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Dynamic studies of haloethanes at halogenated surfaces.

Margaret M. McGeough

Summary

In 1950 William Miller and coworkers studied the

isomerisation of CCl_FCC1lF, in the presence of aluminium(III)

2 2
chloride under reflux conditions. The products they obtained
were CC12F001F2, CCl3CF3, CCl3CClF2 and C2016. When the

reaction was repeated using [36C1]-chlorine labelled aluminium

(III) chloride, only the chlorinated products CCl_CClF_, and

3 2
C,Cl, contained the [3601]-chlorine isotope. There was no
radiolabel observed in the isomeric product CC13CF3. On the

basis of these results an intramolecular mechanism was proposed
to account for the isomerisation of CCleCCIF2 in the presence
of aluminium(III) chloride.

Recent work involving studies of the catalytic fluorination
and chlorination of gaseous chlorofluoroethanes using HF-
fluorinated chromia catalysts has cast doubt on the importance
of an intramolecular isomerisation mechanism. Studies using
[3601]-chlorine and [18F]-fluorine have indicated that isomer-

isation may occur as a result of a series of halogen exchange

reactions.

The present work is aimed at resolving this problem and
re-examines Miller's original work under a variety of conditions.
The surfaces chosen for this study were aluminium(III) chloride,
aluminium(III) chloride pretreated with CH30013,
chloride supported on y-alumina and [CClu]-chlorinated Y-alumina.

aluminium(III)

All of these solids exhibit varying degrees of Lewis acidity.
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Aluminium(III) chloride pretreated with CH3CC13 and aluminium

(III) chloride supported on Y-alumina were chosen for study
to compare the results with untreated aluminium(III) chloride.

[CClu]—Chlorinated Y-alumina was chosen for study because)like

aluminium(III) chloride, it will dehydrochlorinate CH3CCl3 at

room temperature but the reaction time for the alumina based

catalyst is longer.

All reactions were carried out at room temperature.

The products from the reaction between CC12FCC1F and aluminium

2

(III) chloride were CC12FCClF2, the isomer CC13CF3,

CC1F2,

a fluorinated

product CC12FCF and the chlorinated products CCl

3 3
CC13CC12F9A02C16. A quantity of material was also retained

on the solid surface. This was always inversely proportional

to the quantity of CCl CF3 produced. Identical results were

3

obtained from reactions between CC12FCC1F and aluminium(III)

2

chloride pretreated with CC12FCC1F2. This suggested that either

(i) the retained material did not affect the reaction sites
on aluminium(III) chloride or (ii) the surface formed by the

retained material was responsible for the observed reactions.

Information regarding the composition and reactivity of
the retained material was obtained from [36C1]—chlorine radio-

labelling experiments. Reaction of [36Cl]-C012FCClF2 with

aluminium(JIII) chloride resulted in the incorporation of the

[3601]-chlorine radiolabel on the surface. Further reaction

of this solid, with gaseous CCl1_FCC1lF resulted in @ decrease

2 2’

of the surface count rate. This is believed to be due to
chlorine self-absorption caused by the build-up of retained

material on the solid surface. When aluminium(IXII) chloride
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pretreated with [36C1]—C012FCC1F2 was left in a reaction vessel, =

after a series of reactions with CC12FCC1F the surface count

2
rate increased and a build up of vapour was observed. The
increase in surface count rate was due to the desorption of
material from the solid surface thus reducing chlorine self
absorption. The desorbed material gave rise to the increase
in vapour pressure observed. The vapour was identified by i.r.

spectroscopy as mainly CCl_,FCClF,. but some CCl_CF_ was also

2 2 373

present. Some radioactivity was detected in the gas phase but
it was too small to be determined precisely. Reactions between
CC12FCC1F2 and [36Cl]—chlorine labelled aluminium(III) chloride
were analysed by radio-g.c. The elutant fraction corresponding

to CC13CF3 did not contain any [3601]-chlorine isotope which

agreed with Miller's original observation.

Infrared studies of the vapour phase during the course

of reaction between CC12FCC1F2 and aluminium(III) chloride showed

that the presence of moisture inhibited the isomerisation mechanism.

