photoelectrons, the 

number being proportional to the energy. The photoelectrons
produced are accelerated by a potential to the first dynode of 

the photomultiplier, where each produces typically four more 
electrons. The electrons released are further accelerated

to the following dynode and so on. With ten dynodes the

total multiplication factor is 4 • The resulting pulse
is further amplified and recorded on the scaler.

137Before use the scaler was calibrated using a [ Cs]-

caesium and a [22Na]-sodium y-ray sources, the y-rays of the
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latter being of identical energy to those emitted by [18F]-

fluorine . The y-photopeak of [ 8F]-fluorine was regularly
18checked using [ F]-labelled CsF as source. The voltage 

corresponding to the maximum count rate from C s 18F was used 
during all measurements

2.8 Radioactive Decay.

18In view of the relatively short half life of [ F]-fluorine

as compared with the time required to carry out one
18experiment (1-2 h), considerable [ F]-fluorine activity was 

lost through its decay. To account for this5correction 

for decay was used.

The decay of a radionuclide follows the exponential 

rate law which is'given by equation(2.9.)

A = AoeXt (2.9)

or in k = inko - Xt

where A = activity (count rate) at some initial time o
A = activity (count rate) after elapsed time t.

X = characteristic decay constant (s’ 1) =
2

= half life of isotope
2

Before being analysed all count rates were corrected 

to the time of the last measurement rather than the first so 

as to avoid creating fictitious counts. The calculations

were carried out by microcomputer [i25-^*
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2.9 Background.

In the absence of a radioactive source, counting 
devices such as a Geiger-Miiller counter, proportional 

counter or scintillation counter will register some 

radioactive events. These are mainly due to the small

amount of radioactive radon and its decay products in 

the atmosphere as well as to cosmic radiations and radiation 

from materials used in the construction of laboratories.

This background radiation can be minimised by shielding

the counting device. The scintillation counter used in
18this work for counting [ F]-fluorine activity is encased in 

lead. In order to obtain the true value of a radio
chemical measurement the average background count was 

subtracted from the observed measurement.

2.10 Statistical Errors.

The random nature of the decay of a radioisotope 

means that if a source of constant activity is measured 9 
assuming all other errors in measurement are excluded, the 
number of disintegrations observed in successive periods 

of fixed duration will not be constant. The probability
W ( m ) of obtaining m disintegrations in time t from No 

original radioactive atoms is given by the binominal 

expression [ 136] equation^. 10.)



where p is the probability of a disintegration occurring 

within the time of observation. From this equation

it can be shown [136] that the expected standard deviation 

for radioactive disintegration, 6 is given by equation(2. 1 1)

In counting practice the observation time t is 

small compared to the half life, hence Xt can be neglected 

and equation12.11}becomes

= ^  (2 .1 2)

The relative standard deviation, expressed in percent, is 

often used and is given by equation( 2.13)

1 006 = — 12°----  ( 2 . 1 3 )
\J~nT

This means for 6^1% m must be $.10,000.

The errors quoted on radiochemical measurements 

in this work are the combination of the radiochemical



- 53 -

errors and the uncertainty in the physical measurements 

such as weights of samples and pressures of gas.

2.11 Radiochemical Balance.

Expressed in percent, the radiochemical balance 
is a criterion used to show how good is the recovery of 

radiolabelled compounds after separation. It is
defined by equation(2.1A )

Total counts after separation inr)0/ 
Total counts before separation x

Radiochemical balances >95% are required in order to mini

mise errors.

18In some reactions involving [ F]-labelled hexa- 
fluorides, MFg (M = Mo, W, U) in acetonitrile radiochemical 

balances were >100%. There are two possible reasons

for this.

1. On occasions the initial specific activities
produced in MF5 18F (M = Mo, W, U) were very high.
This led to the situation where dead time contribut
ions were very significant. Consequently some of the 
[ ^ F ] -  fluorine activity was not recorded. After 

reaction and separation of the reactants considerable 
radioactive decay had occurred and contribution 
from the dead time became less significant resulting 
in smaller losses of [18F]-floorine activity.
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2. When MF^ F (M = Mo, W, U) wqs added to solutions

fluorocomplexes the concentrations of the
latter were such that the solubility of MF^ (M =

Mo, W, U) was reduced. Hence small amounts

of MF^ (M = Mo, W, U) were left in the gas phase in
the dead volume of the counting vessel. As a result 

18some of the [ F]-fluorine activity was not recorded.

However^ after separation of the reactants the

hexafluorides MF^ (M = Mo, W, U) were counted on

their own in MeCN where their solubility increased

as compared to before separation leading to
18smaller losses of [ F]-fluorine activity.

As a consequence of the reasons stated above and 

after correction for background and radioactive decay the 
total counts after separation were higher than those before 

separation.

Note: The dead time is an inherent property of the counting

and recording devices. This refers to the time during

which the device is no longer operational due to its 
saturation by the avalanche of particles being counted.

It is defined by equation (2,15)

NT = , K°bg- (2.15)
1- T Nobs

where N^ = True counts
N . = Observed countsobs

-6 ' -4
t  = dead time, usually 10 < t < 1 0  s .
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182.12 [ F]-Fluorine Reaction

All reaction vessels used were made from Pyrex 
glass and equipped with P.T.F.E. stop cocks (J. Young Ltd). 

The calibrated vessels were evacuated, flamed-out and 

weighed before loading compounds using an analytical 
balance (Oertling LA 164).

2.12.1 Single Limb Vessel.

18'The fraction of [ F]-fluorine'exchanged in solution 

was determined using a single limb counting vessel, Figure(2.7b) 
which fitted into the well scintillation counter. The 

loop was designed in order to prevent the solution from 

contaminating the manifold on distillation resulting in the 

loss of the solid compound.

The following experimental procedure was used. 

Solutions were made up by loading a known amount of a 
solid compound into the vessel in the glove box and adding
1 cm^ of MeCN by vacuum distillation. The total weight of the

18solution was then recorded. [ F]-Fluorine labelled hexa-

fluoride fWF^, MoF^ or UFC) whose weight had been determined 6 1 6 o
using a similar vessel, was transferred by vacuum distill

ation in the reaction vessel. The mixture was quickly
warmed to room temperature and the reaction allowed to

proceed for 20' minutes, during which time the solution was
counted for ?F]-fluorine activity. After reaction both vessels

were transferred to the vacuum line and the reactants were
1P"separated, weighed and counted for F F]-fluorine activity
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18These data, corrected for [ F]-fluorine decay and backgrounds 

were used to calculate the fraction exchanged f by using 
equations (2.7) and (2.8).

2.12.2 Double Limb Vessel.

Reactions between [^F]-labelled hexafluorides (WFg, 
MoFg or UF^) and solid fluorides and their complexes in 

solution or under heterogeneous conditions were followed 
with time using a double limb vessel, Figure (2.7a). Each 
limb fitted into the well of the scintillation counter. A 

known amount of solid compound was loaded in one limb in the 
glove box. The vessel was transferred to the vacuum line

3and evacuated. When required MeCN (1 cm ) was added by
18vacuum distillation and its weight determined. [ F]-Fluorine,

labelled hexafluoride (MoF^, WF^ or UF^) whose weight had 
been determined using a single limb vessel (Figure 2.7b) was 
vacuum distilled into the other limb, stop cock A being closed. 
The reaction vessel was then allowed to reach ambient temper
ature and stop cock A opened. Reactants in each limb were 

18counted for [ F]-fluorine activity, alternately over 0.75-1h.
Counts from the limb containing the solid or solution were due 

1 8to [ F ] - f l u o r i n e  incorporated in the solid or solution plus 
1 8gaseous [ F]-MF^ only, while counts from the other limb were

due to [18F]-MF6 only. Substraction of the latter from the
former gave counts due to the solid or solution. These data,
corrected for [18F]-fluorine decay and background were used
to obtain count rate vs . time relationships. After reaction 
1 8[ F]-MF^ was removed by vacuum
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distillation into a single limb vessel, weighed and its 
specific count rate determined. [ ̂ 8F]-Fluorine labelled 
hexafluorides were counted in MeCN.

2.13 Preparation of Radiolabelled Compounds.

182.13.1 Preparation of [ F]-Fluorine Labelled Caesium 
Fluoride [137].

[ F]-Fluorine was prepared as [ "F]-labelled caesium
fluoride in the Scottish Universities Research and Reactor

6 3Centre, East Kilbride,using the nuclear sequence Li(n,a) H,
^80 (8H ,n )^8F . In this scheme 8Li and .^O must be

intimately mixed. This was achieved by using lithium
carbonate as target material.

Two grams of L ^ C O ^  (B.D.H. Analar) were
12irradiated with a neutron flux of 3.6 x 10 neutrons

—2 — 1 18cm s for 0.5 h. The Li -F produced was allowed to

cool for 0.5 h, then reacted with H^SO^ (50%). The
18H F evolved was distilled into a solution of CsOH (Aldrich)

at 273K. Neutralisation of the solution with aqueous
18HF followed by evaporation to dryness gave Cs F as finely 

divided white powder. The activity of Cs^8F
prepared was in the range 1.85 - 3.33 MBq (50 - 90 y C i ). 
[18F]-labelled potassium fluoride can be used as a substitute 
to C s 18F . It was prepared from KOH (B.D.H) using the
same procedure described above and gave a satisfactory 

activity yield.
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Prior to their use in labelling the gaseous 
18 18fluorides Cs F or K F were reacted under vacuum with 

hexafluoroacetone at 295K for 0.5 h then dried at 393K for 

a further 0.5 h. This treatment has been shown [125] to
1 pfacilitate the incorporation of [ ' "F]-fluorine into the 

compounds being labelled.

2.13.2 Preparation of [^8F]-Fluorine Labelled Hexafluorides 
of Molybdenum, Tungsten and Uranium.

18[ F]-Fluorine labelled molybdenum hexafluoride

and tungsten hexafluoride were prepared by high temperature
18reaction with activated Cs F (Section 2.13.1) in a

3stainless steel, high pressure vessel (Hoke, 70 cm ).

Molybdenum hexafluoride f5-i0mmol^ or WF^ '5-10mmol, Ozark Mahoning)
18were condensed at 77K onto activated Cs F. The pressure

vessel was heated to 348K for 0.5 h then M o F ^ ^ F  or WF,_^8F

transferred to a glass vessel loaded with activated sodium
18fluoride to remove any hydrogen fluoride. The MoF^ F was

18also prepared by reaction between MoF^ and [ F]-labelled
18boron trifluoride at room temperature for 0.5 h. Both BF^ '"F

(30mmol )and MoF. (5-10 mmol) were condensed in a 6 3Monel pressure vessel (Hoke, 90 cm ). After exchange the
18vessel was cooled to 195K and BF^ F removed. In both

4 • -1 -1cases the specific count rate was >10 count m m  mmol

18 18 The radiochemical purity of MoF^ F and WF^ F was
18checked by determining their y-ray spectrum and the [ F]- 

fluorine half life over at least two half lives. The latter was found
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to be 97.6 and 108.3 min for Mo Fj_^8F and W F ^ 8F respectively

[122]. Typical y-ray spectra for MoF,_18F and WF.-^F5 5
are shown in Figures 2.8 and 2.9.

18[ F]-Fluorine labelled uranium hexafluoride was
prepared by reaction between B F ^ 8F and UF^ at room temperature

in a Monel pressure vessel (Hoke, 90 cm3 ) [43]. Uranium

hexafluoride (5-10 mmol) was condensed in the reaction
18vessel followed by excess BF^ F (30 mmol). The mixture

was warmed to room temperature and exchange allowed to

proceed for 0.5 h. The reaction vessel was then
18 18 cooled to 195K, BF0 F removed and UFr F transferred into ̂ b

a glass vessel loaded with activated NaF. The radio-
18chemical purity of UF^ F was checked by determining its

1Py-ray spectrum and the [ F]-fluorine half life over at least

two half lives. This was found'to be 105.0 min [129] .
18The y-ray spectrum of UFj- F is presented in Figure 2.10.

18 4 — 1The specific count rate of UF,_ F was >10 count min
, -1 mmol

182.13.3 Preparation of [ F]-Fluorine Labelled Boron
Trifluoride, Phosphorus P]entaf luoride, Arsenic 
Pentafluoride and Trimethylfluorosilane.

[18F]-Fluorine labelled boron trifluoride, 

phosphorus pentafluoride and arsenic pentafluoride were
18prepared by high temperature reaction with activated Cs F 

(Section 2 .13.1) in a stainless steel pressure vessel (Hoke,

70 cm3 ).
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The pressure vessel containing activated C s 18F 
was cooled to 77K and BF3 (30 mmol, Ozark Mahoning), PF5 

(30 mmol, Matheson) or AsF^ (30 mmol, Matheson) were admitted 
then the reaction heated to 358K for 0.5 h. In all cases

the specific count rate was >10^ count min"** mmol"*'. In 
the case of BF^ and AsF^ it is believed that the exchange 

takes place through two stages [125]. During the first the 
gaseous fluoride is adsorbed to form the corresponding 

fluoroanion followed by [ F]-fluorine exchange between adsorbed 
fluoroanion and free fluoride. Equally it is reasonable to 

assume that the same exchange stages are involved in the case
of PFC .5

18[ F]-Fluorine labelled trimethyl fluorosilane
was prepared by reaction between Me3SiF (7 mmol) and 

18activated Cs F in a stainless steel pressure vessel at 

348K for 0.5 h. The specific count rate was >10^ count
. -1 _ imin mmol

1 £2.13.4 Preparation of [ F]-Fluorine Labelled Lithium 
Hexafluorophosphate and Lithium Hexafluoroarsenate.

18[ F]-Fluorine labelled lithium hexafluorophosphate 
and lithium hexafluoroarsenate were prepared in situ by

reaction between lithium fluoride (B.D.H.) and [18F]-labelled
18phosphorus pentafluoride (Matheson) or [ F]-labelled arsenic 

pentafluoride (Matheson) using a specially designed Pyrex 

double limb vessel, Figure 2.11.



0.2g (7.7 mmol) of LiF were loaded into the flamed 
out vessel in the glove box. The vessel was then

transferred to the vacuum line and evacuated. Acetonitrile 

(5 cm ) was added by vacuum distillation. [18F]-Fluorine 

labelled PF^ or AsF^ (1.8 mmol) were then condensed and the 

vessel warmed slowly to room temperature. The mixture

was shaken for 0.5 h and left to settle. 1 cm3 of the

solution containing LiAsF^ or LiPF^ was decanted into the 

other limb which served as counting vessel and sealed at 
point A.

182.13.5 Preparation of [ F]-Fluorine Labelled Nitrosyl 
Fluoride.

18[ F]-Fluorine labelled nitrosyl fluoride was

prepared by reaction between and activated
18Cs F at room temperature in a stainless steel pressure 

vessel at room temperature.

Dinitrogen tetroxide (4 mmol) was condensed onto 

activated Cs 18F at 77K, the vessel warmed to room temperature 
and the reaction allowed to proceed for 20 min. Once
the reaction was completed the vessel was cooled to 195K and

'i g
N O ^ F  removed and counted for [ F]-fluorine activity.

[18F]-Fluorine labelled nitrosyl fluoride was 

also prepared by exchange reaction between MOF and activated
C s ^ F  at room temperature for 20 min. In both cases the

/ 1 1  specific count rate was >10 count min" mmol' . Although
18the radiochemical yield was satisfactory NO F was not of



Figure 2.11 Double-limbed Reaction Vessel.



- 62 -

high chemical purity for radiotracer experiments to be
18carried out. Exposure of NO F to glass apparatus

resulted in its decomposition to NO^ which is recognisable 

by its brown colour and probably hydrogen fluoride.

Because of this no further work involving NOF was under

taken .



CHAPTER THREE 

REACTIONS OF THE HEPTAFLUOROTUNGSTATE AND 
HEPTAFLUOROMOLYBDATE ANIONS WITH [18F] -> 
FLUORINE LABELLED HEXAFLUORIDES OF MOLYBDENUM

AND TUNGSTEN.



3. Reactions of the Heptafluorotungstate and Heptafluoro-
18molybdate anions with [ F]-Fluorine Labelled Hexafluorides 

of Molybdenum and Tungsten.

3.1 Introduction

Prescott et. al. [31] have shown that heterogeneous

Lewis acid-base reactions between anhydrous copper difluoride

or thallium fluoride and tungsten hexafluoride in acetonitrile
generate soluble copper(II) heptafluorotungstate(VI) pentakis

acetonitrile, [Cu(NCMe)^][WF^]2 or thallium(I) heptafluoro-
tungstate(V I ) , T1WF? , respectively. Using [18F]-fluorine
as radiotracer the same authors have mentioned briefly
that complete exchange of [18F]-fluorine occurs between 

18TlWFr, and WF ' F within one hour.7 b

To find more about the fluorine bond lability with 

respect to exchange of the heptafluoroions the previous 
study [31] was extended to include the heptafluorotungstate 
and' heptafluoromolybdate ions in the presence of the hexa- 

fluorides of molybdenum and tungsten. These systems were 
investigated both under homogeneous (acetonitrile) and 
heterogeneous (gas + solid) conditions. To determine 
whether counter cation has any effect on the fluorine 
exchange behaviour, WF‘ ion was used with several cations 
namely nitrosonium, N0+ , thallium Tl+ , copper Cu + and 
caesium Cs+ . The MoFl ion was used as its caesium salt 
only. Radiotracer technique using [ F]-fluorine as the 

radiotracer was the main method of investigation used.



3.2 Experimental.

The reactions between the heptafluoroanions of 
molybdenum or tungsten and [ F]-labelled hexafluorides of 
molybdenum or tungsten were carried out in acetonitrile or 

under heterogeneous conditions using a single or double

limb vessel respectively. The procedure used was described 

in Section 2.12. The solid heptafluoroanions were 
analysed by infrared spectroscopy before and after reactions.

_ iIn the latter case bands at approximately 1000 cm were
present. This was probably due to some hydrolysis of the
samples as these were kept in the reaction vessels attached

18to the vacuum line overnight to allow [ F]-fluorine activity 

to decay before recording the spectra.

3.3 Reaction Between Thallium(I) Heptafluorotungstate(V I )
1 8and [ F]-Fluorine Labelled Tungsten Hexafluoride in 

Acetonitrile.

The reaction between thallium(I) heptafluoro-
18tungstate (V I ) , TlWF7 ,and [ F]-labelled tungsten hexafluoride

WF,-18F was studied in acetonitrile for four reaction times,5
7, 14, 20 and 60 minutes and at two reaction temperatures,
252 and 293K. By varying the reaction time and temperature 
it was intended to determine the fraction exchanged (f) as 
function of these two parameters. The amount of TIWF^ used 
was in the range 0.37 -0.3910.01 mmol. All samples were 
dissolved in MeCM (1cm3 ). During the preparation of 
solutions of T1WF- it was observed that a white solid, 
presumably T1F, precipitated but redissolved when WFg was



added. This observation was consistent with the slight 
decomposition of T1WF? according to equation (3.1)

TlF + WF r -y ■ Tl+ 4- WP” f O -I(solv.) 7 (solv.) (3.1

The amount of WF^ F used was in the range 0 . 76-1 .82±0 .0 1 

mmol. Table 3.1 summarises the results of these reactions
Comparison of the specific count rates of WF ^ F  before5
and after reaction showed that these decreased in all cases 

indicating that an exchange of [^F]-fluorine had occurred. 
Furthermore the masses of the reactants before and after 
reaction were equal within experimental error. No 

chemical reaction was observed as the infrared spectra of 
the solids recorded after reaction were identical to those 
recorded before reactions. Using equation (2.8) the 
fraction exchanged (f) was found to be close to unity in 
all cases corresponding to complete exchange of [1^F]- 
fluorine. Figure 3.1 represents the growth of [ ^ F ] -  
fluorine activity in the solution of TIWF^, which was 
obtained by using a double-limb vessel. The growth 
followed a rapid increase then reached an equilibrium 
after 10 min reflecting the complete mixing of reactants.

3 .4 Reaction Between Copper(II) Heptafluorotungstate(V I )
— —  -J o ---------

Pentakis Acetonitrile and [ F]-Fluorine Labelled 
Tungsten Hexafluoride in Acetonitrile.

The reaction between copper(II) heptafluoro- 
tungstate (V I ) pentakis acetonitrile, [Cu (NCMe ) [WF^,] ̂  and
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18[ F]-labelled tungsten hexafluoride, WFC ^ F ,  was studied inD
acetonitrile for two reaction times, 10 and 20 minutes and 

at two reaction temperatures, 252 and 293 K. The amount of 

[Cu(NCMe)5][WF^]2 used was in the range 0 .08-0.20±0 .01 mmol
3

dissolved in MeCN (1cm ). However it was observed that

[Cu(NCMe)5] [WF?]2 did not dissolve completely in MeCN at
18252 K. The amount of WF^ F ranged between 0.74-1.82±0.01

mmol. Table 3.2 summarises the results of these reactions.
18A transfer of [ F]-fluorine activity to [Cu(NCMe)c][WF„]05 I £1 8together with decrease in the count rate of WFC F afterb

reaction was observed in all cases. This was consistent
18with an exchange of [ F]-fluorine. The masses of the

reactants before and after reaction were equal within

experimental error. No chemical reaction between the
reactants was observed as their infrared spectra recorded

18before and after reactions were identical. [ F]-Fluorine
exchange was complete at room temperature and partial at
252 K. The latter result was due to the low solubility of

the salt at this temperature as mentioned above. The 
18growth of [ F ] - f l u o r i n e  activity in the solution of

[Cu (NCMe ) r-] [WFr-,] 0 with time (Figure 3.2) was similar to that 5 ( c-
obtained in the case of TIWF^ (Figure 3.1).

3.5 Reaction Between [ 18F]-Fluorine Labelled Nitrosonium 
Heptafluorotungstate(V I ) and Tungsten Hexafluoride in 
Acetonitrile.

I 8The reaction between [ ~F]-labelled nitrosonium 
heptafluorotungstate(V I ), NOWF^ F, and tungsten hexa-
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fluoride in acetonitrile was designed with the objective 

of determining whether back exchange of [18F]-fluorine 

activity takes place between the heptafluoroanion WFj and
w f 6 .

18[ F]-Fluorine labelled NOWF^ was prepared in situ
in a single-limb reaction vessel (Figure 2.11) by reaction

1 8between an equimolar mixture (ca. 2 mmol) of [ F]-labelled
tungsten hexafluoride (Section 2.13.2) and nitrosyl

18fluoride. The compounds WF^ F and FNO were condensed

in the reaction vessel at 77 K and the mixture was warmed
to room temperature. After removal of excess reactants

a colourless radioactive solid was obtained. This was

considered to be N O W F ^ ^ F  (0.58±0 .01 mmol). The small
yield was due to the short time used during the

preparation (ca.0.5h). Acetonitrile (1 cm ) was added
by vacuum distillation at 77 K. After warming the

18solution to room temperature NOWF^ F dissolved without
any apparent decomposition. Inactive WF^ (2.59±0.01 mmol)

18was added to the solution of NOWFg F and the reaction
allowed to proceed for 20 minutes. After separation of
reactants the initially inactive WF^ was found to contain
[18F]-fluorine activity. Tungsten hexafluoride '2.54±0.01

18mmol) recovered after reaction had a [ Fj-fluorine count
i. • - 1rate of 48280±220 count m m

The results described in Sections 3.3 to 3.5
indicate that [^8F]-fluorine exchange between WF^ and WF^
in MeCN involves an equilibrium between the two species,
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equation 3.2

WF" + WF5 18F ^ =a5 WF6 18F" + WF5

3.6 Reaction Between Nitrosonium Heptafluorotungstate(V I ) 
and [^8F]-Fluorine Labelled Molybdenum Hexafluoride 
in Acetonitrile.

Two reactions between nitrosonium heptafluoro-
18tungstate(V I ) , NOWF^,and [ F] -labelled molybdenum hexa- 

18fluoride MoF,- F were carried out in acetonitrile at room b
temperature for 20 minutes. A summary of the results

18is presented in Table 3.3. A transfer of [ F]-

fluorine activity to NOWF^, together with a decrease in
18the specific count rate of MoF,- F after reaction were

observed in each case. Radiochemical and mass balances
were >95%. The infrared spectrum of NOWF^ recorded after

reaction contained no additional band as comparedwith that
recorded before reaction. Using equation (2.8) the

18results showed that complete exchange of [ F]-fluorine 

(f = 1) was observed in each case.

Talcing into account these results the reaction

of NOWFr, with M o F,-18F can be written as follows, equation 7 5
(3.3)

WF" + M o F5 18F --- ^ W F 6 18F" + Mo F5 18F (3.3)
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3.7 Reaction Between Caesium Heptafluorotungstate(V I ) and 
[ F]-Fluorine Labelled Molybdenum Hexafluoride in 
Acetonitrile.

A reaction between caesium heptafluorotungstate(V I )
18CsWF rj (0 . 34±0.01 mmol), and [ F]-labelled molybd enum hexa- 

1 8fluoride, MoF^ F (1.46±0.01 mmol) was carried out in
acetonitrile at room temperature for 20 minutes. This

1 8resulted in a transfer of [ F]-fluorine activity to CsWF? as
1 8well as decrease in the specific count rate of MoF,. F

(Table 3.3). The decrease in the specific count rate of
1 g o

MoF^ F was consistent with complete exchange of [ F]-

fluorine, f = 1. Examination of the Raman spectrum of
CsWF^ recorded after reaction (Figure 3.3(a)) showed bands

at v 713 (vs), 442 (m) and 683 (m) cm--' which were max 7
assigned to V-j(Â J) and Vg(E" ) modes of WF^ and (AT ) mode
of MoF^ respectively. The Raman spectra of CsMoF^ (Figure 
3.3(b)) and CsWF^ (Figure 3.3(c)) are presented for 
comparison. The Raman spectrum indicated that WFg had 
been displaced to a small extent by MoFg from CsWF^ 

resulting in the formation of CsMoF^.

3.8 Evidence for the Formation of Caesium Heptafluoromoly- 
bdate and Caesium Heptafluorotungstate.

Beuter et. aJ. [28] studied the vibrational spectra 
of the heptafluoroions of molybdenum and tungsten using 
various alkali metal cations. These salts were prepared 
by reactions between alkali metal iodides and the corresponding 
hexafluorides in liquid iodine pentafluoride, equation (3.4)
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2AI + 2MF6 + IF5  2AMF? + IF3 + I2 (3.A)

(A = K,Rb, Cs ; M = Mo, W)

On the basis of their results the authors assigned the MoF^ 

and WF^ ions in the pentagonal bipyramid symmetry (D^) 
when Cs was used and to a lower symmetry when the smaller 
Rb and K cations were used. In the latter case the 

assignment was based on the additional bands present in 
both Raman and infrared spectra.

In the present study CsMoF^ and CsWF^ were 
prepared by reactions of caesium fluoride and the correspond

ing hexafluorides in acetonitrile (Section 2.2.19) and their 
vibrational spectra recorded. These are presented in Table

3. A together with those obtained by Beuter et. al. [28]. 
Comparison of the two sets of spectra shows that, with only 

minor differences, they are similar

Five Raman and ten infrared bands are expected 

for a pentagonal bipyramid symmetry. Although a full
assignment was not possible the strong bands in the Raman

1 — 1 at 683 and 71A cm and in the infrared at 630 and 620 cm
for CsMoFr,, and CsWF^ respectively, undoubtedly represent a

i  rt

totally symmetric stretching fundamental of the A^ and A2
_ 1

species (Dr, ) . Occasionally weak bands at around 1000 cm 5h
were observed in both Raman and infrared spectra. These 

were probably due to some impurities.
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It can therefore be concluded that reactions
between CsF and MF^ (M = Mo, W) in MeCN yield CsMoF? and

CsWF? respectively in which the symmetry of the heptafluoro-

ions is assigned in the point group. Further evidence
for the formation of CsMoF^ and CsWF^ were obtained from
mass balances and by using MoFr 1®F and WF^ ^ F .  Thisb 5
evidence is presented here in detail for two reactions.

1 PThe reactions between CsF and MF,- F (M = Mo.W)5 ’
were carried out in a single-limb reaction vessel according

to the procedure described in Section 2.2.11. The vessel
and all reactants were weighed before and after reaction.

18These were also assayed for [ F]-fluorine activity before 
and after separation. A summary of the results is 

presented in Table 3.5.

CsF + MoFg

The decrease in the amount of MoF6 (0.57±0.04 mmol) 

was, within experimental error, equivalent to that of CsF 
(0.58±0.02 mmol) indicating a 1:1 combining ratio.
Furthermore the mass of the solid after reaction (0.2026±
0.0030 g) corresponded to 0.56±0.02 mmol CsMoFr,.

The amount of CsMoFy formed was also determined 

from the solid count rate. To do this it was necessary to 
calculate the theoretical specific count rate of CsMoF7 
formed by reaction of CsF and MoF^ F the specific count 
rate of which had been determined separately. The 

following assumptions were made:
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1. All CsF had reacted with MoF5 18F to give CsMoF?

2. Solid CsMoF^ had undergone complete exchange of
18 Q[ F] -fluorine with excess MoF,. F5

The specific count rate corresponding to complete 
exchange was determined by using equation (3.5)

00 n^m^+ n^2

-1 -1where S^, count min (mg F atom) , is the specific count
_ 1rate per fluorine atom; Ao, count min , is the starting

18count rate of MF^ F (M = Mo,W); n ^  mmol, is the quantity 
of CsMF^ (M = Mo,W) with m^ exchangeable F atoms; n^ is based 

on the number of mmol of CsF; n^ mmol, is the quantity of 
MF^ (M = Mo,W) with exchangeable F atoms.

After substitution of the experimental data S^
-1 -1became 2864 ± 210 count min (mg F atom) . Therefore

for CsMoF^ containing seven fluorine atoms the specific
-1 -1count rate expressed in count min mmol became 20048 ±

_ i1470. The solid count rate of 10724 count m m  

corresponded to 0.53 ± 0.04 mmol CsMoF^.

CsF + WF6

The decrease in the amount of WFg (0.96 ± 0.02 mmol) 

was greater than the one corresponding to a 1:1 combining 
ratio with CsF. This was due to loss of some WF^ during 
separation of the reactants as reflected by the radiochemical 
balance 88%. However the mass of the solid after reaction 
(0.3360 ± 0.0030 g) corresponded to 0.75 ± 0.02 mmol CsWF^,,



in good agreement with a 1:1 combining ratio between CsF 
and WFg.

The amount of CsWF^ formed was also determined from 
the solid count rate using the same assumptions and 

calculations as in the case of CsMoF^,. The theoretical 

specific count rate of CsWF^ was 14665±329 count min"1 mmol"1. 
Therefore the solid count rate of 10969 count min"1 was 
equivalent to 0.75±0.04 mmol CsWF^.

1 ftThe results obtained from mass balances and [ F] - 
fluorine indicate the formation of CsMF^, (M = Mo,W) by 
reaction between CsF and MF^ (M = Mo,W) in MeCN.

3.9 Reaction Between Caesium Heptafluoromolybdate(V I ) and 
1 ft[ F]-Fluorine Labelled Tungsten Hexafluoride in 

Acetonitrile.

Two reactions between caesium heptafluoromolybdate(V I )
*1 o *1 QCsMoF^,, and [ F]-labelled tungsten hexafluoride, WF^ F, were

carried out in acetonitrile at room temperature for 20 minutes.
A summary of the results is presented in Table 3.6. The

18decrease in specific count rate of WF^ F corresponded to a 
complete exchange of [1^F]-fluorine in each case. However 
there was an increase in the mass of the solid and decrease 
in that of the hexafluoride after reaction. The change in the 
mass of reactants was consistent with the total displacement 
of MoFg in CsMoF^ by WFg. This is shown in detail for 
Reaction 1 (Table 3.6). Assuming all MoFg had been displaced 
by WFg the mass of the solid after reaction was equivalent 
to 0.55±0 .0 1 mmol CsWF^. Equally the decrease in the mass
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of was also consistent with the displacement of MoF^ . 
Assuming 0.56±0.02 mmol MoF^ had been displaced the mass of 

the hexafluoride corresponded to a mixture of 0.56±0.02 mmol 
Mo F6 and 1 .15±0.01 mmol WF6 , i.e., 0 . 4602±0.0060 g. This 

was in good agreement with the experimental result (0.4564± 
0.0030 g ) .

Supporting evidence for the displacement of MoF^ 
in CsMoF^ by WFg was obtained from the Raman spectrum of the 

solid recorded after reaction (Figure 3.4a). This contained 
bands at vmax 714 (vs), 442 (m) and 683 (w) cm- ”' assigned to 
v^(AT) and Vg(EM ) modes of WF^ and v^(A') mode of MoF^ 

respectively. The Raman spectra of CsMoF^ (Figure 3.4b) and 
CsWF^ (Figure 3.4c) are presented for comparison. In view 
of the results presented above the reaction between CsMoF^ 
and WFg can be written as the following equation (3.6)

CsMoF^ + WFg ----- =*■ CsWF^ + MoFg (3.6)

It is worth noticing the similarity between the spectrum 
obtained here and that obtained in the reaction between 

CsWFy and MoFg in MeCN (Figure 3.3a).

The results presented in Section 3.3 to 3.7 have 
shown that [18F]-fluorine exchange was rapid and complete 
between the heptafluoroanions of molybdenum and tungsten and 
[18F]-labelled hexafluorides of molybdenum or tungsten in 
acetonitrile. In view of this it was decided to investigate 
the same systems under heterogeneous (gas plus solid) 
conditions. The reactions between MF„ (M = Mo,W) and



Figure 3.4  Raman Spectra of 'a> CsMcF^ After Reaction with WF, in MeCfl 
(b) CsMoF.. and »cl CsWF.1

(a)

Ic) ---
400500700800



18MFj- F (M = M o , W ) were followed with time and their fraction 
18of [ F]-fluorine exchanged (f) was determined according to

the procedure described in Section 2.12.1. In addition
18 18to MoFj- F and WF^ F the behaviour of the WF~ anion as

its nitrosonium, N0+ , and thallium, T1(I) salts was
18investigated in the presence of [ F]-labelled uranium 

hexafluoride under the same conditions.

3.10 Reaction Between Thallium(I)Heptafluorotungstate(VI) and 
18[ F]-Fluorine Labelled Tungsten Hexafluoride Under 

Heterogeneous Conditions.