In a virtually moisture free environment the gaseous CC12FCClF2

was consumed before the end of the 24 h reaction period. When

moisture was present)CC12FCCIF2 remained in the vapour for the

duration of the reaction. Kinetic data obtained from i.r.

studies revealed that the production of CCl3CF3 did not occur

via first or second order processes. Further information
concerning the nature of the adsorbed species was obtained from
27A1 and 130 MAS solid state n.m.r. studies. The 27Al n.m.r.

spectrum obtained from aluminium(III) chloride after reaction
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with CC12FCC1F2 was very similar to that for pure aluminium(III)
chloride. This suggested that adsorption process does not

result in a change in the surface structure. The adsorbed species

was identified from 13C MAS nmr studies as a chloro-carbon

which was most probably C2Cl6.

The adsorbed species was chemically bound to the surface
of aluminium(III) chloride as perfluorohexane, which has similar

physical properties to CC12FCC1F did not interact with the

2 ,

solid. There was also no interaction between aluminium(III)

chloride and CC1F2CC1F2. However, the reaction between CC13CC1F2

, CCl1_CF
3 3737
CClZFCCIF2 and CC13CC1F2 but the isomer CC12FCC12F was not

observed. Aluminium(III) chloride pretreated with CCl

and aluminium(III) chloride produced CClZFCF

3CClF2

also isomerised CC12FCClF2 to CCl3CF3. The reaction between

CC12FCC1F2 and aluminium(III) chloride pretreated with CH3CC13

resulted in the production of CCl1_, FCF_,. CCl_CF CCl FCC1F2,

2 3 373 2
CC13CClF2, CCl3CC12F, C2C16 and the compound C Clu. The latter

2
compound may have originated from the breakdown of the purple
polymer on the surface of aluminium(III) chloride or from the
dechlorination of C Cl6. Mass balance studies indicated that

2

a quantity of material was retained by the solid after reaction

of CClZFCCIFz. This quantity was inversely proportional to
the quantity of CC13CF3 produced. Radiotracer experimants
involving aluminium(III) chloride pretreated with [36C1]-

chlorine labelled CH3CCl3 showed that the material retained
by the solid after reaction with CC12FCCIF2 led to a reduction
in the surface count rate. If the solid was left after a

reaction for a period of time)vapour developed in the reaction



vessel and the surface count rate increased. I.r. studies

of the gas phase during the reaction between CC1_ FCC1lF., and

2 2
aluminium(III) chloride pretreated with CH3CC13 demonstrated
the importance of a water free environment. Complete consumption

of CClZFCClF2 was observed during a reaction in water-free

conditions, but CCleCClF2 remained . when there was

contamination by moisture. Kinetic data derived from the i.r.

studies indicated that the production of CC13CF3 did not follow

a simple reaction process.

The 27Al MAS solid state n.m.r. spectrum of aluminium(III) |

chloride pretreated with CH3CC13, after reaction with CC12FCC1F

provided evidence of both octahedral and tetrahedral aluminium

21

environments. This suggested that the reaction of CH3CCl3
with aluminium(III) chloride involved some change in the surface

structure.

Overall, the experimental work suggests that there is
a similarity between the surface sites on aluminium(III) chloride
responsible for the isomerisation of CC1l_FCClF_, and for the

2 2

dehydrochlorination of CH3CC13.

Aluminium(III) chloride supported on y-alumina facilitated
the isomerisation of CClZFCCIFZ. I.r. studies of the vapour
during this reaction suggested that CC12FCClF2 reacted on both
aluminium(III) chloride and y-alumina. The 2'Al MAS solid

state n.m.r. spectrum of aluminium(III) chloride supported on

Y-alumina, after reaction with CClZFCClFZ, indicated that there
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was a chemical interaction between aluminium(III) chloride and

yY-alumina. This interaction may take the form of an Al—O—AlCl3

linking group on which an aluminium(III) chloride network was

formed.

For comparison with aluminium(III) chloride supported

on Y-alumina, the reactions of CCleCC1F2 in the presence of

I?Clérchlorinated Y-alumina were studied. Very little gaseous
material was produced from these reactions but a large quantity
of material was retained by the solid. The pretreatment of
[CCl:A—chlor‘inated yY-alumina with CH_CCl. did not lead to an

3 3

improved reaction with CC1l_FCC1lF but pretreating ECIA—chlorinated

2 2’
alumina with CClZFCC1F2 inhibited the dehydrochlorination of
CH3CC13. This indicated that the reactive sites responsible

for dehydrochlorination of CH3CC13 and isomerisation of CClZFCC1F2

on this material are the same.