Two reactions between thallium(I )heptafluoro-
18tungstate (VI) , TIWF^ and [ F]-labelled tungsten hexafluoride

were carried out under heterogeneous conditions for
approximately 1h. A summary of the results is presented

18in Table 3.7. The specific count rate of WF^ F decreased
18after reaction in each case indicating that [ F]-fluorine

exchange had occurred. Using equation(2.7) this was found
to be partial (f = 0.20, 0.24±0.03). An increase in the
mass of TIWF^ after reaction took place in both cases
corresponding to an uptake of HF^ by the solid. Although
the extent of C^^Fj —fluorine exchange was similar in both
cases the uptake of WF^ was somewhat different (0.13±0.05 and
0.02±0.05 WF.:WF” mole ratio). This may be explained 6 7
in terms of the difference in the physical state of the 
surfaces of tiie samples. The infrared spectrum of the 
solid recorded after reaction (Figure 3.5) contained 
additional bands at vmax 710 (m), 515 (wsh) and 425 (m) crrT1.
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Figure 3.5 Infrared Spectra of (a) TlWFy ■ b) [Cu(NCMe)cJ [WFy]^ After 
Reaction with WFA and !c ) [Cu Me) J  [WFy] 0
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A possible explanation was the formation of fluorine bridged

species between TIWF^ and WF^ [138]. Figure 3.6 shows the 
13growth of [ F]-fluorine activity in TIWF^ with time.

The shape of the curve can be explained in terms of a slow 

uptake of WF^ and slow exchange of [ F]-fluorine taking 

place simultaneously, the latter being more important.

3.11 Reaction Between Copper(II)Heptafluorotungstate(V I )■ ■ 1 -| g
Pentakis Acetonitrile and [ F]-Fluorine Labelled 
Tungsten Hexafluoride Under Heterogeneous Conditions.

18Admission of [ F]-labelled tungsten hexafluoride

WFc 18F, to copper(II)heptafluorotungstate(VI) pentakis

acetonitrile, [Cu(NCMe) [WF^]2 under heterogeneous conditions

resulted after 1h in a decrease in the specific count rate

of WFj- ̂ 8F together with an increase in the mass of the solid.
The results of two reactions are summarised in Table 3.7.

18The decrease in the specific count rate of WF^ F corresponded 
to a partial exchange of [”*8F]-fluorine (f = 0.20, 0.12±0.03). 

The increase in the mass of the solid after interaction was 
equivalent to an uptake of 0.26 and 0.41±0.05 W F ^ .[Cu(NCMe)^]- 

[ W F 2 m°le ratio. The uptake of WF^ by TIWF^ (Section 3.10) 
was small as compared with the present case. This was 
probably due to the difference in the stoicheiometry of the 
two complexes. Additional bands at \>max 710 (mw) , 480 (mw) 
and 410 (mw) c m " 1 were present in the infrared spectrum of the 
solid after reaction (Figure 3.5b). Figure 3.5c represents 

the infrared spectrum of [Cu(NCMe) [WF ]̂̂  before reaction.
The possibility of a fluorine-bridged species put forward 

in the case of T1WF? can be used to account for the
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additional bands found in the present system. Figure 3.7

represents the growth of [ 18F]-fluorine activity in

[Cu(NCMe)^][WF^]£ with time. The rapid growth of the

curve can be explained in terms of a rapid uptake of WFC 18F5
1 ftfollowed by a slow exchange of [ F]-fluorine.

3.12 Reaction Between Nitrosonium Heptafluorotungstate(VI)■ jg---------------- ----------------- ----------—----------
and [ F]-Fluorine Labelled Tungsten Hexafluoride Under 
Heterogeneous Conditions.

A reaction between nitrosonium heptafluorotungstate(V I ) ,

NOWF^, (0.20±0.01 mmol) and 8F]-labelled tungsten hexa- 
18fluoride, WF^ F, (1.16±0.01 mmol) resulted in a decrease in

18the specific count rate of WF^ F after 1h of interaction

(Table 3.7). Using equation (2.7) the decrease in the
18specific count rate of WF^ F was equivalent to a partial

exchange (f = 0.23±0.03). Unlike the two previous cases
no evidence for uptake of WF^ by NOWF^ was obtained, as the
masses of the solid before and after reaction were equal

within experimental error. Therefore the solid count
18rate was due only to an exchange of [ F]-fluorine. The 

growth of [^8F]-fluorine activity in NOWF^ with time is 
presented in Figure 3.8. As there was no evidence for
uptake of WF,-18F the shape of the curve can be explained in
terms of a rapid exchange of F]-fluorine during the 
first ten minutes, without being complete, followed by a 

slower process.



Co
un
t 

rat
e 
( co

un
t 
mm 

)
Figure 3.7 Reaction of [Cu(NCMe)^][WF^]g with WF^

(Heterogeneous Conditions)

7,500 “

2500-t

403020100

Time (mini



- 78 -

183.13 Reaction Between [ F]-Fluorine Labelled Nitrosonium 

Heptafluorotungstate(VI) and Tungsten Hexafluoride 

Under Heterogeneous Conditions.

18The reaction between [ F]-labelled nitrosonium
1 8heptafluorotungstate(VI), NOWF^ F, and tungsten hexafluoride

under heterogeneous conditions was designed with the
18objective of determining whether back exchange of [ F]-

fluorine activity takes place between the heptafluoroanion,

WF” and WF^ .

[^F]-Fluorine labelled NOWF^ (0.2406 ± 0.0030 g,

0.69 ± 0.01 mmol) was prepared in situ in a double limb
vessel (Figure 2.7 ) as described in Section 3.5. Inactive
WFr (2.09 ± 0.01 mmol) was transferred to the other limb and
the reaction allowed to proceed for 1 h. After separation

of reactants the initially inactive WF& was found to be
18radioactive indicating that an exchange of [ F]-fluorine

had occurred between the reactants. A slight increase in

the mass of NOWF6 18F (0.2533 ± 0.0030 g) together with a
decrease in the amount of WF6 (1.94 ± 0.01 mmol) were observed

18
after reaction. The increase in the mass of N0WF6 F

corresponded to an uptake of 0.04 ± 0.02 mmol W F ^ .

In view of the results presented in Sections 3.12 

and 3.13 [18F]-fluorine^between WF^ and WF^ under heteroge
conditions can be accounted for by an equilibrium similar to 

that described by equation (3 . 2).

neous
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3.14 Reaction Between Nitrosonium Heptafluorotungstate(V I ) 
and [ F]-Fluorine Labelled Molybdenum Hexafluoride 
Under Heterogeneous Conditions.

18Admission of [ F]-labelled molybdenum hexafluoride,
18MoF j- F, (0 .83±0 . 02 mmol) to nitrosonium heptafluoro-

tungstate (V I ) , NOWF^, (0.59±0.01 mmol) under heterogeneous

conditions resulted in a decrease in the specific count rate 
18of MoF,- F together with a marginal increase in the mass of

NOWF^ after reaction (Table 3.8). Therefore the solid
18count rate was mainly due to an exchange of [ F]-fluorine.

18The decrease in the specific count rate of MoF.. F was5
equivalent to a partial exchange (f = 0.40±0.02). Figure 3.9

18shows the growth of [ F]-fluorine activity in NOWF^ with time.
There was a close similarity between the behaviour of NOWF^

18 18 in the presence of WF^ F and in the presence of MoF,- F .
18[ F]-Fluorine activity followed a rapid growth during the

first ten to twenty minutes then slowed considerably there-
18 18after. In addition the uptake of MoF,- F or WF,- F by 

NOWF^ was marginal in each case.

3.15 Reaction Between Caesium Heptafluoromolybdate(VI) and 
[18F]-Fluorine Labelled Tungsten Hexafluoride Under 
Heterogeneous Conditions.

Two reactions between caesium heptafluoro- 
molybdate(VI) , CsMoF^, and [ 18F]-labelled tungsten hexa

fluoride WF ^8F were carried out under heterogeneous 5
conditions for 1h. A summary of the results is presented

18in Table 3.9. The specific count rate of WF^ F decreased
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in each case corresponding to partial exchange of [18F]-

fluorine (f = 0.13, 0.15±0.03). A substantial increase in

the mass of the sample in Reaction 1 was observed. This

was equivalent to an uptake of 0.31±0.03 WF.iCsMoF moleo 7
ratio. However in Reaction 2 the uptake was marginal 

(0.03±0.03 WF6 :CsM o F7 mole ratio). The difference in 

behaviour between the two samples was probably due to the 
difference in the physical state of their surfaces. Figure

3.10 represents the growth of [ F]-fluorine activity in 

CsMoF^ with time in Reaction 1. The shape of the curve can

be explained in terms of a simultaneous process of uptake
18 18 and exchange of [ F]-fluorine between WFr F and CsMoFr,.D I

3.16 Reaction Between Nitrosonium Heptafluorotungstate(V I ), 
Thallium (I) Heptafluorotungstate(V I ) and [^^F]-Fluorine 
Labelled Uranium Hexafluoride Under Heterogeneous 
Conditions.

The results of the reactions between nitrosonium

heptafluorotungstate (V I ), NOWF^, thallium(I )heptafluoro-
18tungstate(VI) , TIWF^ and [ F]-labelled uranium hexafluoride,

UFj_^8F, under heterogeneous conditions are presented in Table
183.10. A decrease in the specific count rate of UF^ F was

observed in all cases resulting in a substantial but not
complete exchange of [ ̂ 8F]-fluorine. An increase in the

mass of NOWF^ after reaction was observed corresponding to

an uptake of 0.11 and 0.13±0.03 UF6 :N0WF? mole ratio.
However a negligeable uptake of UF^ was observed in the case
of T1WF„ (0.03±0.03 UF,:T1WF7 mole ratio). The radio-7 b (
chemical balance was low in all cases. This was due to
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the difficulty associated with the distillation of UF.6
which resulted in loss of some of the samples. Figures

1 ft3.11 and 3.12 represent the growth of [ F ] - f l u o r i n e

activity in NOWF^ and TIWF^ with time respectively. In

each case the growth of the curve can be accounted for by
18a slow exchange of [ F]-fluorine together with an uptake

of U F c ^ F .5



Co
un
t 

rat
e 
( co

un
t 
min
 
)

Figure 3.11 Reaction of NOWF., with UF?18F under Heterogeneous
Conditions vs. Time.
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CHAPTER FOUR 

HETEROGENEOUS REACTIONS BETWEEN ACTIVATED 
CAESIUM FLUORIDE. COPPER DIFLUORIDE, THALLIUM 
FLUORIDE AND [ 18F]-FLUORINE LABELLED GASEOUS 
HEXAFLUORIDES OF MOLYBDENUM, TUNGSTEN AND

URANIUM.
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4. Heterogeneous Reactions Between Activated Caesium Fluoride,
18Copper Difluoride, Thallium Fluoride and [ F]-Fluorine 

Labelled Gaseous Hexafluorides of Molybdenum Tungsten 
and Uranium.

4.1 Introduction

Cox et_. a_l. [139] claimed to have prepared the
octaflurometallate(V I ) anions of molybdenum and tungsten by
reactions between alkali fluorides namely potassium fluoride,
rubidium fluoride and caesium fluoride and gaseous hexafluorides
of molybdenum and tungsten. Their results were based only
on chemical analysis of the complexes. Sheft et. al. [140]
used [18F]-fluorine as radiotracer to show that reaction
between sodium fluoride and gaseous uranium hexafluoride at
high temperature lead to the formation of a complex corresponding
to UF^.2NaF. Later in two separate papers Katz [141] reported 6
the results of his studies involving heterogeneous reactions 
between high—surface area sodium fluoride and the hexafluorides 
of molybdenum, tungsten and uranium at elevated temperature. 
High-surface area NaF was obtained by treatment of NaF with 
hydrogen fluoride or UF^ followed by thermal decomposition of 
the adducts formed. The interaction between NaF and UFg 
at 383 K resulted in a fast and almost complete reaction 
yielding a complex of the form UF^.2NaF. Similar results 
were obtained with MoF^ and WF^ although in this case the 
reactions were slower and incomplete. These results were
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arrived at by chemical analysis and measurement of the 
dissociation pressure of the complexes.

In this chapter the results of the reactions
between activated caesium fluoride, copper difluoride and

18thallium fluoride and [ F]-labelled hexafluorides of 
molybdenum, tungsten and uranium under heterogeneous conditions 
at room temperature are presented. Caesium fluoride was 
activated by formation followed by thermal decomposition 
of its hexafluoroacetone adduct (Section 2.3). Copper 
difluoride and thallium fluoride were used without any 
treatment.

4.2 Experimental.

The reactions between activated CsF, CuF^, T1F and
18MF ' F (M = Mo, W or U) were investigated following the5

18procedure described in Section 2.12.2. [ F]-Fluorine
labelled MF, (M = Mo, W or U) were prepared as described in6
Section 2.13.2. Four different batches of activated CsF
were used. These were activated according to the procedure
described in Section 2.3. Table 4.1 shows the conditions
of activation of the batches of CsF used. Each batch was

reacted with MFj-^F (M = Mo, W or U). b



Table 4.1 Preparation of Activated CsF.

Batch No. 1 2 3 4

CsF 
(mmol)

20 20 20 20

(c f 3 )2c o
(mmol)

33 13 - 33

MeCN
(cm3 )

5 5 5 5

184.3 Reaction Between Activated Caesium Fluoride and [ F] -
Fluorine Labelled Tungsten Hexafluoride Under Heterogen

eous Conditions.

A total of eight reactions between activated 
caesium fluoride and [ 18F]-labelled tungsten hexafluoride 
were carried out under heterogeneous conditions at room 
temperature for 1h. The results of these reactions are 
presented in Tables 4.2 and 4.3. An increase in the mass 
of the solid together with a decrease in the amount of
WF 18F after reactions were observed in all cases indicating5
that uptake of WF6 by CsF had occurred. The mole ratio
WF^-iCsF calculated from the uptake was in the range 1:1 to 0.16
Table 4.3 shows that where the uptake was substantial a

18decrease in the specific count rate of WF^ F was observed
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Table A. 3 Radiochemical Balances of the Reactions Between
18Activated CsF and WF  ̂ F Under Heterogeneous 

Conditions.

Exp.
No.

Uptake of WF6
from Mass 
Balance (mmol)

Count rate of 
Reactants After 
Reaction 
(count min-^)

Sp.ct.rate of WF^ 
(count min-1 mmolM

Radiochem.
Balance

(%)

CsF wf6 Initial Final

1.46 10415 9830 6996 6687 87
±0.01 ±102 ±99 ±51 ±82

2 1.51 10092 9924 6996 6892 81
±0.01 ±100 ±100 ±51 ±84

3 0.20 4878 115770 43219 42878 95
±0.01 ±70 ±340 ±191 ±203

k 0.18 4816 78603 43219 45967 100
±0.01 ±66 ±280 ±191 ±316

5 0.27 1898 22581 11395 11462 93
±0.01 ±44 ±150 ±86 ±96

6 0.21 1158 50833 11395 11527 98
±0.01 ±34 ±225 ±86 ±58

7 1.09 10169 19279 9088 8925 100

±0.01 ±101 ±139 ±60 ±77

8 1.29 18515 18282 13913 13059 96

±0.01 ±136 ±135 ±87 ±135
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18indicating that [ F]-fluorine exchange had taken place.
Experiment No.2 was an exception where a more significant

1 8decrease in the specific count rate of WF,- F was expected.
This result can be accounted for by the relatively poor
radiochemical balance (81%) obtained. The difference in
behaviour among the different batches was reflected by the 

18growth of [ F]-fluorine activity in the solid with time.
Figures 4.1 and 4.2 represent this relationship for batches
No.4 and No.3 respectively. The two relationships were
obtained under similar conditions of specific count rate 

18of WF- F and amount of activated CsF. For batch No.45
where the uptake was found to be equivalent to 0.69±0.03 mmol

_ iWFg(mmol CsF) the solid count rate increased rapidly
initially then followed a slower process (Figure 4.1). The

18rapid growth of [ F]-fluorine activity can be accounted for in
18terms of a rapid uptake of WF,- F by CsF followed by a slower 

18exchange of [ F ] - f l u o r i n e  between the adsorbed species and
18free WF- F. However.in the case of batch No.3 where the

uptake was found to be equivalent to 0.10±0.03 mmol WF6 (mmol
CsF)~1 the solid count rate increased rapidly initially and

18levelled off thereafter. The level of [ F]-fluorine
activity was much smaller in the latter case as compared with 
the former. In the same way the initial rapid growth of 
[18F]-fluorine activity in the solid can be accounted for by 
the small uptake of WF^. Whereas the constant level of
[^F]-fluorine activity is consistent with the non-observable
18[ F]-fluorine exchange.
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18Figure 4.2 Heterogeneous Reaction Between Activated CsF and WF  ̂ F 
with Time.

18Ancillary conditions: CsF = 1.62±0.02mmol; WFC F = 4.6±0.01mmolD
Specific count rate: 11395±86 count min”1 mmol”1
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18The exchange of [ F]-fluorine between adsorbed
18 18WF,- F and free WF,- F was further demonstrated for batch

No.4 by reacting inactive WF^ with CsF which had been treated
18 iwith WF,_ F to produce radioactive solid. [ F ] - F l u o r i n e

labelled WF^ (2.77±0.01 mmol) was allowed to react with CsF
(2.02±0.02 mmol) for 1h. After removal of excess volatile

18material an uptake corresponding to 1.29±0.01 mmol WFC F wasD18observed producing a [ F]-fluorine count rate of 18515 ± 136 
-1count min . Inactive WF^ (1.11 ±0.01 mmol) was then

1 o
admitted to the vessel containing CsF.WF.- F and the reaction5
allowed to proceed for 45 minutes. After separation of
reactants both solid and volatile material were assayed for
[^F]-fluorine activity. A transfer of [ ̂ F]-fluorine
activity took place from the solid to the initially inactive

_ 1WF^ (1792±42 count min ) indicating that an exchange of 
18[ F]-fluorine had occurred. Table 4.4 summarises the

results of this experiment. A further increase in mass of 
18CsF.WF.- F was observed after reaction. This corresponded5

to an uptake of 0.17±0.02 mmol WFg.

Tabel 4.4 Reaction Between WF^ and Activated CsF Treated
1 8With WF>- F . Summary of Results.------- 5 --------------— ------------

CsF.WFc;18F (g) CsF.WF,-18F WF^ (mmol) WFg
coun't rate. count rate

Initial Final Initial Final Initial Final (count min”1

0.6913 0.7420 18515 16853 1.11 0.81 1792
±0.0030 ±0.0030 ±136 ±130 ±0.01 ±0.01 ±42



Both infrared and Raman spectra of CsF after 
reaction with WFg were recorded. However^ in most cases the 
Raman spectra were more informative than the infrared spectra 
as the latter were of relatively poor quality. The Raman 
spectra of the solids after reaction are presented in Table 4.5 
together with the literature spectra of CsWF^ and Cs2WFg [28] . 
Figures 4.3(a) and 4.3(b) represent the Raman spectra of the 
solid after reaction between CsF and WFg for batch No.1 and 
No.2 respectively. The Raman spectrum of CsWF^ (Figure 4.3(c)) 
is presented for comparison. Figure 4.4 represents the infra
red spectra of the solid after reaction between CsF (Batch No.1) 
and WFg (a), together with the infrared spectrum of CsWF^ (b). 
Examination of Table 4.5 reveals the presence of WF” species 
in batches No.1 and No. 2 as shown by the bands at 713 (vs),Ilia X
617 (w) and 442 (m) cm” "1 which were assigned to (A'), v ^ A ^ )  
and Vg (E*) modes of WF" respectively. The bands at vmax

_ i690 (m) and 688 (w) cm suggest that other species may had 
also been formed. Fluorine bridged species is a possible 
explanation although these bands were in a region higher than
that characteristic of fluorine bridged species, [138].

1 2 -  The band at v 656 (m) cm in batch No.3 suggests that WFft max °
had been formed as the only species as compared with the 
Raman spectrum of Cs2WFg [28]. Equally the infrared spectrum 
of CsF recorded after reaction with WFg (Figure 4.4 (a)) suggest 
that WFy is the species formed as shown by the band at 
610 cm-1 assigned to v3 (A*). The band at vmax 505 cm-1 
suggests the presence of a fluorine bridged species [138],



Table 4.5 Raman Spectra of CsF After Reaction With WFA
Under Heterogeneous Conditions.

Batch No. 1 2 2 3 CsWF? Cs2WFg

Uptake 
mmol WFg

1 .00 0.20 0.20 0.10 Ref [28]

mmol CsF

442 w

690 m 
716 vs

688 w 
713 vs

440 m 

617 w

711 vs

656 m

444 s 
vQ (e i )

617 vw
v2 (A.j )

716 vs
v 1 (A. 1 )

385 w 

406 w

656 vs

vs i very strong; s: strong; mi medium; w. weak; vw. very weak
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Figure 4.4



It is noteworthy that the infrared spectra of CsF (Batch No.2
and No.3) recorded after reaction with WF,. contained bands6
attributable to (CF^^CFO [125] whereas in the case of batch 
No.1 no such bands were present indicating that (CF^^CO, usually 
present after activation of CsF as (CF^)2CFO” [125], had been 
totally displaced by WF^ upon reaction with CsF.

18A. A Reaction Between Activated Caesium Fluoride and [ F]- 
Fluorine Labelled Molybdenum Hexafluoride Under 
Heterogeneous Conditions.

A total of five reactions between activated caesium
18fluoride and [ F]-labelled molybdenum hexafluoride were

carried out under heterogeneous conditions at room temperature
for 1h. Table A.6 and A.7 summarise the results of these
reactions. An increase in the mass of the solid together

18with decrease in the amount of MoF^ F after reactions were
observed in all cases. In the same way as with WF^ (Section
A .3) , ■ MoF, was taken up to various extents. The mole ratio ’ 6
MoF.:CsF calculated from the uptake was in the range 0.25:1 o
to 0.43:1. It is worth noticing at this point the difference
in uptake of MoF^ and WFg by the same batches of CsF. While 
the mole ratio WF^'.CsF calculated from the uptake for batch 
No.2 was approximately 0.20:1 that for MoFg was 0.A3.1. For 
batch No.3 the mole ratio MF6 :CsF (M = Mo,W) calculated from 
the uptake was 0.11:1 in the case of WF^ and 0.28:1 in the case 
of MoF^. These results suggest the greater affinity of activated
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Table 4.7 Radiochemical Balances of the Reactions Between
18Activated CsF and MoF  ̂ F Under Heterogeneous 

Conditions.

Exp.
No.

Uptake of MoF^
from Mass 
Balance(mmol)

Count Rate of Reactants 
After Reaction
(count min”^)

Specific Count 
Rate of MoFa_9 _ i(count min mmol )

Radio
chemical
Balance

(%)
CsF MoF6 Initial Final

1 0.53 12261 2343 23332 21300 92
±0.03 ±111 ±48 ±580 ±2751

2 0.45 10753 2104 23332 21040 86
±0.03 ±104 ±46 o00LO+1 ±3189

3 0.64 35705 100332 53707 52806 90
±0.03 ±189 ±317 ±660 ±449

4 0.57 7031 16697 15138 15042 94
±0.03 ±84 ±192 ±133 ±224

5 0.65 19890 2517 26359 20975 108
±0.03 ±141 ±50 ±674 ±2699



CsF for M o F6 as compared with WF6 . In this respect uptakes
corresponding to 1:1 mole ratio MoF^-.CsF would have been
expected for batches No.1 and No.4 as in the case of WF. .o
The difference in results was due to the experimental 
conditions used. Tungsten hexafluoride was used in a 
proportion exceeding a 1:1 combining ratio with CsF whereas 
MoF^ was used in smaller amounts.

With the exception of experiment No.4 a decrease
18in the specific count rate of MoF,- F after reaction was

18observed in all cases indicating that an exchange of [ F] -
18 18 fluorine had occurred between adsorbed MoF,- F and free MoFc F.5 5

18[ F]-Fluorine exchange was also shown to occur by reacting
inactive MoF^ with CsF .MoF,-18F . [18F]-Fluorine labelled
MoF. (0.79±0.02 mmol) was allowed to react with CsF (2.63±0.02 o
mmol) for 1h. After removal of excess volatile material an

18uptake corresponding to 0.66±0.02 mmol MoF,- F was observed 
producing a [18F]-fluorine count rate of 198901141 count min"1.
Inactive MoF. (0.63±0.02 mmol) was then admitted to the reaction6
vessel and allowed to interact with the radioactive solid for
45 minutes. After separation of reactants both solid and

18volatile material were assayed for [ F]-fluorine activity.
The initially inactive MoF^ was found to be radioactive (1611 ±
40 count min"1) while the solid count rate decreased consistent
with an exchange of [18F]-fluorine. Table 4.8 summarises the

results of this reaction. A further increase in mass
°f CsF .MoF,-18F corresponding to an uptake of 0.1110.03 mmol 5
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MoF^ was observed after reaction.

Figures 4.5 and 4.6 represent the growth of [18F]-
fluorine activity in the solid with time during the reaction 

18between MoF^ F and CsF batch No.1 and No.2 respectively.
These relationships were obtained for an equal amount of CsF

18but different specific count rates of MoF,- F. However5
the latter were scaled to the same value to enable comparison
between the two batches to be made. In each case the solid
activity followed a rapid growth initially and a slower
process thereafter. The shape of the curves can be

18interpreted in terms of a rapid uptake of MoF^ F followed
18by a slower process of [ F]-fluorine exchange. It is

18noteworthy that the difference in the level of [ F]-fluorine
activity between the two batches was smaller than that found

18in the case of WFr F (Section 4.3). This was a reflection5
18of the smaller difference in uptakes of MoF,- F by the
18different batches of CsF as compared with WF^ F.

The Raman spectra of CsF recorded after reaction
1 Rwith MoF^ F are presented in Table 4.9 together with the 

literature spectra of CsMoF^ and Rb2^oFg [28]. Figure 4.7 
represents the Raman spectrum of CsF (Batch No.2) recorded 
after reaction with MoFg18F together with that of CsMoF^ for 
comparison. The spectra suggest that more than one species 
had been formed. The bands at vmax 688 (vs), 683 (m) and 
687 (m) cm"1 were assigned to v ^ A ' )  mode of MoF" as compared 
with CsMoFy [28]. The bands in the range (593 - 629) cm"1



Table 4.9 Raman Spectra of CsF After Reaction with MoF^ Under
Heterogeneous Conditions.

Batch No 2 2 3 4 CsMoF^ Rb2MoFg

Uptake 
mmol MoFg 
mmol CsF

0.44 o 4> U> 0.23 0.29 Ref. [28]

321 w v 1Q(El )

396 w

433vw Vg(E")

596 w 593 mw

629 w 624 mw 629 s 621 w
636 vs

688 vs 683 m 687 w 687vs v 1(A')

vs: very strong; s: strong; m: medium; w: weak;
mw: medium weak; vw: very weak.



1RFigure 4.5 Heterogeneous Reaction Between Activated CsF and MoF,- F----------------   p —
with Time.

1 oAncillary conditions: CsF = 1.70±0.02mmol; MoF,- F = 0.64±0.02mmol
Specific count rate = 23332±580 count min”"' mmol”"'

15x10-

i •c
Ê
 3§ 10x10 -oo

<D
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5030

Time (min.)



18Figure 4.6 Heterogeneous Reaction Between Activated CsF and MoF,- F
with Time.

18tAncillary conditions: CsF = 1.48±0.02mmol; MoF' F = 2.80±0.02mmolz>
Corrected specific count rate = 23332±580 count min"^ mmol-1

E 10x10-

5x10 -

20

Time (mia)



Figure 4,7 Raman Spectra of CsF (Batch 2) After Reaction with
MoF, fa] and CsMoF (b) o ------------ 7 ---

500700
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suggest that species other than MoF” were present. Although 
this range was higher than that characteristic of fluorine 
bridged species [138] such a possibility cannot be ruled out.

184.5 Reaction Between Activated Caesium Fluoride and [ F] -
Fluorine Labelled Uranium Hexafluoride Under Heterogeneous
Conditions.

The reaction between activated caesium fluoride
18and [ F]-labelled uranium hexafluoride under heterogeneous

conditions at room temperature was investigated for batches No.
2,3 and 4. A summary of the results of four reactions is
presented in Tables 4.10 and 4.11. Interaction between

18activated CsF and UF,- F for 1h resulted in an increase in5
the mass of CsF together with a decrease in the amount of
U F ^ 8F. This was consistent with an uptake of UF^18F by
CsF. The mole ratio UFgiCsF calculated from the uptake
was in the range 0.13:1 to 0.26:1. A colour change from
off-white to yellow which might be due to traces of hydrolysis
of the sample was observed after reaction in all cases. A

18decrease in the specific count rate of UF,- F after reaction
was observed in the case of batches No.2 and No.4 where an
exchange of [18F]-fluorine must have taken place. However

18no significant decrease in the specific count rate of UF,- F

after reaction was observed for batch No.3. This was
18attributed to the relatively small amount of UF,- F taken up 

by CsF as compared with batches No.2 and No.4. The exchange
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Table 4.11 Radiochemical Balances of the Reactions Between
18Activated CsF and UFe F Under Heterogeneous -—  --------------------o--------------------------

Conditions.

Exp. 
N o .

Uptake of UF^
from Mass 
Balance (mmol]

Count Rate of Reactants 
After Reaction 
(count min-1)

Specific Count 
Rate of UF*
(count min ’'mmol-^)

Radio - 
chemical 
Balance 

(%)
CsF ^ 6 Initial Final

1 0.27 9656 45312 40608 35962 85
±0.04 i+ vQ 00 ±213 ±372 ±941

2 0.28 7400 25967 26733 26497 95
±0.04 ±86 ±161 ±376 ±436

3 0.25 6717 23953 26733 26913 97
±0.04 ±82 ±155 ±376 ±487

4 0.42 13429 35112 35746 32204 85
±0.04 ±116 ±187 ±469 ±464



1 g
of [ F]-fluorine was also observed during the reaction of
inactive UF^ and CsF which had been treated with UF,_18F.
18[ F]-Fluorine labelled UFg (1.59±0.01 mmol) was allowed to

react with activated CsF (1.59±0.02 mmol) for 1h. After
removal of excess volatile material an uptake corresponding
to 0.42±0.01 mmol UF^ F was observed producing a [ F]-fluorine

_ -]count rate of 13429±116 count min (Table 4.12). Inactive
UF^ (0.65±0.01 mmol) was then admitted to the vessel containing 

18CsF.UFj. F and the reaction allowed to proceed for 0.5h.
18After separation of reactants these were assayed for [ F]-

fluorine activity. A decrease in the solid count rate was
18observed while the initially inactive UFg contained a [ F]-

fluorine activity equivalent to a count rate of 931±81 count
— 1 18 min” . The transfer of [ F]-fluorine activity was

18accounted for by an exchange between adsorbed UF^ F and
gaseous UF^. A further uptake of UF^ by C s F . U F ^ 8F was
observed as shown by the increase in the mass of the solid
after reaction together with a decrease in the amount of UF^
(Table 4.12). Figures 4.8 and 4.9 represent the growth 

1ftof [ F ] - f l u o r i n e  activity in CsF with time during the reaction 
1 ftwith UFr- F for batches No.2 and Mo.4 respectively. TheseD

were obtained under similar conditions of specific count rate 
of UF,- ̂ 8F and amount of CsF. The level of [18F]-fluorine 
activity was significantly higher in the case of batch No. 4 as
compared with batch No.2 reflecting the difference in

18behaviour in terms of uptake of UF^ F between the two batches.
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18Figure 4.8 Heterogeneous Reaction Between Activated CsF and UF^ F
with Time

18Ancillary conditions: CsF = 1,53±n.02mmol; UF^ F r 1.58±0.01mmol
Specific count rate: 40608±372 count min-1 mmol”**

10* 10 -
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18Figure A.9 Heterogeneous Reaction Between Activated CsF and UF^ F 
with Time.

18Ancillary conditions: CsF = 1.59±0.02mmol; UF,- F = 1.59±0.01mmol
Specific count rate: 357A6±A69 count min"^ mmol"^
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Furthermore the initial growth of [ ̂ 8F]-fluorine activity was
faster in the case of the former as compared with the latter
indicating the greater and rapid uptake of UFr 18F in batch No.A
However in each case a continuous growth of £^8F] —fluorine
activity was observed throughout the reaction. This was
accounted for in terms of a slow exchange of [^8F]-fluorine
between the adsorbed species and gaseous UF_18F5

The Raman spectra of CsF recorded after reaction wi
18UFg F are presented in Table A.13 together with the literature

spectra of CsUF? and Cs2UFg [30]. Figure A.10 shows the
Raman spectra of CsF batch No.3 (Figure A.10(a))and batch No.A 
(Figure A. 10 (b)) after reaction with UFg 18F. Comparison of 
the spectra obtained in this work with those published suggest 
that more than one species had been formed. However in all

_ icases bands in the region 582 - 591 cm were in good agreement
/ 2 -with the < A 1g) mode of UFg and the bands in the region

623 - 629 cm-1 were assigned to the (A*) mode of UF” . The
_ iband at approximately 721 cm was due to fluorescence. The

_ iweak bands around 5A0 cm were assigned to fluorine bridged 
species although the region was higher than what was expected 
for such species [138].

18A.6 Reaction Between Copper Difluoride and [ F]-Fluorine
Labelled Hexafluorides of Molybdenum, Tungsten and Uranium 
Under Heterogeneous Conditions.

The reactions between copper difluoride and [ F]-



Table 4.13 Raman Spectra of CsF After Reaction with UF^

Under Heterogeneous Conditions.

Batch No. 2 3 3 4 CsUF? Cs2UFg

Uptake 0.20 0.14 0.13 0.27 Ref [30]
mmol UF^
mmol CsF

312 v 10(E') 321

395
444 Vg(E')

542 s 573 m 539 w

59 1m,sh 591vs,
sh

587 w 582 vs 583

629 w 631 m 623 w 622 v 1 (A' )

675 vs

721 s, 
br

vs: very strong; s : strong; m: medium, 
sh: sharp; br: broad.





labelled hexafluorides of molybdenum tungsten and uranium 
under heterogeneous conditions at room temperature resulted 
in all cases in small uptakes of MF^ (M = Mo, W or U ) by CuF^
after 1h. Furthermore a slight decrease in the specific

18count rate of MF^ F (M = Mo or U) was observed indicating
18that an exchange of [ F]-fluorine had occurred. The results 

of these reactions are presented in Tables 4.14 and 4.15.
The mole ratios MF^iCuF^ (M = Mo, W or U) calculated from the 

uptakes were in the range (0 .02-0.06)±0.05:1 for all the systems. 
The uptakes of MF^ (M = Mo,W or U) by CuF^ were also caluclated 
from the solid count rates. These were in the range 
(0.01 - 0.02)±0.02:1 for all the systems. These values
were within the limits of sensitivity of the methods used.

18The growth of [ F]-fluorine activity in CUF2 with time is
presented for MoF^^F, W F ^ ^ F  and U F ^ ^ F  in Figures 4.11, 4.12

18 18and 4.13 respectively. In the case of MoFj- F and WFj_ F
1 8the growth of [ F ] - f l u o r i n e  activity followed a rapid increase

initially then levelled off after approximately 30 minutes.
18 18However in the case of UFj- F the [ F]-fluorine activity

followed a rapid increase over the first 10 minutes then a
slower increase without reaching an equilibrium. This may

18be an indication of the greater extent of [ F]-fluorine 
exchange in the latter case as compared with the two former.
No satisfactory vibrational spectra of the solids after 
reaction were obtained although a colour change from blue to 
green was observed in the reaction between CUF2 and UF^.
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Table A. 15 Radiochemical Balances of the Reactions Between CuF^ and MF^
(M = Mo, W or U) Under Heterogeneous Conditions.