In conclusion, only chlorofluoroethanes containing a
—CCle3_x group (x=3 or 2) will react with an aluminium(III)

chloride based catalyst. Reaction involving a -CClF2 group

is possible providing it is bonded to a—CCle group (x =

3-x
3 or 2). The only chlorofluoroethane that is isomerised on
an aluminium(III) chloride surface is CC12FCC1F2.
Isomerisation requires the presence of a surface fluorine-

containing species.



CONTENTS

Chapter 1 : Introduction 1.

1.

1

1

.2

Aluminium(III) Chloride

Preparation of Anhydrous Aluminium(III) Chloride
Structure of Aluminium(III) Chloride
Friedel-Crafts Chemistry.

Aluminium(III) Chloride as a Friedel-Crafts
Catalyst.

Acylation and Alkylation

Chlorine Exchange Reactions of Aluminium(III)
Chloride

Organic Rearrangements Catalysed by Aluminium(III)
Chloride.

Chlorofluorocarbons.

Preparation of Chlorofluoroethanes
Chlorofluorocarbons and the Ozone Layer.
Alternatives to Chlorofluorocarbons.
Chlorofluoroethanes-Production in the Vapour Phase.
Dismutation and Isomerisation.

Halogen Exchange Mechanisms

The Behaviour of Chlorofluorocarbons in the
Presence of Aluminium(III) Chloride.

The Behaviour of CCl1_,FCClF_, in the Presence

2 2
of Aluminium(III) Chloride.

Aims of Present Work.



Chapter 2 : Experimental 32.

2.

2.

1

2

Vacuum Apparatus

The Dry Box

Purification of Reactants.

Purification of 1,1,2-Trichlorotrifluoroethane
Purification of 1,1,1-Trichlorotrifluoroethane
Purification of 1,1,1-Trichloroethane
Purification of 1,1-Dichloroethene
Purification of Chloroform.

Purification of Perfluoro-n-hexane.
Purification of Aluminium(III) Chloride.
Radiochemical Isotopes.

P6

The Cﬂ -Chlorine Radioisotope

The UQF]-Fluorine Radioisotope
Radiochemical Preparations.

. o . 36 .
The Preparation and Purification of [ Cﬂ—Chlorlne
labelled Dichlorine
Preparation and Purification of [?BCﬂ -Chlorine
labelled 1,1,2-Trichlorotrifluoroethane
Preparation and Purification of [§6cﬂ -Chlorine
labelled Carbon Tetrachloride.

. o X 36 X
The Preparation and Purification of ( Ci}-Chlorlne
labelled Aluminium(III) Chloride

. o . 36 .
The Preparation and Purification of {_ Ci}-Chlorlne

labelled Hydrogen Chloride.



The Preparation and Purification of [36C£}-Chlorine
labelled 1,1,1-Trichloroethane

Preparation of YJBFl-labelled Caesium Fluoride
Preparation of C8é]—labelled Uranium Fluoride.

Gas Chromatography

Equipment.

Separation of 1,1,1 Trichlorotrifluoroethane and
1,1,2 Trichlorotrifluoroethane.

Calibration Chromatographs

Gas Chromatography/Mass Spectrometry (GC/MS)
Infrared Spectroscopy.

Equipment.

Identification of Products-on the Vapour Phase.
Calibration Spectra

Vapour Phase Infrared Analysis in Gas/Solid Systems.
Kinetic Analysis of Vapour Phase Infrared Data.
Nuclear Magnetic Resonance Spectroscopy

1gF Nmr Spectroscopy.

27Al Magic Angle Spinning S0lid State NMR
Spectroscopy.

Radiochemical CoOunting Using Geiger-Muller Counters.
Plateau Region.

Dead Time.

Background Count.

Statistical Errors.



Results.

The Direct Monitoring Geiger-Miller
Radiochemical Counting Technique.
Equipment

Application of the Technique to Gas/Solid
Systems.