Exp.
No.

Uptake of MF^ 
from mass 
Balance 
(mmol)

Count rate of 
Reactants After 
Reaction 
(count min”1)

Specific count 
Rate of MF^ 
(count min-' 
mmol-1)

Radio
chemical
Balance

(%)
CuF^ mf6 Initial Final

1 0.13 A871 39151 508A6 A7227 91
±0.03 ±70 ±198 ±88A ±882

2 0.09 6587 27283 76025 72755 90
±0.03 ±81 ±165 ±1053 ±29A3

3 0.05 A9A 556A8 8A01A 86A10 103
±0.02 ±22 ±286 ±1A02 ±2282

A 0.02 183 51986 36531 36979 98

±0.02 ±1A ±228 ±303 ±309

5 0.03 637 38650 63718 615AA 9A

±0.02 ±25 ±197 ±810 ±752
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However this might be due to traces of hydrolysis in CuF^.

18A. 7 Reaction Between Thallium Fluoride and [ F]-Fluorine 
Labelled Hexafluorides of Molybdenum, Tungsten and 
Uranium Under Heterogeneous Conditions.

18Admission of [ F]-labelled hexafluorides of

molybdenum, tungsten and uranium to thallium fluoride under
heterogeneous conditions at room temperature resulted in all
cases in an increase in the mass of T1F after 1h indicating
that some of the hexafluorides had been adsorbed by the
solid. Furthermore a decrease in the specific count rate of
M F ^ ^ F  (M = Mo or U) was observed indicating that an exchange
of [18F]-fluorine had occurred between the solid and gaseous
MF 18F (M = Mo or U). The results of these reactions are 5
presented in Tables A. 16 and A. 17. The mole ratio MF6 *.T1F
(M = W or U) calculated from the uptakes were in the range 

(0.02 - 0.05 ) ±0 .05 : 1 . That for MoF^ was in the range 
(0.07 - 0.22)±0 .05 : 1 • The difference in uptakes among the 
hexafluorides suggested that the affinity of T1F is greater 
for M o F 6 as compared with WF6 or UFg . Figures A.1A, A. 15 and
A.16 represent the growth of [ Fj-fluorine activity in T1F

18 18 18 with time during the reaction with M o F F ,  WF^ F and UF^ F
respectviely. Although these relationships were obtained

18under different conditions of specific count rates of MFj- F 
(M = Mo, W or U) and amount of T1F qualitative information 
can be drawn from their shapes. The greater uptake of MoF6
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Table 4.17 Radiochemical Balances of the Reactions Between T1F and-j g —’
MF̂ _ p cm r Mo,W, or U) Under Heterogeneous Conditions.

Exp.
No.

Uptake of M 
from mass 
Balance 
(mmol)

F^ Count rate of 
Reactants After 
Reaction 
(count min“ )̂

Specific count 
Rate of MF^ 
(count min-i 
mmol*^ )

Radio
chemical
Balance

(%)
T1F mf6 Initial Final

1 0.41
±0.03

15409
±124

8011
±90

34445
±438

34830
±2228

104

2 0.64
±0.03

44640
±211

53383
±231

76566
±2655

65905
±1259

85

3 0.53
±0.03

48438
±220

68538
±262

133744
±1898

129317
±3721

81

4 0.08
±0.02

410
±20

17790
±133

5020
±123

5310
±43

106

5 0.05
±0.02

15311
±124

83370
±289

262367
±8884

277900
±9501

99

6 0.19
±0.02

15217
±123

19652
±140

76939
±949

72785
±2955

96

7 0.11
±0.02

7764
±88

34234
±185

63718
±1107

62244
±1181

99
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by T1F was reflected by the growth of [18F]-fluorine activity
which was rapid as compared with WF^ or UF^. Furthermore

1ftin the later stage of the reactions the growth of [ F]-
fluorine activity tended towards an equilibrium in the case
of WF^ while in the case of MoF^ or UF^ a steady growth was
observed. This was an indication of the relatively greater 

18extent of [ F]-fluorine exchange in the case of the two 
latter as compared with the former. No satisfactory 
vibrational spectra of the solids after reaction were obtained. 
However a colour change from white to brown together with a 
sintering of the solid was observed during the reaction with 
MoF^. This might be the result of some chemical reaction 
between the reactants.



CHAPTER FIVE 
REACTIONS BETWEEN THE FLUOROANIONS OF BORON, 
PHOSPHORUS, ARSENIC, ANTIMONY, NIOBIUM AND 
TANTALUM AND [18F]-FLUORINE LABELLED HEXAFLUORIDES
OF MOLYBDENUM, TUNGSTEN AND URANIUM IN ACETONITRILE.



5. Reactions Between the Fluoroanions of Boron, Phosphorus
1 g

Arsenic, Antimony, Niobium and Tantalum and [ F]-
Fluorine Labelled Hexafluorides of Molybdenum, Tungsten 

and Uranium in Acetonitrile.

5.1 Introduction

The fluoroanions of the main group elements are
widely used as counter-anions in synthetic [142] and
electrochemical studies [59]. These fluoroanions are
regarded as chemically inert. However there are
indications in the literature which suggest that this is

19 195not always the case. For example, using F and Pt n.m. 
spectroscopy, Cole-Hamilton et. al. [143] have demonstrated 
that the lability of water in aquatris(triethylphosphine) 

platinum(II) hexafluorophosphate, [Pt(H20 )(PEt^)3] [PF^]2 » 
occurs in acetone by abstraction of a fluoride from the 
hexafluorophosphate ion to give fluorotris(triethylphosphine) 

platinum(II) cation, [PtF(PEt3 )3]+ . In another example 
Wimmer and Snow [144] have shown that reaction between 
manganese pentacarbonyl halide, Mn(CO)^X, or manganese 
tricarbonyl halide, Mn(C0 )3L2X, (X = B r , L = PPlr^, PCOPh^, 
L2 = 2 ,2 '-bipyridyl) and hexafluorophosphate ion in 
dichloromethane results in the hydrolysis of the latter to 

give difluorophosphate complexes in which p0 2F 2 behaves 
as mono- or bi-dentate ligand. Clark and Jones [145] 
have shown that the B-F, P-F and As-F bond in BF^", PFg"



and AsF^ respectively is hydrolysed under acidic conditions 
(pH2) in the presence of some hard acids such as Be(II), 
Al(III), Zr(IV) and Th(IV). The latter act as catalysts in
the reaction. Abstraction of fluoride ion in BF,” has 
been shown to occur by Bassindale and Stout [146], In 

their attempt to prepare trimethylsilyltetrafluoroborate, 
Me^SiBF^, by reaction between trimethylsilylchloride,
Me^SiCl, and silver tetrafluoroborate, AgBF^, in acetonitrile 
or acetone the authors have obtained instead trimethylfluoro- 
silane, Me^SiF, and weakly coordinated boron trifluoride, 
equations (5.1) and (5.2).

Mp TMMe3SiCl + AgBF4    > Me3SiF + BF^,NCMe (5.1)

MepC0
Me3SiCl + AgBF4 --- ----- 9- Me3SiF + BF3 .OCMe2 (5.2)

Although these examples can be accounted for on
thermodynamic grounds they all involve nevertheless bond
breaking in the anion. A more convincing piece of
evidence for the fluorine bond lability of the fluoroanions
is due to Dixon and Winfield [5]. These authors have
used [ F ] - f l u o r i n e  as radiotracer to show that the B-F
bond in BF^” is labile with respect to exchange in the 

18presence of [ F ] - l a b e l l e d  boron trifluoride under homo
geneous (MeCN) conditions. Fluorine bridged species B ^ ^ "  
is thought to be the intermediate in the exchange process.



The oxidising properties of the hexafluorides of 
molybdenum, tungsten and uranium is the subject of an 
extensive study in this department. Cyclic voltametry is 
one of the methods of investigation used. This technique
employs the fluoroanions of the main group elements as 

counter-anions of supporting electrolytes. The aim of the
work presented in this chapter was to investigate systematic
ally the fluorine bond lability of some fluoroanions of groups 
VA and VB in the presence of MF^ (M = M o fW and U) under 

homogeneous (MeCN) conditions. The fluoroanions under
investigation were those of B, P, As, Sb, Mb and Ta.

18Radiotracer technique using [ F]-fluorine as the radio
tracer was the main technique of investigation used.

5.2 Experimental.

The reactions between the fluoroanions of boron,
phosphorus, arsenic, antimony, niobium, tantalum as well
as the acetonitrile adduct of arsenic, antimony and niobium 

18and [ F]-labelled hexafluorides of molybdenum, tungsten 
and uranium were carried out according to the procedure 
described in Sections 2.12.1 and 2.12.2 using a single or a 
double limb vessel. In the latter case the mass balances 
of the reactants were considered to be 100%. This was a 
reasonable assumption as the reactants were separated within 
the close system of the double limb vessel. The fluoro
anions under investIgation were used as their lithium sa_ts 
except for NbF^ which was used as [Cu NCMe ) j-] £Nb3^] 2 «
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These were prepared as described in Sections 2.2.9 to 2.2.12
18and Sections 2.2.14 and 2.2.15. [ F]-Fluorine labelled

hexafluorides were prepared as described in Section 2.13.2.
The lithium salts were extremely soluble in MeCN and their
separation required prolonged vacuum distillation of the

18solvent. However in view of the half life of [ F] -
fluorine (t1 = 110 min. [129]) distillation of the solvent 

2
was carried out over shorter periods, consequently good 
separation was not achieved. This resulted in an increase 
in the mass of these salts after reaction.

185.3 Reaction Between Lithium Tetrafluoroborate and [ F] -
Fluorine Labelled Hexafluorides of Molybdenum, Tungsten 
and Uranium in Acetonitrile.

The reaction between lithium tetrafluoroborate
in the range 0.86 - 1.21 ± 0.02 mmol, and [ ̂ F]-labelled 
hexafluorides of molybdenum, tungsten and uranium, in the 
range 0.40 - 1.08 ± 0.02 mmol, was carried out in

3acetonitrile (1 cm ) for 20 minutes. A summary of the
results is presented in Table 5.1. The reaction resulted

18in all cases in a transfer of [ F]-fluorine activity from 
18MFr- F (M = Mo, W, U) to LiBF, and a decrease in the specific5 ^

count rate of the hexafluorides. This was consistent with 
a [1^F]-fluorine exchange taking place between the reactants. 

Using equation (2.7) the exchange was found to be complete 
in all cases (f = 1). The radiochemical balances and the
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mass balances of the hexafluorides were in all cases^ 95%.
Furthermore no chemical reaction between LiBF, and MF,A 6
(M = Mo, W, U) was observed as the infrared spectra of

recorded before and after reactions were identical.
In view of these indications the reaction between BF,” andA18MF^ F (M = Mo, W, U) can be represented by equation (5.3)

BF4" + MF5 18F ----BF3 18F“ + MF5 18F (5.3)

1 RIn order to elucidate the mechanism of [ F]-fluorine
— ' 1 8  — exchange between BF, and MFC F the reaction between MF ”

h o  7
and BF^ was an obvious one to investigate. A reaction between
CsWF^ (0.875 mmol) and BF^ (0.520 mmol) in MeCN was shown by 
vibrational spectroscopy to lead to the formation of BF^” 
and WF^. The Raman solution spectrum of the reaction

_ icontained bands at v 775 and 712 cm which were assignedmax
to mode of WBg and (A') mode of WF^“ respectively.
This was consistent with the displacement of WF^ from WF^ 
by B F ^ . It was not possible to detect bands due to BF^” . 
However the infrared spectrum of the solid product of the 
reaction (Table 5.2) contained bands at \> v 1 100-1035 vs,br,lTlciX

-  1773 s, 530 m,sh and 520 m,sh cm which were assigned to 
v 3 (F2 ), v 1(A ^ ) and v4 (F2 ) modes of BF^” respectively [117].
The band at 630 vs, cm” 1 was assigned to \>3 (A^ ) mode of 
WF^” [28] . On the basis of the vibrational spectra the 
reaction between WF^ and BF3 can be represented by equation 

(5.A)
WF^” + BF3 --- » WF6 + BF4” (5.A)



Table 5*2 : Infrared Spectrum of the Solid Product of the
Reaction Between BF^ and CsWF^ in MeCN.

v (cm ) max Assignment [117, 28]

1100 - 1035 vs, br 

773 (s)

720 (m)

705 (m)

630 (vs)

530 (m, sh)

520 (m, sh)

v3 (p2 ) BFA- 

v n (A,) BF4-

9

?

 ̂ W F 7

V F2> BFV

vs : very strong, s : strong, m : medium,
br : broad, sh : sharp.



185.4 Reaction Between Lithium Hexafluorophosphate and [ F]-
Fluorine Labelled Hexafluorides of Molybdenum, Tungsten 

and Uranium in Acetonitrile.

18Admission of [ F]-labelled hexafluorides of moly
bdenum, tungsten and uranium in the range 0.39 - 1.22 ± 0.02
mmol to lithium hexafluorophosphate LiPF^, in the range

30.41 - 0.62 ± 0.02 mmol dissolved in MeCN (1 cm ) resulted
18in all cases in a transfer of [ F]-fluorine activity from

M F ^ 1^F (M = Mo, W, U) to LiPF^ and a decrease in the
specific count rate of the hexafluorides after 20 minutes

18of contact (Table 5.3) This was consistent with a [ F]-
fluorine exchange taking place between the reactants.
Using equation (2.8) the exchange was found to be complete
in all cases (f = 1). The mass and radiochemical
balances were ^ 95% in all cases. There was no evidence 
for chemical reaction taking place between LiPF^ and MF^

(M = Mo, W, U) as the infrared spectra of the former 

recorded before and after mixing were identical.
18The transfer of [ F]-fluorine activity was also

18shown qualitatively to take place between WF6 and [ F]-
labelled LiPF,. The latter was prepared following the 6
procedure described in Section 2.13.4 and dissolved in MeCN 

(1 c m ^ ). Inactive WF^ (0.70 mmol) was admitted to
LiPF ^ F  After separation of reactants WFg was radio-

5
active with a specific count rate of 68327 ± 1021 count

18min  ̂ mmol ^. In a separate experiment [ F]—fluorine
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exchange was found to be complete after 20 minutes contact
18between MoF^ and [ F]-labelled nitrosonium hexafluoro-

18 18 phosphate, NOPF^ F, in MeCN. [ F]- Fluorine labelled
NOPF^ was prepared in situ by reaction between FNO and

18PF^ F (Section 2.13.4). A summary of the results of
this reaction is presented in Table 5.4. The results
described so far allow the reactions between PF.” and MF.6 6
(M = Mo, W, U) to be written as (Equations (5.5) and (5.6).

PF6" + MF518F --- » PF518F" + MF518F (5.5)

PF,-18F” + M F . --- -^PF c 18F“ + MFC 18F (5.6)5 6 5 5

In view of these results the reaction between W F a n d
PF,- was investigated. A mixture of CsWF„ (0.75 mmol) and 

d I
PF■- (0.86 mmol) was allowed to react in MeCN. The Raman 5
spectrum of the solution and the infrared spectrum of the
solid product were then recorded. These are presented
in Figure 5.1 and Table 5.5 respectively. The Raman band 

_ -1
at v 775 cm was assigned to v. (A- ) mode of WF. while max 1 lg b

1 /those at 746 and 708 cm” were assigned to v ^ A ^ )  and (A')
mode of PFr” and WF ” respectively. The infrared bands atb (

v 830 and 560 were assigned to v~(F ) and v,(F ) modes max J lu ^ lu
of PF.” No bands due to WF ” were observed in the infrared6 I
spectrum. This may be due to the excess of PF^ used in the

_ i
reaction. Additional bands at 740 and 500 cm
could not be assigned although the latter is characteristic
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Figure 5. Raman Spectrum of the Reaction Between CsWF^ and
PFC in MeCN.
— 5_______________

WF,

WF,

i j .

800 700 600
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Table 5.5 : Infrared Spectrum of the Solid Product of the
Reaction Between PF,- and CsWF„ in MeCN. ----------------------o__________ I__________

Vmax cm” 1 ) Assignment i—
i 

i_i

830 (vs) v 3 (F1u ) PFe"

740 (w) ?

560 (m) V F1u> PF6~

500 (m) 9

vs : very strong, m : medium, w : weak



of a fluorine bridged species. On the basis of the
vibrational spectra the reaction between WF ” and PF.- can be( b
written as (Equation (5 . 7)) .

WF?" + PF5 -----»  WF6 + PF6” (5.7)

185.5 Reaction Between Lithium Hexafluoroarsenate and [ F] - 
Fluorine Labelled Hexafluoride of Molybdenum, Tungsten 
and Uranium in Acetonitrile.