Self Absorption.

3 : A Study of the Interaction Between Aluminium(III)
Chloride and Chlorofluoroethanes. 58

Introduction

The Behaviour of CC12FCC1F2 in the Presence
of Aluminium(III) Chloride.

Using Aluminium(III) Chloride Handled in the
Dry Box

Using Freshly Sublimed Aluminium(III) Chloride.

[36Cﬂ -Chlorine Radiolabelling Experiments.

The Reaction Between [36Cl]-Chlorine labelled

CClZFC01F2 and Aluminium(III) Chloride.

Reaction Between CClZFCClF2 and Aluminium(III)

Chloride Pretreated with E?GCi]—CCleCClF

5°
The Reaction Between CC12FCC1F2 and L36C13—Chlorine

labelled Aluminium(III) Chloride.

A Study of the Reaction Between CClZFCClF2 and

36¢1 _Chlorine labelled Aluminium(III) Chloride

-

Pretreated with CC12FCC1F2.



3.3.5 The Preparation of [jBF]-Fluorine labelled

CC12FCC1F2.

3.4 Studies of the Vapour Phase by Infrared
Spectroscopy.

3.4.1 Infrared Spectroscopic studies of the Vapour Phase

of the Reaction Between Gaseous CCleCCIF2 and

Solid Aluminium(III) Chloride.
3.4.2 Kinetic Studies of the Reaction Between Gaseous

CC12FCC1F and Solid Aluminium(III) Chloride.

2
3.5 Reaction of Aluminium(III) Chloride with other

Fluorocarbons and Chlorofluorocarbons.

3.5.1.1 Reaction of Aluminium(III) Chloride with CC13CC1F2

3.5.1.2 Reaction of Gaseous CCleCClF2 with Aluminium(III)

Chloride Pretreated with CC13CC1F2.

3.5.2 Reaction of Aluminium(III) Chloride with
Perfluorohexane.

3.5.3 Reaction of Gaseous CCl FZCClF2 with Solid
Aluminium(III) Chloride.

Experimental.

3.6.1 The Behaviour of CC12FCC1F2 in the Presence of
Aluminium(III) Chloride.

3.6.1.1 Using Aluminium(III) Chloride Handled in the
Dry Box.

3.6.1.2 Using Freshly Sublimed Aluminium(III) Chloride.

~36

3.6.2 The Reaction Between C{l-Chlorine Labelled

CClZFCClF2 and Aluminium(III) Chloride.



.10

.11

.12

Reaction Between CCl2FCClF and Aluminium(III)

2
Chloride pretreated with E36C1§—C012FCCIF2.
The Reaction Between CC12FCClF2 and E36Cﬂ -Chlorine

labelled Aluminium(III) Chloride.

-
The Reaction Between CClZFCClF2 and [36CIJ-Chlorine

labelled Aluminium(III) Chloride Pretreated with
CC12FCC1F2.

. “18 .
The Preparation of | "F)-Fluorine labelled

CCl1_FCClF,.

2 2
Reaction Between UF6 and CC12FCC1F2.
Fluorination of CCl1_.FCClF, by a Fluorinated

2 2

Commercial Chromia Catalyst.
Infrared Spectrascopic Studies of the Reaction

Between CC12FCC1F and Aluminium(III) Chloride.

2

Kinetic Studies of the Reaction Between CClZFCClF2

and Aluminium(III) Chloride.

Reaction of Aluminium(III) Chloride with CC13CC1F2

Reaction of CC12FCC1F2 with Aluminium(III)

Chloride Pretreated with CCl3CClF2

Reaction of Aluminium(III) Chloride with

Perfluorohexane.

Reaction of Aluminium(III) Chloride with CClFZCClF2



Chapter 4 : The Behaviour of CCIZFCCIF in the Presence of

2

Aluminium(III) Chloride Pretreated with CH3CCI3

T Introduction 102.

4.2.1 The Reaction Between CCl_.FCClF. and Aluminium(III)

2 2

Chloride Pretreated with CH3CCl3

y.2.2 The Behaviour of CH3CCI3 in the Presence of
Aluminium(II) Chloride Pretreated with CClZFCCIFZ.

4.3 The Behaviour of CClZFCCH‘2 in the Presence of
Aluminium(III) Chloride Pretreated with [36C£]—CH3CC13

4.y An Infrared Spectroscopic Study of the Vapour Phase
during the Reaction Between CClZFCCIF2 and
Aluminium(III) Chloride Pretreated with CH3CC13

4.5 Kinetic Studies of the Reaction Between CC12FCC1F2
and Aluminium(III) Chloride Pretreated with CH3CC13

Experimental.

b.6.1 The reaction Between CC12FCC1F2 and Aluminium(III)
Chloride Pretreated with CH3CC13

4.6.2 The Behaviour of CH3CCl3 in the Presence of Aluminium
(III) Chloride Pretreated with CC12FCClF2

4.7 The Behaviour of CCIZFCCIF2 in the Presence of

-
Aluminium(III) Chloride Pretreated with {?6CIJ-CH30C13

4.8 An Infrared Study of the Vapour Phase During the

Reaction Between CC12FCC1F2 and Aluminium(III)

Chloride Pretreated with CH3CCl3.



4.9 Kinetic Studies of the Reaction Between CC12FCC1F2

and Aluminium(III) Chloride Pretreated with CH3CC13

Chapter 5 : The Behaviour of CC12FCC1F2 in the Presence of

Chlorinated y-Alumina 123.
5.1 Introduction
Results.
5.2 The Behaviour of CClZFCClF2 in the Presence of
(‘CCIA -Chlorinated y-Alumina.
5.3 The CH3CCl3, CC12FCC1F2 and {pCld}—Chlorinated

Y-Alumina System

5.3.1 The Reaction Between CH3CCl3 and @Cl#}-Chlorinated

Y-Alumina Pretreated with CClZFCClF2

~

5.3.2 The Reaction Between CClZFCClF2 and CClJ}—Chlorlnated

1
{
-

Y-Alumina Pretreated with CHBCCl3

5.4 An Infrared Study of the Vapour Phase During the

Reaction Between CClZFCCIF2 and Aluminium(III)

Chloride Supported on y-Alumina.

5.5 Kinetic Studies of the Reaction Between CClZFCCIF2

and Aluminium(III) Chloride Supported on y-Alumina

Experimental.
5.6 The Behaviour of CC12FCC1F2 in the Presence of
T

@Cluj-Chlorinated Y-Alumina.

5.6.1 Preparation of @Cl&-Chlorinated Y-Alumina

5.6.2 The Behaviour of CC12FCC1F2 in the Presence of

[cc:l,;l -Chlorinated y-Alumina.



5.7.1 The Reaction Between CH3CC13 and \901;}—Chlorinated

Y-Alumina Pretreated with CCleCClF

2
5.7.2 The reaction Between CC12FCC1F2 and [bCIQ]-Chlorinated
Y-Alumina Pretreated with CH30013
5.8 The Preparation of Aluminium(III) Chloride

Supported on y~Alumina
5.8.1 An Infrared Study of the Vapour Phase During the

Reaction Between CClZFCClF and Aluminium(III) Chloride

2
Supported on y~Alumina
5.9 Kinetic Studies of the Reaction Between CClZFCC1F2

and Aluminium(III) Chloride Supported on y-Alumina

Chapter 6 : Discussion 136

References. 162



Chapter 1
Introduction

1.1 Aluminium(III) Chloride

Aluminium(III) chloride is a colourless solid that
sublimes at 177.8°C ([1]. It is a very important Lewis
acid and, for example, is used as a catalyst in many
Friedel-Crafts reactions. It is very hygroscopic.
On exposure to water vapour hydrogen <chloride is
produced and the surface of the solid is rapidly
hydrated or hydroxylated. It is rapidly hydrolysed in
water giving the hexaaquoaluminium(IIl) cation
[AI(H20)6]3+, under some conditions [2]. A solid which
has been claimed to be [Al(H2016]C13 has been observed
[31.