The interaction between lithium hexafluoroarsenate
18LiAsF^, and [ F]-labelled hexafluorides of molybdenum, 

tungsten and uranium in acetonitrile revealed two distinct 
types of behaviour of the AsF^- anion towards the hexa- 
fluorides. The amount of LiAsF^ used was in the range 
0.39 - 0.62±0.02 mmol dissolved in MeCN (1cm^). The 
amount of hexafluorides used was in the range 0.42 - 1.33±
0.02 mmol. The results of this investigation are
summarised in Table 5.6. It was found in the case of

18 18 18 MoF,- F and WF,- F that a negligible amount of [ F]-fluorine 5 b
activity was transferred to LiAsF^. Furthermore the specific

18count rates of MF,_ F (M = Mo and W) determined before and5
after reaction were equal within experimental error indicating

18that no measurable exchange of [ F]-fluorine was observed.
18 18 However in the case of UF^ F a transfer of [ F]-fluorine

activity to LiAsF^, corresponding to complete exchange, was
observed after 20 minutes of interaction. There was no
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evidence for chemical reaction taking place between LiAsF^ 
and MF^ (M = Mo, W and U) as the infrared spectra of the 
solid recorded before and after reaction were identical.

The inertness of AsF^” towards MoF^ and WF^ was
18also demonstrated by the reaction between [ F]-labelled

18nitrosonium hexafluoroarsenate , NOAsF,- F. and MoF. .5 o
Inactive MoF^ (1.19 ±0.02 mmol) was added by vacuum

18distillation to a single limb vessel containing NOAsF^ F
(0.95 ± 0.02 mmol) which had been prepared iri situ by reaction

18between FN0 and AsF^ F and dissolved in MeCN. The starting
count rate of N0AsF,_^F was 32533 ±180 count min- ”' . After5
20 minutes of contact the reactants were separated and counted 

18for [ F]-fluorine activity. Less than 3% of the original
18activity of NOAsF,- F was transferred to MoFg.

In view of these results the reaction WF^-and AsF,-7 5
18was investigated by Raman spectroscopy and by using [ F]- 

fluorine radiotracer technique.

Caesium heptafluorotungstate (1.10+ 0.01 mmol) was
3dissolved in acetonitrile (1 cm ) and AsF^ (0.75 +0.02 mmol) 

was added by vacuum distillation. The mixture was warmed
to room temperature and its Raman spectrum recorded.
After removal of volatile material the Raman spectrum of the 
solid product of the reaction was recorded. These spectra 
are shown in Figure 5.2. The bands in the Raman solution 

spectrum (Figure 5.2 (a)) at ^max 777> 714 and 684 cm were
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assigned to m°de of WF^, (A ^ ) mode of WF^” and
v-|(A1g) mode of AsF6~ respectively. The bands in the Raman
spectrum of the solid product at v 715 and 689 cm weremax
assigned to ^.(A') mode of WF ” and v (A, ) mode of AsF ”1 1  / 1 1g 6
respectively. From the Raman spectra described above the 
reaction between WF^ and AsF,- can be written as follows 
(Equation 5.8)

WF^ + AsF̂ - --- =» WFg + AsF^” (5.8)

where WF^ is displaced from WF^“ by AsF,-. This reaction
18was followed with time by using AsF- F and CsWF„ in MeCN.5 71 g

The growth of [ F]-fluorine activity in solution with time is
presented in Figure 5.3. This was rapid initially then
followed a slower process. The continuous growth of [ F]-
fluorine activity was attributed to the formation of AsFr-.NCMe5
and its reaction with WF^” following equation (5.8).

1 85.6 Reaction Between Lithium Hexafluoroantimonate and [ F]- 
Fluorine Labelled Hexafluoides of Molybdenum, Tungsten 
and Uranium in Acetonitrile.

18Admission of [ F]-labelled hexafluorides of molybdenum,
tungsten and uranium in the range 0.68 - 2.16 ± 0.02 mmol to
lithium hexafluoroantimonate)LiSbFg,in the range 0.44 - 0.56 ±

30.02 mmol in acetonitrile (1 cm ) resulted in all cases in a
18negligible transfer of [ F]-fluorine activity to the latter.
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18The specific count rates of MF^ F (M = Mo, W, U) before and

after reactions were in all cases equal within experimental
error. Furthermore the mass and radiochemical balances
were in all cases  ̂95% (Table 5.7). A change in colour
in the solution from clear yellow to brown was observed during

18the reaction between LiSbF, and UF._ F. This was consistent6 5
18with polymerisation of MeCN initiated by attack of UF^ F [23] . 

However when using inactive UF^ the solution of LiSbF^ in MeCN
stayed clear for a longer period. The attack of MeCN by

18 18 UFj. F may have given rise to the [ F]-fluorine activity left
in the solid LiSbF^ after separation.

Taking into consideration these results SbF^” anion

seemed to be more inert than BF^~, PF^” or AsF^- as far as
18 18 exchange of [ F]-fluorine activity in the presence of MF^ F

(M = Mo, W,U) is concerned.

A reaction between CsWF- (0.59 ±0.01 mmol) and SbFc .7 5
NCMe (0.95 ±0.01 mmol) in MeCN resulted in the formation WF^
and SbF,” as shown by the Raman spectrum of the solution and o
the infrared spectrum of the solid product. The Raman

- 1spectrum contained bands at \>ma 111 and 660 cm assigned to
v„(A„ ) modes of WF, and SbF,” respectively. The infrared 

1 1g  o o

spectrum contained one band at which was assigned

to v3 f̂ -|U  ̂ mode of sbF6~*

On the basis of the vibrational spectra the reaction

between WF ~ and SbF- can be presented as (Equation 5.9)7 b
WF7” + SbF,-  WF6 + SbF^’ (5.9)
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in which WF^ is displaced from WF^” by SbF^.

5.7 Reaction Between Lithium Hexafluorotantalate and
Copper (II) Hexafluoroniobate Pentakis (Acetonitrile)

18and [ F]-Fluorine Labelled Tungsten Hexafluoride in 
Acetonitrile.

The results of two reactions between lithium hexa-
fluorotantalate, LiTaF^, and copper(II) hexafluoroniobate
pentakis (acetonitrile), [Cu(NCMe) [Nb^] 2 > and [1®F]-labelled
tungsten hexafluoride in acetonitrile are presented in Table

185.8. In each case a transfer of [ F]-fluorine activity
from WF 1^F to MF^- (M = Nb, T a ) was observed. This was 5 b
accompanied by a decrease in the specific count rate of

A O *13WF,- F after reaction indicating that an exchange of [ F]-5
fluorine had occurred between the reactants. The exchange
was complete in each case. The infrared spectra of the
fluoroanions recorded before and after reaction were
identical. Hence from the results presented above the

18reaction between MF6" (M = Nb , Ta) and WF5 F can be written 
as follows (Equation (5.10)).

MF6" + wf518f ---~ mf518f + WF518F (5.10)
(M = Nb, Ta)

i
!
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5.8 Reaction Between Acetonitrile Adducts of Antimony,
18Arsenic and Niobium Pentafluoride and [ F]-Fluorine 

Labelled Tungsten Hexafluoride in Acetonitrile.

In view of the results presented in Sections 5.3 to
5.7 it was of interest to examine the behaviour of some of
the parent fluorides of the fluoroanions in the presence of
tungsten hexafluoride . Table 5.9 summarises the results
of the reactions between acetonitrile adducts of antimony,

18arsenic and niobium pentafluorides and [ F]-labelled tungsten
hexafluoride in acetonitrile. The results obtained showed
that SbFf-.NCMe was inert as compared with AsF_.NCMe or b a

18NbF^.NCMe as far as [ F]-fluorine exchange is concerned.
18This was reflected by the small amount of [ F]-fluorine

18activity transferred from WF^ F to the former as
compared with the two latter. Furthermore the specific

18count rate of WF,_ F after reaction with SbF^ was within 
experimental error equal to that before reaction. However

in the case of AsF,- or NbFc the specific count rate showedb b 18a decrease after reaction indicating that a [ F]-fluorine 
exchange had taken place between the reactants. The fraction 
exchanged was close to unity in both cases. The radiochemical 
and mass balances were ^ 95% in all cases and there was no 
evidence for chemical reaction taking place as the infrared 
spectra of the adducts recorded before and after reactions 

were identical.
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CHAPTER SIX
REACTIONS BETWEEN TRIS(DIMETHYLAMINO)SULPHONIUM 
DIFLUOROTRIMETHYLSILICATE AND HEXAFLUORIDES OF 
MOLYBDENUM, TUNGSTEN, BORON TRIFLUORIDE 
PHOSPHORUS PENTAFLUORIDE AND [18F]-FLUORINE 

LABELLED TRIMETHYLFLUOROSILANE IN ACETONITRILE.



Reactions Between Tris(dimethylamino)sulphonium
Difluorotrimethylsilicate and the Hexafluorides
of Molybdenum and Tungsten, Boron Trifluoride,

18Phosphorus Pentafluoride and [ F]-Fluorine

Labelled Trimethylfluorosilane in Acetonitrile.

In this chapter Tris(dimethylamino)sulphonium 
difluorotrimethylsilicate will be referred to by TAS+F .

6.1 Introduction.

TAS+F~ [113] is a potential source of soluble fluoride 
of high anionic reactivity. For example TAS+F has been 
reacted with carbonyl fluoride to give tris(dimethylamino) 
sulphonium trifluoromethoxide, TAS+CF30 ” , the crystal 
structure of which has been determined [7]. TAS+F~ 
has also been used for a variety of other purposes.
Fluoride ion from this salt and other tris(dialkylamino) 
sulphonium difluorotrimethylsilicate has been used to 

cleave Si-0 [147,148] and Si-C=0 [148,149] bonds and to 
prepare other sulphonium salts with high nucleophilic 
reactivity, including fR^N} 3 S+ enolates [150] and phenoxides 

[151] .

In this short investigation an attempt was made to 
prepare the heptafluoroanions of molybdenum and tungsten, 
the hexafluoroanion of phosphorus and the tetrafluoroanion 
of boron with a soluble organic cation as an alternative 
to the nitrosonium and lithium cations. The lability
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with respect to exchange of the Si-F bond in TAS+F” was
1 ftalso examined in acetonitrile in the presence of [ F]-

1 ftlabelled trimethylfluorosilane, Me^Si F.

6.2 Experimenta l .

TAS+F and Me^SiF were prepared by literature
methods (Sections 2.2.6 and 2.2.7 respectively). The
reactions between TAS+F“ and MoF. , WF. , BF^ and PF,- were6 7 6 7 3- 5
examined by infrared spectroscopy whereas the reaction

+  —  18 between TAS F and Me^Si F was examined according to the
procedure described in Section 2.12.1. Due to the high
solubility of TAS+F” in MeCN prolonged vacuum distillation
of the solvent was necessary for the separation of the salt.
However in view of the half life of [ ̂ F]-fluorine (t-L = 110

2

min [129] ) distillation of the solvent was carried out over 
shorter periods, consequently good separation was not 
achieved. This resulted in an increase in the mass of 
the salt after reaction.

6.3 Reaction Between Tris(dimethylamino)sulphonium 
Difluorotrimethylsilicate and the Hexafluorides of 
Molybdenum and Tungsten in Acetonitrile.

The reaction between TAS+F” and the hexafluorides 
of molybdenum or tungsten was carried out in a double-limb 
vessel in acetonitrile. TAS+F ” (0.5 mmol) was loaded in 
the previously evacuated and flamed-out reaction vessel in
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the glove-box, transferred to the vacuum line and re- 
evacuated. Acetonitrile (3 cm ) and MoF^ (0.7 mmol) or 

WF^ (0.7 mmol) were added successively by vacuum distillation. 
The reaction vessel was warmed to room temperature and the 
reaction allowed to proceed for 0.5 h. After removal of 
the volatile material a brown viscous liquid was isolated 
in each case. The infrared spectra (thin film) of the 
reaction products were complicated by the organic fragment 
of TAS F . However in each case an additional strong
band at approximately 620 cm" was observed. This was 
consistent with the v3 (A*) of MoF^” and WF,-,” . No further 
characterisation of the reaction product was attempted.

6.4 Reaction Between Tris(dimethylamino)sulphonium
Difluorotrimethylsilicate and Boron Trifluoride and 
Phosphorus Pentafluoride in Acetonitrile.

The reaction between TAS+F” and boron trifluoride 
or, phosphorus pentafluoride was carried out in a double
limb vessel in acetonitrile. TAS+F” (0.6 mmol) was loaded 
in the previously evacuated and flamed-out reaction vessel
in the glove box, transferred to the vacuum line and re-

3evacuated. Acetonitrile (3 cm ) and BF3 (0.6 mmol) or
PF,. (0.6 mmol) were added successively by vacuum distillation, b
The reaction vessel was warmed slowly to room temperature 
and the reaction allowed to proceed for 0.5 h. After 
removal of the volatile material a colourless solid was
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isolated in each case. The infrared of the solid obtained 
from the reaction between TAS+F“ and BF^ contained bands in 
particular at 1090 (vs, br ), 770 (m), 530 (s,sh) and 525luCiX

_ “I
(s,sh) cm assigned to v3 (F ^ ) , and (F^) modes

of BF^ respectively. The infrared spectrum of the gas 
phase after reaction contained bands characteristic of 
Me^SiF. According to the infrared spectra obtained 
the reaction between TAS+F~ and BF^ can be written as 
follows (Equation 6.1)

(Me0 N)S+We-SiFl + BF~ ---» (Me0 N )S+BF,~ + Me^SiF (6.1)

The infrared spectrum of the solid obtained from
the reaction between TAS+F~ and PF,_ contained bands in

_ 1particular at v 840 (vs) and 560 (m) cm assigned to max
(F„ ) and v, (F. ) modes of PF^.- respectively. The 3 1u 4 1u o

infrared spectrum of the gas phase after reaction contained 
bands characteristic of Me^SiF. In view of the infrared 
spectra obtained the reaction between TAS+F” and PF^ can be 
written as follows (Equation 6.2)

(Me2 N^S+Me3SiF2” + PF^ ---^  (Me*N)^S+PF6” + Me3SiF (6.2)
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6.5 Reaction Between Tris(dimethylamino)sulphonium
18Difluorotrimethylsilicate and [ F]-Fluorine Labelled 

Trimethylfluorosilane in Acetonitrile.

A reaction between TAS+F (0.25 ± 0.01 mmol) and
[ ̂ F]-labelled trimethylfluorosilane, Me^Si^F, (0.35 ±

180.03 mmol) resulted in a transfer of [ F]-fluorine activity
to TAS+F” and decrease in the specific count rate of

18 18 Me^Si F. This was consistent with an exchange of [ F]-
+ 18 fluorine between TAS F” and Me^Si F. Using equation

(2.8) the fraction exchanged was found to be 1 corresponding
to complete exchange. A summary of the results of this
reaction is presented in Table 6.1. In view of this

+ — 18 result the reaction between TAS F“ and Me^Si F can be

written as follows (Equation 6.3)

(Me2N )S+Me3S iF 2 ‘  + Me3S i 18F    (M e ^ S + M e - jS iF ^ F  + Me3S i 18F

(6.3)
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CHAPTER SEVEN 
DISCUSSION
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7. DISCUSSION.

7.1 Fluorine Bond Lability of the Fluoroanions of Boron, 
Phosphorus, Arsenic, Antimony, Niobium and Tantalum.

Two distinct'types of fluorine exchange behaviour
have been shown to exist among the fluoroanions of boron,
phosphorus, arsenic, antimony, niobium and tantalum. The

18results presented in Chapter 5 indicate that complete [ F]-
fluorine exchange occurs between tetrafluoroborate or hexa-

18fluorophosphate anions and [ F]-labelled hexafluorides of
molybdenum, tungsten and uranium in acetonitrile (Sections

185.3 and 5.4). Complete [ F]-fluorine exchange also occurs 
between hexafluoroniobate or hexafluorotantalate anions and

WFp-^F under the same conditions (Section 5.7). In contrast5
hexafluoroarsenate and hexafluoroantimonate anions show
complete inertness under the same conditions (Sections 5.5

18and 5.6) although complete [ F]-fluorine exchange occurs
18between AsF^” and UFj- F .

Two mechanisms can be used to account for the
exchange between BF^ , and MF^ F (M = Mo, W and U) or

18between NbFg , TaF^ and WF^ F.

The first (Mechanism 1) involves a reversible 
dissociation of the fluoroanion into its parent fluoride and 
F~ (Step (i)). This is followed by transfer of F“ to MF^

Mechanism (1).
(i) AFn" AFn_ r MeCN + F“

Cii) MF6 + F“ MF?"

(A = B, n = 4; A = P,Nb or Ta, n = 6; M = Mo,W or U
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giving MF^ through an equilibrium (Step (ii )) in which the 

rate constant (k^) of the forward reaction is smaller than 
that of the reverse reaction (k^<<k ^).

Step(i) is similar to that proposed by Gillespie 
£t.al_. [152] to explain the fluorine exchange of silver tetra- 
fluoroborate in MeCN. During their investigation the authors
observed that at high temperature the separate peaks arising

11 10 from the coupling of fluorine on [ B]-boron and [ B]-boron
collapsed to yield a single sharp peak which they took as
evidence for rapid fluorine exchange among boron atoms.
Furthermore the much faster fluorine exchange observed when
BF^ was added to BF^~ led the authors to suggest a mechanism
involving a slight dissociation of BF^~ into BF^ and F” . In
the present study the exchange reactions were carried out at
room temperature and it is therefore likely that the rate
constant of the dissociation of BF^” is much smaller. However
this possibility can not be ruled out.

An alternative mechanism (Mechanism 2) involves a 
fluorine bridged species formed between the fluoroanion and 
the hexafluoride (step (i)) followed by transfer of the

Mechanism 2.

AFn_ + MF6 [Fn_iA— F—  MF6]" 44±: AFn_ r NCMe + MF?"

(A = B, n = 4; A = P,Nb or Ta, n = 6; M = Mo,W or U)

bridging fluorine to leading to the short lived species
MF^“ (Step (ii)) through an equilibrium which is shifted
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towards the thermodynamically more stable AFn ” species.