1.2 Preparation of Anhydrous Aluminium(III) Chloride

In order to prepare anhydrous aluminium(IIll)
chloride great care must be taken to exclude even trace
quantities of water. One method is to react highly
pure aluminiumimetal with pure, dry dichlorine [4].
This route has been successfully used to prepare
aluminium(III) chloride from aluminium scrap metal [5].
Alternatively anhydrous hydrogen chloride is flowed over
aluminium metal [6]. Since large scale production of
aluminium(III) chloride is often carried out in plants
fabricated from steel or its alloys, purification on a
laboratory scale by sublimation is often carried out in
the presence .of aluminium metal. The latter acts as a

reducing agent for any iron chloride inadvertently



formed. This procedure has been used also for large

scale purification [7].

Although other methods for the p;eparation of
aluminium(III) chloride have been investigated [8,9] the
yield and purity of the product are inferior to those

obtained from dichlorine and hydrogen chloride routes.

1.3 The Structure of Aluminium(III) Chloride

The structure of aluminium(III) chloride was first
studied by Ketelaar in 1935 [10]. He concluded that
the lattice was monoclinic and that the chloride atoms
were arranged in a distorted cubic <close packed
structure. The aluminium atoms occupied a fraction of
the octahedral holes, presumably one third, resulting in

a layer lattice.

Doubt was cast on this structure by electron
diffraction studies of aluminium(IIl) chloride vapour
[11]. It was found that below 400°C aluminium(IIl)
chloride, bromide and iodide/ exist as dimers. The
molecules can be described as edge sharing tetrahedra
with an aluminium atom at the centre of each (Figure
1.1). Raman studies of aluminium(III) chloride,
bromide and iodide in both the liquid and solid states
have confirmed the presence of the edge sharing

tetrahedra [12].

Ketelaar and coworkers resumed the investigation

using monochromatic and single-crystal methods [13].



Figure 1.1 Structure of Aluminium
(1) Chloride in the
Vapour Phase




They found the cell constants to be a = 5.924_—0.022

b = 10.2240.04R, ¢ = 6.16+0.02X, B = 108°. There
were four molecules of A1C13 pe}):"::ell or two molecules
of Al,Clg. The chlorine atoms were found to be cubic

close packed, confirming previous results [10].

The arrangement of the aluminium atoms was found
to be in conflict with all previous <conclusions
[10,11,12]. In the revised structure aluminium
occupies octahedral centres resulting in an ionic
layered structure similar to that of CrCl3 (Figure 1.2).
The Raman spcétra of both compounds are very similar
[14]. In both structures corresponding positions
between two layers are shifted over one third of the
hexagonal axis. Unlike CrCly the shift between layers
of aluminium(III) chloride 1is in the same direction

producing a monoclinic structure (Figure 1.3).

Near its sublimation temperature aluminium(III)
chloride is almost completely dimeric [14]. The
infrared spectrumof the vapour shows three bands at 625

cm‘l’ 484 (:m'1 and 420 cm'l, attributed to vibrations of

the dimer [14]. As the temperature is» increased to
900°C the monomer, AICl3, is formed. This is planar
with symmetry D3R" The infrared spectrum of the

vapour shows one band at 610 cm™! in accordance with
this symmetry. Two other bands relating to angle
bending motions should exist but were not detected as
they occur at very low frequencies. Calculation of
bcnd- stretching force constants show that the terminal
chlorines are bound to Allll by ‘normal’ bonds. The

Al-C1 stretching force constants involving the bridging



Figure 1.2  Structure of Solid Aluminium
' (111) Chloride
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Figure 1.3 The Packing of Layers in
Aluminium ( 1ll) Chloride



Cl atoms are half those determined for Al-Cl terminal

bonds [15].

As aluminium(III) chloride reaches its melting
point it undergoes a structural change from a layered
monoclinic lattice to discreet A12Cl6 dimers [16]. A
study of the structure of liquid aluminium(III) chloride
by Harris et al [16] has shown these dimers to be the
same as those found by Palmer and Elliot in the vapour

[11].

Conductivity measurements show that aluminium(III)
chloride is covalent at room temperature but, on heating,
the conductivity increases to 5 x 10° _ft\cm'l..(;n
becoming liquid the conductivity falls to zero [17].
This .phenomenon also accounts for the large decrease in

density of aluminium(III) chloride as it melts [16].

The heavier aluminium halides of bromine and
iodine in the solid state have the same type of bridging
structure found for the chloride in the 1liquid and
vapour states. Both are powerful Lewis acids and are
covalent in both the solid and liquid states [17]. In
contrast aluminium(III) fluoride 1is 1tonic in both
states. Each aluminium 1is octahedrally coordinated
and each fluorine is shared between two AlF, octahedra

forming a continuous ionic network [18].

In solid aluminium(III) chloride the aluminium
atoms are also octahedrally coordinated, suggesting an
ionic solid, however it exhibits no conductivity at room

temperature. It is therefore assumed that under the



experimental conditions, wused in this work, solid
aluminium(III) chloride is covalent. Howeve; the
surface of the solid is unsaturated and therefore

exhibits ionic phenomena.

1.4 Friedel-Crafts Chemistry

Friedel-Crafts reactions are those involving the
alkylation and acylation of aromatic compounds by an
electrophilic agent. The Lewis acid catalyst used
serves to generate the carbocation (RCO)+ or Rt which

acts as the electrophile.

1.4.1 Aluminium(III) Chloride as a Friedel-Crafts

Catalyst

Aluminium(III) chloride is the most widely used
catalyst for Friedel-Crafts reactions. However, the
method of its preparation can affect its catalytic
abilities [19]. For example, the sublimation of
aluminium(III) chloride in the presence of aluminium
metal is important [7]. The aluminium removes iron
chloride impurities which inhibit reactions. Howevey
the nature of the interaction between aluminium and

iron chloride is unknown [20].

As it is difficult to obtain hygroscopic
substances such as aluminium(III) chloride under
completely water- free éonditions/ it was assumed in
early work that the catalytic surface was H+[A1CI3OH]'
or HY[AICI ] [21]. Formulation of a species such as

H+[A1Cl3(OH)]' implies the presence of a free HY ion.



A study by Brown and Pearsall of the catalyst
couple between aluminium(III) chloride and hydrogen

chloride concludes that HA1C14 does not exist [22].

Isotopic exchange between aluminium(III) chloride
and [3©CI]-HCl has been studied [23,24,25]. Each group
of workers are of the opinion that, under completely
anhydrous conditions) no exchange of chloride . ' - occurs
between gaseous HCl and a solid aluminium(III) chloride
surface. However if water is added to the system

exchange occurs readily.

Surface species such as [H3O]+ [A1C13(OH)]' could
be postulated. Hydrolysis of aluminium(III) chloride
produces Al-OH, groups on the surface or Al-OH bound to
the surface and HCI1 gas. These species can give rise

to Brgnsted acid sites:

Al-OH + AICl(bulk) + HCl —— AIOH,* + AlCl,”
equation 1.1
Brgnsted acid sites can decrease the Lewis acidity of a
catalyst, as the former are coordinatively saturated, and

Lewis acids require an electron accepting centre such as

Allll



1.4.2 Acylation and Alkylation

Typical alkylating agents used in Friedel-Crafts
reactions are alkyl hatlides, ethers, alkenes, alkynes,
alcohols, aldehydes, ketones and paraffins [26]. The

overall reactions maybe written as:

AlCl3
Ar-H + R-X — Ar-R + HX equation 1.2
AlCl4
Ar-H + R-OH —— Ar-R + H,O equation 1.3
AlCl4
Ar-H + RCH=CH, —— R—/CH—CH3 equation 1.4

Ar

In the above and all following equations Ar refers
to the aromatic centre to which a hydrogen atom is
attached, R is any alkyl group, and X is the halogen eg.
Cl. Aluminium(III) chloride is represented by AICl5;
it does not imply that the catalyst is a monomeric

species.

Friedel-Crafts acylation involves the introduction
of an acyl group to an aromatic ring by reacting it with
an acyl halide, acid anhydride, ester or an acid in the
presence of -a Friedel-Crafts catalyst. Typical
reactions are shown below [27]:

AlCl3
Ar-H + RCOX — ArCOR + HX equation 1.5
| AlCl4 -
Ar-H + (RCO,)0 —— ArCOR + RCO,H equation 1.6
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BF;
Ar-H + RCObH ————— ArCOR + H,O equation 1.7
Ar-H + RCO,R/ 5 ArCOR + R/OH equation 1.8