Fluorine bridging species involving group VA and VB
fluoroanions are well documented. For example Brownstein [86]
has provided strong evidence for the formation of fluorine
bridging complexes between NbF ~ or TaF.” and AsF^ or SbF,-b o  5 b
in solution. These consist of two octahedra joined by a
fluorine bridge through the corners. Fluorine bridging species
have also been determined in the solid state for SF *BF,” and3 A
SF3+A s F6“ [57] and for N b ^ ^ ” and Ta2F l1“ [87]. It is 
therefore reasonable to assume that such species are likely 
to form between the fluoroanions under investigation and MF^
(M = Mo, W and U). Evidence for step (ii) is given by the 
reaction between BF^ or PF^ and CsWf̂ , in MeCN (Equations (5.A) 
and (5.7) respectively) where the formation of BF^“ and

WF?" + BF3  ^  WF6 + BF^" (5. A)

WF?" + PF5 ----- ^  WF6 + PF6“ (5.7)

PF^_ has been shown by infrared and Raman spectroscopy to occur 

in MeCN.

No direct evidence has been obtained in the present 
study to enable identification of the mechanism responsible 
for the fluorine exchange behaviour of the fluoroanions under 

the conditions used.

It is not easy to rationalise the difference in 
behaviour between UF^ and MoFg or WF^ in the presence of AsF^"
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however, this is consistent with the higher fluoride ion 
affinity of UF^ (-2586 kJmol” ^[153] ) as compared with that 

of WF^ (-2271±29 kJmol  ̂[193) o p M o F^. The fluoride ion 
affinity of MoF^ is not known but the results presented later 
in this chapter are consistent with it being smaller than that 
of WF6 .

A difference in fluorine bond lability with respect
to exchange has also been shown to exist among AsF^.NCMe,
NbFj_flNCMe and SbF^.NCMe in the presence of W F ^ ^ F  in MeCN.

18While the two former show complete [ F]-fluorine exchange
SbF^.NCMe is completely inert under the same conditions
(Section 5.8). The lability of As-F bond in AsF,- is
unexpected in view of the inertness of AsF^"" under similar

18conditions. The exchange of [ F]-fluorine between AsF,- or5
18NbF<- and WF^ F can be accounted for in terms of a mechanism 

(Equation 7.1) involving a fluorine bridged species

AFC + WF, 5 6 f 4a --f --w f 6 [AF4 (NCMe)2] + + WF?' (7.1)

(step (i)) followed by reversible dissociation of AsF^, step (ii)
in which the equilibrium is thermodynamically favoured to the
left. Kolditz and Beierlein [154] claimed to have shown that
AsF^.NCMe dissociates in MeCN into [AsF^(NCMe )̂ ]+ and AsF^“ .
However this result was later challenged by Tebbe and Muetterties
[50] who found no evidence for ionisation of AsF^.NCMe or
SbF^.NCMe and argued that KolditzTs result was due to hydrolysis 5
of AsF,-.NCMe. Because of the inertness of SbFc .NCMe it is 5 3
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unlikely, although not to be ruled out, that hydrolysis is the
18major cause of the [ F]-fluorine exchange found in the present 

work. Ionisation of NbF^.NCMe in MeCN into [NbF^(NCMe)2]+ 
and NbF^” has been reported by Moss [8A] and is therefore a 
possible intermediate in the mechanism of fluorine exchange 
proposed above.

There is a close similarity between the exchange 
behaviour of the fluoroanions investigated and the Lewis
acidity in terms of fluoride ion affinity of their parent
fluorides. A survey of the literature (Table 1.1 and 
references therein) reveals a Lewis acidity in terms of 
fluoride ion affinity of the parent fluorides in the order

SbFc > AsFc > PFC > BF3 > NbFc ~  TaFc5 5 5 3 5 5
The inertness of SbF^“ as compared with the fluoroanions of
As, P, B, Nb and Ta can be argued as being due in part to the
stronger Lewis acid centre, Sb^,

18It has not been possible, using [ F]-fluorine as 
radiotracer, to differentiate the exchange behaviour among 

the fluoroanions of P, B, Nb and Ta.

In a radiotracer study Dixon and Winfield [5] have
18 — reported the lack of [ F]-fluorine exchange between AsF^~ and

AsF, ̂ F  or between BF,“ and BF0 1^F under heterogeneous conditionsif T d.
18at room temperature. However [ F]-fluorine exchange has
—  18been found to occur between F^CG” and FFCO under the same 

conditions. All fluoroanions were prepared in situ by 
reaction between activated CsF and the corresponding Lewis
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fluoride. In this case anion-cation interaction rather 
than the Lewis acidity of the parent fluoride must be taken 

into consideration to account for the results obtained by the 
authors. Electrostatic effects between the relatively large 
Cs+ cation and the anions are likely to result in stronger 
fluorine bonds in the anion as result of which their lability 
with respect to exchange is inhibited. In this respect F^CO” 
is expected to be inert. However an x-ray crystal determin

ation of [(Me^N)^S] [OCF^] f7] indicates that all fluorine 
atoms are equivalent but that the C-F bonds are weaker than
expected. This has been rationalised on the basis of negative

18fluorine hyperconjugation. As a result, [ F]-fluorine
_  -j Q

exchange between F^CO and FFCO is likely to occur more 
readily as compared with the two other systems.

7.2 Fluorine Bond Lability of the Heptafluoroanions of 
Molybdenum and Tungsten.

The heptafluoroanions of molybdenum and tungsten are 

well characterised in the solid state [28,29 ] and the 
existence of WF^“ in solution is well established [31].
However no evidence for the existence of MoF^~ in solution is 
available in the literature. The results presented in 
Section 3.8 have shown for the first time that reaction between 
caesium fluoride and molybdenum hexafluoride in acetonitrile 
leads to the formation of MoF^” the symmetry of which is 
assigned as D5 h . Similar experiments have also confirmed
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the existence of WF^~ in MeCN by reaction between CsF and 

tungsten hexafluoride, the symmetry of WF^" being similar to 
that of MoF^"".

The results obtained in Chaper 3 have shown that
18rapid and complete exchange of [ F]-fluorine occurs between

heptafluorotungstate ion, WF^“ , with Cu^+ , Tl+ or N0+ as
18counter cation and [ F]-labelled hexafluorides of molybdenum

or tungsten (Sections 3.3 to 3.5) in acetonitrile at 293 and
253 K. The nature of the cation appears to have no effect

18on the exchange. Complete exchange of [ F]-fluorine also
18occurs between caesium heptafluoromolybdate (V I ) and WFj- F in 

MeCN (Section 3.9).

Two mechanisms can be considered to explain the
18 —[ F]-fluorine exchange between MF^” (M = Mo and W) and

MF.-18F (M = Mo and W) in MeCN.5
The first (Dissociative mechanism 1) involves a 

reversible dissociation of MF^~ (Step (i )) into MF^ and F” 
followed by transfer of F~ to M'F^ (Step (i i )) resulting in

Dissociative mechanism 

(i) MF?~ MF6 + F“

(ii) M'F6 + F" M'F^,

CM/ = M = Mo or W)

the formation of m 'f ^. Reversible decomposition of WF^" 

into WFA and F“ (Step (i)) has been reported to occur in
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MeCN by Bougon et.al.. [36]. Using 19F and 183W n.m.r.

techniques the authors have used the absence of the 1^F-183W 
satellite together with the narrow resonance, 5-142 ppm with 
respect to CFCl^, as arguments to support their conclusion. 
However it is not unlikely that this evidence no longer apply 
to the present case as WF^ is added to WF^“ in MeCN where 
exchange between the two reactants is taking place. Prescott 
et.al. [31] have shown that addition of WF^ to TIWF^ in MeCN 
results in a shift of the n.m.r signal to a lower applied 
field. The authors have observed only one signal indicating 
rapid exchange between WF^“ and WF^. Further evidence for 
the decomposition of WF^ is given by the observation (Section 
3.3) that, when dissolved in MeCN, TIWF^ decomposes giving 
a small precipitate presumed to be T1F which redissolves when 
WF^ is added.

Evidence for step (ii) can be inferred from the
reaction between CsWF^ and MoF^ or between CsMoF^ and WF^ in

MeCN (Sections3.7 and 3.9 respectively). In each case the
Raman spectrum of the solid after reaction shows bands
attributable to MoF^- (Figure 3.3) and WF^“ (Figure 3.4)
consistent with the displacement of complexed WFg and MoF^ by free
MoF^ and WF^ respectively. It is interesting to note that
the extent of displacement of complexed MoF^ by free WF^ in
CsMoF^. is much greater than the displacement of complexed
WF^ bv free MoF^ in CsWF„. This result is consistent with 6 J 6 (

the greater fluoride ion affinity of WF^ as compared with that 
of MoF^. The fluoride ion affinity of MoF^ is not known.
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However the result obtained in the present study suggests 

that it is smaller than -2271±29 kJmol~1 which is the value 
determined for the fluoride ion affinity of WF^ [19].

18The exchange of [ F]-fluorine between MF^~
(M = Mo and W) and M F ^ ^ F  (M = Mo and W) can equally be 

interpreted in terms of an associative mechanism (2) which 
involves the formation of a bridged fluorine species as an

Associative mechanism (2)

MFy~ + M'Fg l i k  [FgM— F— M fFg ]" JiiA MFg + M'F “

(M' = M = Mo or W)

intermediate (Step (i)). This step is followed by the transfer 
of F to M'F^ giving M ;F^” and free MF^ (Step(ii)). Fluorine 
bridged species between WF^~ and WF^ is believed to form in the 
solid state after heterogeneous reaction (Section 3.10) and it 

is likely that such species exist under homogeneous conditions 
(Step (i ) ) . Evidence for step (ii) is as presented above.

Although the dissociative mechanism (1) fits better 
the experimental observations made in this work these can not 
be considered as direct evidence. Because of the lack of 
such evidence no definite conclusion can be drawn as to which 
mechanism is the more likely to operate under the conditions 

u s e d .
18Partial exchange of [ F]-fluorine has been found 

to occur between AWFy (A = Cu^+ , T1 and N0+ ) and M F ^ ^ F
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(M = Mo, W and U) or between CsMoF,, and WF._18F under hetero-1 D
geneous conditions after 1h of interaction (Sections 3.10 to 
3.12 and 3.15 respectively). The partial exchange is also 
reflected by the slow growth of [ F]-fluorine activity in 
the solid with time (Figures 3.6 to 3.12).

18The partial exchange of [ F]-fluorine between
AWF7 (A = Cu2 + , Tl+ and N0+ ) and MF5 18F (M = Mo, W or U) or

18between CsMoF^. and WF^ F is best accounted for in terms of an 
associative mechanism (3) involving a fluorine bridged species 
as intermediate (Step (i))

Associative mechanism (3)

MF?' + m 'f 5 [f 6m ~ F — m 'f 6] ‘ MF6 + m 'f 7"

_ T
followed by transfer of F~ to M F^ resulting in a displacement 
of MF^ from MF^” (Step (ii)). Evidence for step (i) is 
given by the reaction between [Cu(NCMe) [WFy]^ or TIWF^ and 
WF^ under heterogeneous conditions (Section 3.10). In each case 
additional bands consistent with a fluorine bridged species [138] 
were observed in the infrared spectra (Figure 3.5) of the solids 
after reaction. This is further supported by the slight 
increase in the mass of the solids after reaction corresponding

2 *+■ “f*to an uptake of WFg by AWF^ (A = Cu or T1 ) was observed
(Table 3.7). The displacement of complexed MFg by free MF^
in step (ii) is supported by the results of the reaction
between [^F]-labelled nitrosonium heptafluorotungstate and
inactive WF^ under heterogeneous conditions (Section 3.13).6
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18After reaction some [ F]-fluorine activity was found in WFr6
18indicating that complexed WF<- F must have been displaced to

a small extent by free WF^. In view of this result it was
hoped to show, using Raman spectroscopy the displacement of
complexed MoF^ in CsMoF^ by WF^ under heterogeneous conditions.
However the Raman spectra of the solid recorded before and after
reaction were identical. This is not surprising in view

18of the partial exchange of [ F]-fluorine reflecting the small 

amount of MoF^ displaced which is probably below the sensitivity 
of the spectroscopic method.

18It can be argued that the partial exchange of [ F]-
fluorine between M F ~  (M = Mo or W) and M F ^ ^ F  (M = Mo, W or U )I D
under heterogeneous conditions is in part due to the electrostatic
forces existing between the cations and anions. These forces
are restricting the mobility of MF^“ ion hence rendering the
process of exchange slow and incomplete. Such forces are very
small or non-existent in solution where the mobility of MF^”

18is easier resulting in more chances of [ F]-fluorine exchange
with MF c 18F.5

The results of the reactions between [Cu(NCMe)^]-
1 g

[WF^]^, TIWF^ or NOWF^ and WF^ F under heterogeneous conditions
show a difference in behaviour among the complexes in terms of
[18F]-fluorine exchange and uptake of WF^. Although the
uptake of WF6 by W F ^  is greater in the case of [CutNCMe^]-

[WF^]^ (0.26, 0.4110.05 WF^:WF^“ mole ratio) as compared
with TIWF^, or NOWF^ (0-0. 1310.05 WF^:WF^“ mole ratio) the 

1 8fraction of [ F]-fluorine exchanged per fluorine atom is
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smaller in the former case (f = 0.20,0.12+0.03) as compared

with that of T1WF? (f = 0.24,0.2Q±0.03) or N0WF7 (f = 0.23±
0.03) (Table 3.7). The difference in behaviour among these

18complexes is also observed in the growth of [ F]-fluorine
activity in the solid with time (Figures 3.6 to 3.8). The

18rapid growth of [ F]-fluorine activity during the first five 

minutes in the case of [Cu fNCMe) c] [WF,,]« is consistent witho ( cL

the greater uptake of WF^ while in the two other systems this
process is less pronounced.

The difference in exchange behaviour among these 
systems can be accounted for in terms of the relativ.ely larger

2 “f*Cu(NCMe)^ + cation size as compared with that of Tl+ or N0+ . 
The anion-cation Interaction together with the steric effects 

are likely to affect more the exchange between [Cu(NCMe)^]- 
[WF?]2 and WFg.

7.3 Reaction of Activated Caesium Fluoride, Thallium
18Fluoride and Copper Difluoride with [ F]-Fluorine 

Labelled Hexafluorides of Molybdenum, Tungsten and

Uranium.

The reactions between activated caesium fluoride
18and [ F]-labelled hexafluorides of molybdenum, tungsten and 

uranium under heterogeneous conditions at room temperature 
have resulted in an uptake of the hexafluorides by activated 
CsF to various extents as shown by the increase in the mass 
of the solids after reaction (Table 4.2, 4.6 and 4.10). The
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uptake of MF^ by CsF is related to the activation process.
When CsF was activated using excess hexafluoroacetone (Batch 
No.1) the uptake was significant in all cases reaching a 
1:1 mole ratio in the case of WF^ (Table 4.2). However when 
less (CF^^CO was used, the uptake of MF^ decreased substantially 
(Batch No.2). The uptake of MF^ decreased further when no 
(CFb ^ C O  was used (Batch No.3).

Activation of CsF by formation followed by thermal 
decomposition of its 1:1 adduct with ICF^^CO is known to 

increase its surface area [122(a), 123] and its reactivity 
[122(b)], It has been argued [5] that the increase in the 
surface area of CsF is due to a reduction in its particle size 
and to the meso- or macro-porous structure produced after 
thermal decomposition of the adduct. The results obtained 
in the present study show that the reactivity of CsF in terms 
of uptake of MF^ (M = Mo,W and U) and most probably its 
surface area are closely related to the amount of (CF^^CO 

used. The same results emphasise the importance of the 
formation of the Cs+0CF(CF3 )2 adduct in the activation process.

13The decrease in the specific count rate of MF^ F
(M = Mo, W and U) observed after reaction with CsF indicates

1ft 18that a [ F ] - f l u o r i n e  exchange had occurred between MF^ F and
18the solid. The [ F]-fluorine exchange can be considered 

to take place according to different models.
18Model 1 : In which [ F]-fluorine exchange can be

18considered as a result of complete exchange between MF^ F
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(M = Mo, w and U) and all the fluorine atoms available on the 

solid. In this case Sm, in equation (2.7), corresponding 
to total exchange is determined as follows

n^m^+n^m^

where A (count min”'1 ) is the initial count rate of M F ^ ^ F :  u 5
n^ the number of exchangeable fluorine atoms in MF^ (n^ = 6); 
m^ (mmol) quantity of CsF with n^ exchangeable fluorine atoms 
(n1 = 1 ) ;  m 2 (mmol) quantity of MF,_1^F.

On the basis of these assumptions the fractions 
exchanged (f^) of the systems investigated are presented in 
Tables 7.1 - 7.3 (First column) for MoFg, WFg and UF^ respect
ively. However it is unlikely that this model describes
the process of exchange for the following reason. Assuming
all fluorine atoms on the solid are exchangeable, decrease in

18the specific count rate of MF^ F would be observed in all
cases. However decrease in the specific count rate was
observed only in cases where uptakes of MF^ were significant.
This is contrasted with the situation of no measurable decrease

18in the specific count rates of MFj- F where small uptakes were 
observed. This leads to consider a model (Model 2) in which 
[ F ] - f l u o r i n e  exchange is taking place only between the 
adsorbed species and free hexafluorides.

Model 2 : If it is to exchange,the adsorbed
species must have its fluorine atoms equivalent both to that

2-of CsF and among themselves. The MFy or MFg species



Table 7.1 Fractions Exchanged (f) of the Reaction
18Between Activated CsF and MoF_ F. --------------------------------- 5----

Expt No. Batch f 1 f 2 f 3
1 1 0.27±0 .03 0.76±0.03 0. 9210.03
2 1 0.32±0.03 0 . 9A±0 . 03 1.0210.03
3 2 0 . 2 1 ±0.03 0 . A7±0.03 0.5210.03
A 3 0 0 0

5 A 0 . 57±0.03 1 .6910.03 n/d

n/d not determined



Table 1.2 Fractions Exchanged (f) of the Reaction
1 8Between Activated CsF and WF._ F. ------------------------------ -— .5---

Exp t .N o . Batch f 1 f 2 f 3
1 1 0.6310.03 0.6110.03 0.67± 0 .03
2 1 0.2310.03 0 .27±0 .03 0.27±0.03

3 2 0. 13 + 0.03 0 .7610 .03 0.7610.03
A 2 0 0 0

5 3 0 0 0

6 3 0 0 0

7 A 0.2A10.03 0.3110.03 0.35±0.03

8 A 0.5710.03 0.82+0.03 0 . 9 H 0 . 0 3

Table 7.3 Fractions Exchanged [f ) of the Reaction
18Between Activated CsF and UF- F. -------------------------------- 5----

E x p t .No Batch f 1 f 2

1 2 0.8210.03 A.1A10.03

2 3 0 0

3 3 0 0

A A 0.6Q10.03 2.35+0.03
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resulting from a 1:1 or 2:1 combinations between CsF and MF 6̂
(M = Mo, W or U) are a possibility.

Examination of the Raman spectra of the solids after
reaction between activated CsF and MoF^ or WF^ reveals bands

attributable to MoF^ and WF^ respectively (Table 4.5 and 4.9
and Figures 4.7 and 4.6). In the case of UF. the bands are62_consistent with UFg being formed (Table 4.13 and Figure 4.10).

18Under these restrictions the extent of [ F]-fluorine exchange
can be determined by using equation (2.7) in which S is the00

18specific count rate of MF,_ F resulting from complete exchange
18between the species formed and excess MFr- F. S is defined>-) CO

as follows

n0A^
S - °° “ n^b + n^a

—  1 18 where A„ (count min~ ) is the initial count rate of MF,- F with o 5
n^ exchangeable fluorine atoms (n2 - 6); b(mmol) quantity of
species formed with n<j exchangeable fluorine atoms (n^ = 7 or 8);
b is determined from the increase in the mass of the solid after

18reaction; a(mmol) quantity of MF^ F recovered after reaction, 
a is determined from mass balance measurements.

Using equation (2.7) and as defined above the
fractions exchanged (f2 ) of the systems under investigation
are presented in Tables 7.1, 7.2 and 7.3 second column for
MoF,., WF^ and UF, respectively. An increase in the f values 6 6 6
is observed in the case of MoF^ and WF^ as compared with those
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found in the previous model, although in the case of MoF..6
experiment 5, f is >1. The origin of the latter result is 
unclear. The increase in the f values is a consequence of 
the restriction of the pool of exchangeable fluorine atoms on 
the solid.

The exchange between CsMF^ (M = Mo or W) and
18MFj_ F (M = Mo or W) can be explained in terms of a mechanism 

(1) involving the formation of MF^~ species (Step (i )).

Mechanism (1)

(i) CsF + MF. — a_st» CsMF,6

*(ii) MF7' + M F6 —  [F6M-“ F--MFJ MF^ + M F7"

(M = Mo or W)

This is followed by step (ii) which involves the interaction
18 —of free MF,_ F with MF7” through a fluorine bridged species 

in which the bridging fluorine is transferred to MF^ giving
MF “ and free MF. with a specific count rate less than the7 6
initial. The decrease in the specific count rate of MF^
can be accounted for by the fact that the inactive fluorine

18atom originating from CsF and the [ F]-fluorine atoms
18 — originating from MF^ F are exchanged between them in MF7

through an intramolecular exchange. This process is likely
to lead to the incorporation of the inactive fluorine atom
in MF 1^F after its displacement. Evidence for the displacement 5
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of MF6 in MF7~ by free MF6 has been obtained by the reaction 
18between [ F]-labelled caesium heptafluoromolybdate(VI) or 

heptafluorotungstate(VI) and inactive MoFg or WFg respectively,
(Sections 4.3 and 4.4) Transfer of [18F]-fluorine activity

18from Cs MF6 F (M = Mo or W) to inactive MFg (M = Mo or W) is an
indication of some displacement of complexed MF. by free M F . .b 6

18Assuming [ F]-fluorine exchange taking place 
2 —  18between UFg and UFg F through an associative mechanism

similar to that proposed for MoF7~ and WF7~ the fractions
exchanged f were >>1 in all cases (Table 7.3, second column).
Although only two experiments were carried out this result
is surprising if it is considered that the spectroscopic

2 -evidence is consistent with the formation of UFg as the major 
species. However other bands are consistent with the formation 
of UF7" (Table 4.13).

18Sheft ejt.al. [140] have used [ F]-fluorine as
radiotracer to show that interaction between NaF and UFg at
high temperature leads to the formation of Na^UFg. In the
present study the reaction between activated CsF and UFg at

2 -room temperature yields UFg as the major species. The
formation of more than one species may be assumed as being
due to the lack of uniformity of the surface reaction together
with the difference in the surface areas of the solid fluorides.

2 -1Sheft et.al. [140] have reported a surface area of 7m g for
NaF activated by HF whereas CsF activated by the ( C F ^ C O  route

2 - 1has a typical surface area in the range 3.01-2.09 m g [122(a)].
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Of the three hexafluorides UFg has proved to be the
most difficult to handle under the conditions used in the

18present work and hydrolysis as origin of the [ F]-fluorine
exchange results can not be ruled out. However assuming
that hydrolysis is not the direct cause the f values are
not consistent with the model proposed. The possibility

3-of the formation of UF^ species Is unlikely in view of the
results of Sheft et.al. [140] which was confirmed in subsequent
synthetic work [141,155]. Lower f values would result from
the incorporation of more inactive fluorine atoms in UF0 .opThis leads to postulate an exchange between CsF and UF0o

2through a mechanism involving the dissociation of UF0 ~.o

Model 3 : The pool of exchangeable fluorine atoms
on the solid can be restricted further if it is considered that
not all the MFg (M = Mo or W) adsorbed give rise to the MF^-
species. This assumption is based on the finding (Section 3.10)
that an increase in the mass of AMF^ (A = Cu^+ , Tl+ , Cs+ ; M =

18Mo or W) has been observed after reaction with MF,- F (M = MoD
or W) under heterogeneous conditions (Table 3.7). The increase 
in the mass of the solid was explained in terms of an uptake of 
MFg by AMF^ corresponding to an average value of 0.1:1 MFg:
MF^” mole ratio. It is therefore reasonable to assume that 
90% of the quantity of MFg taken up result in the formation 
of the MF^"" species onto which the remaining 10% of MFg are 

adsorbed.

Under these new restrictions the specific count
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rate Sw corresponding to complete exchange is determined as 
follows

n~Ao _ 2 o00 " 0.9n,jb + i . m^a

where n^, Aq , n^, b and a are defined as before.

Using equation (2.7) and S^ as defined above the
fractions exchanged (fg ) of the systems under investigation
are presented in Tables 7.1 and 7.2 third column for MoF.6
and WFg respectively. In the case of MoFg the fraction

exchanged (fg ) ranges from 0.52 to 1.02±0.03 whereas in the 
case of WFg f is <1. Two possible explanations can be used
to account for the spread of the results:

1. The partial exchange observed in most cases may be
due to the slowness of step (ii) in the mechanism envisaged
above (Mechanism 1). Similar argument has been used to

18account for the partial exchange of [ F]-fluorine between 
— 18MF^" and MF^ F (M = Mo or W) under heterogeneous conditions

(Section 7.2).

2. It is possible that more than one species in which
not all the fluorine atoms are equivalent among themselves are

18formed giving rise to different fractions of [ F]-fluorine 
exchanged. This possibility is supported by the Raman spectra 
of the solids after reaction (Table 3.4) where additional 
bands were present (Table 4.5 and 4.9 and Figures 4.7 and 4.6).
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In this case the assumption made above may not take into 

account fully the processes occurring on the surface. The 

existence of more than one species may be due to the lack of 
uniformity of the surface reaction.

No evidence for chemical reaction between copper 
18difluoride and [ F]-labelled hexafluorides of molybdenum, 

tungsten or uranium has been obtained. The colour change 
observed during the reaction between CuF2 and UF^ (Section A.6) 
is probably due to an uranyl species resulting from the hydro
lysis of CuF^. Marginal uptake of MFg (M = Mo, W and U) by 
CuF^ has been found as determined from mass balance, and [ F]- 
fluorine count rate left on the solid after reactions. In
view of the small uptakes of the hexafluorides by CuF^ it is

18difficult to determine the fraction exchanged between MF,- Fb
(M = Mo, W andU) and the adsorbed species. The fraction

18exchanged (f) determined from a random distribution of [ F]-
18fluorine between MF._ F (M = Mo,W and U) and all the fluorine5

atoms available on the surface is small in all cases (Table 7.A).

Slightly greater uptakes of M F ^ ^ F  (M = Mo,W and U)
by thallium fluoride have been obtained as compared with CuF^.
The difference is markedly noticeable in the case of MoF^
(Table A.16). A colour change from white to brown and sintering
of the solid have also been observed after interaction between 

18T1F and MoF F (Section A.7). The increase in mass of the 5
solid together with the colour change and sintering provide an 
evidence for chemical reaction between T1F and MoF. but the



Table 7 A  Fractions Exchanged (f) of the Reactions
Between CuF0 or T1F and M F ^ F  {M = Mo, W and U)  2  5   ---------
Under Heterogeneous Conditions.

MF
CuF

UFExpt.NoWFExpt.NoMoFExpt.Noor
T1F

0.08
±0.03±0.03CuF

0.06 . 
±0.03

0.09
±0.03

0.37
±0.03

T1F
0.05
±0.03

±0.03
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extent of any reaction that occurs, for example formation of 

the heptafluoroanion is too small for product identification.

In a radiotracer study involving the reaction
between [18F]-labelled-sulphur tetrafluoride SF3 18F, or

18-carbonyl fluoride, FFCO, and CuF2 or T 1 F , Fraser et.al.
t156] have found that while CuF^ shows a small exchange of

*18 18 18 [ F]-fluorine with SF3 F and FFCO (f = 0.05 in each case),
T1F shows a greater f value (f = 1.4 and 0.5 for SF, and FoC0 ̂ <L
respectively) . Although the gaseous fluorides are different
from the ones used in the present study a similarity in
behaviour of CuF2 and T1F can be drawn as far as uptake of MF^

18(M = Mo, W and U) and [ F]-fluorine exchange are concerned. 
There is no straightforward explanation to this result.
However it is worth mentioning that Tl+ is a softer Lewis 
acid. Furthermore the two solid fluorides adopt different 
structures. Copper difluoride adopts a rutile structure [157] 
while T1F adopts a distorted sodium chloride structure [158].

7.4 The Chemical Reactivity of Tris(dimethylamino)sulphonium 
Difluorotrimethylsilicate.

Tris Cdimethylamino)sulphonium difluorotrimethyl
silicate, TAS+F “ , has been found to be very reactive towards 
the hexafluorides of molybdenum and tungsten in acetonitrile.
In each case a brown viscous liquid has been obtained (Section 
6.3). An intense yellow liquid has been reported by Poole 
and Winfield [40] as the reaction product between trimethyl-
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fluorosilane and HoF^. The colour of the liquid has been

ascribed to contact charge-transfer interactions. In the
present case the brown liquid may originate either from
abstraction of F” from the trimethyldifluorosilane ion to give

M F ~  (M = Mo or W) or from the formation of MF,_. NMe0 (M =5 2
Mo or W ).

The reaction between TAS+F “ and boron trifluoride 
or phosphorus pentafluoride in MeCN has resulted in the 
formation of TAS+BFZf“ and TAS+PF6~ respectively (Section 6.4). 
Similar reaction has been reported to occur between TAS+F~ 
and sulphur tetrafluoride [159] yielding, as a result of 
F“ transfer, TAS+SF 5

18Complete [ F]-fluorine exchange occurs between 
+ — 18TAS F ” and [ F]-labelled trimethylfluorosilane in acetonitrile

(Section 6.5). Fluorine bond lability of pentacoordinated

silicon with respect to exchange is well documented. For
19example Klanberg and Muetterties [160] have shown, using F 

n .m.r. techniques , that rapid exchange occurs between C^H^SiF^” 
and excess fluoride ion in alcohol. Marat and Janzen [161] 
have proposed a fluorine bridged intermediate (Figure 7.1) to 
account for the rapid exchange between MeSiF^” and MeSiF^.
A similar mechanism (1) involving a fluorine bridged species 
between TAS+F~ and Me^SiF can be used to explain the complete 
[ 18F] -fluorine exchange, the equilibrium being favoured to the 
more thermodynamically stable species (i.e. TAS F and Me^SiF)



Figure 7.1 The fluorine bridged intermediate between 
MeSiF,“ and MeSiF^ [161]

Mechanism (1)
k F

(Me2N)^SMeSiF2 + Me^SiF
1

(Me0N)~S Me., Si— F—  SiMe0 d J i { J

7.5 Concluding Remarks.

The aim of the present project was to investigate 
the fluorine bond lability with respect to exchange of some 
binary fluorides both under homogeneous (acetonitrile) and 
heterogeneous (gas plus solid) conditions.

A marked difference in behaviour among the fluoro-
anions of boron, phosphorus, arsenic, antimony, niobium and

18tantalum is observed in the presence of MF^ F (M = Mo, W or U) 
under homogeneous conditions. The inertness of AsF^“ and SbF^ 
is contrasted by the lability of the fluorine bond with respect

to exchange of BF&~, NbF5 and TaF5 although AsF6
exchanges with under the same conditions. A difference
in exchange behaviour also exists among AsF^.NCMe, NbF^.NCMe
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l ftand SbF̂ .NCMe in the presence of WF^ F under homogeneous 
conditions, the latter being completely inert. The inertness 
of SbF^“ may be due to the relatively stronger Lewis acidity 
of SbV centre. In this respect SbF^~ could prove to be a 

superior inert counter anion of supporting electrolytes in 

electrochemical studies. A close similarity exists between the 
lability of M-F bond (M = B,P,As,Sb,Nb and Ta) of the fluoro- 
anions and the Lewis acidity order in terms of fluoride ion 
affinity of the parent fluorides, the latter being in the 
order

SbF^ > AsF > PFC > BF0 > NbF ~ TaFr 5 5 5 3 5 5

The MoF^“ ion has been shown to exist in MeCN 
18by reacting CsF and MoF^ F. Equally the existence of WF^“

ion in MeCN has been confirmed by reaction between CsF and 
18WFp. F. Both heptafluoroanions are assigned in the

18symmetry. Complete exchange of [ F]-fluorine is found to
occur between AWF„ (A = Cu^+ , Tl+ or N0+ ) and M F ^ ^ F7 5
(M = Mo or W) or between CsMoF„ and W F ^ ^ F  in MeCN. Two7 5
possible mechanisms have been used to account for the 
complete exchange. A dissociative mechanism which involves 
a reversible dissociation of MF,_” into MFg and F~ and an 
associative mechanism which involves a fluorine bridging 
species between MF^~ and MF^. Although the experimental 
observations are consistent with the former mechanism there 
is no direct evidence for a definitive conclusion to be 

drawn.
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Under heterogeneous conditions the same systems
1 ftare found to undergo partial exchange of [ F ] - f l u o r i n e .

The exchange is best accounted for in terms of an associative
mechanism involving a fluorine bridged species between MF^“
and MF^ followed by displacement of MFg in MF^“ by free M F ^ .
The partial exchange is thought to be due partially to the
electrostatic forces existing between cations and anions.
Due to these forces the mobility of the heptafluoroanions
is likely to be restricted as a result of which the process 

18of [ F]-fluorine exchange is slowed.

The reaction between activated caesium fluoride and
18MFj. F (M = Mo,W and U) under heterogeneous conditions results

in an uptake of the hexafluorides. The uptake of MF^ by
activated CsF is related to the amount of hexafluoroacetone
used during the activation process. This result emphasises
the importance of the formation of the Cs+O F C (CF^) 2 adduct

18during the process of activation. [ F]-Fluorine exchange
is found to take place between the adsorbed species and free 

18MFj- F. More than one species have been identified during
18the reaction between activated CsF and MF,_ F (M = Mo,W and U), 

_  2 -MoF„ , WF„ and UF0 being the major ones formed. The 7 ( o
formation of more than one species is explained in terms of the 
lack of uniformity of the surface reactions.

Difference in behaviour between CuF^ and T1F is
18observed during their heterogeneous reaction with MF^ F 

(M = M o y W and U). The greater affinity of T1F towards MFg
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as compared with CuF2 is consistent with the difference 
of the Lewis acidity of Tl+ and Cu2+ ions, the former being 
the softer.

Tris(dimethylamine)sulphonium difluorotrimethyl-
silicate, TAS+F , is found to be very reactive towards MF^
(M = Mo or W) yielding in each case a brown viscous liquid
the composition of which has not been determined. With BF^
or TAS+F yields TAS+BF^ and TAS+PFg~ as colourless

18crystalline solids respectively. Complete [ F]-fluorine
+ — 18 exchange is observed between TAS F and Me^Si F in MeCN.

The exchange is best accounted for by an associative mechanism
involving a fluorine bridged species between TAS+F~ and
Me^SiF.
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