Acylating agents are more reactive than the
corresponding alkylating agents for a given substitute.
The complexes formed between aluminium(III) chloride and
organic molecules were first observed in the late 1920s
by Dougherty -[28]. These were ionic complexes thought
to be intermediates’in Friedel-Crafts reactions. The
reactions studied demonstrated halogen exchange between

the two organic halides, the mechanism suggested being)

RX + AICl; —RXAICl; ——R*-(XAICl5)” equation 1.9

R X,;+AICl3; — R; X AICl; —> R *-(XAICl;)” equation 1.10

RY-(XAIC13) +R; -(XAICI3) " RY-(X | AICI3)" +R ;- (XAICl5)
equation 1.11

R+-(X1A1Cl3)' ——> RX;| + AICl,  equation 1.12

R, T-(XAICI;)" —— R X + AICl, equation 1.13,

Friedel-Crafts reactions have been widely studied using
NMR techniques to identify and obtain equilibrium
constants for complex formation [29,30]. An
investigation of the Friedel-Crafts acetylation of
acetylene with acetyl <chloride, wusing ly NMR
spectroscopic techniques gives evidence for the 1:1 and
2:1 complexes of aluminium(IIl) chloride and acetyl
chloride, and of the trans l-chloro-1-buten-3-0one

aluminium(III) chloride complex [31].
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1.5 Chlorine Exchange Reactions of Aluminium(IIl)

Chloride

In 1938 Henne and Newman attempted a Friedel-
Crafts acylation of trifluorotoluene with an acid
chloride, in‘the presence of aluminium(IIl) chloride
(32]. However/ the reaction proceeded according to

equation 1.14:!

CF4 cCl,

+ CH,COCL --- _ ~ I + AlF, + HCI
3 7 3
\

equation 1.14

No acylated products were obtained instead halogen
exchange occurred between the trifluoromethyl group and
the aluminium(IIIl) chloride. This exchangeable
chlorine has been investigated using [36C1]-chlorine
radiotracer techniques ([33,34]. Aluminium(III)
chloride is readily exchangeable with liquid carbon
tetrachloride at room temperature [33]. The mechanism
of exchange is thought to involve a surface reaction
rather than a homogeneous process involving CC13+ and
AICl,4" ions. This system 1is catalytically active, as a
Friedel-Crafts reaction between carbon tetrachloride
vapour and benzene vapour 6ccurs on an aluminium(IIl)
chloride surface [35]. Carbon tetrachloride/ in the
presence of aluminium(III) chloridej is also known to

catalyse the reactions of fluorinated alcohols ([36].

Chlorine exchange has been detected between [36Cl]-

chlorine labelled aluminium(III) chloride and
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MeN02 or PhN02 (RNOZ) [34]. The ionic mechanism

proposed involves the interaction of the alkyl chloride ,.

with the free cation [AlClz.RN02]+. However it is not
necessary to involve a solvent in these reactions as
chlorine exchange between C,HszCl, n-C3H,CI, CHCl3 and

n-CsH,;;Cl with [3%Cl]-chlorine labelled aluminium(III)
chloride has been observed in the gas phase [35]. The
amount of exchange observed is minimal and the results
quoted are only qualitative as it is impossible to
reproduce the surface of aluminium(III) chloride from

one preparation to another.

1.6 Organic Rearrangements Catalysed by Aluminium(III)

v

Chloride

Aluminium(III) chloride not only catalyses Friedel
Crafts acylation and alkylation reactions of organic
molecules but can also induce rearrangement of the
molecules. Many of these reactions have been patented
[37,38,39]. The widespread interest in these
reactions centres around the nature of the reactive

intermediate.

In the study of the rearrangement of terf. butyl

phenyl ketone equation 1.15!

o o
I ('
Ph - C - C(CHy)3 —--—> PhC(CH3)y - C - CHjy

eq'uation 1.15

the proposed reactive intermediate is a 2°5 complex
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(Figure 1.4) which is developed from an initial 1:1

complex ([40].

In contrast Kakiuchi et al propose a carbocation
intermediate in the rearrangement of 5,6 disubstituted
bicyclo[4.2.0]octan-2-ones with aluminium chloride [41].
The reaction scheme is shown in figure 1.5. The
carbocation is formed by the coordination of aluminium
to the oxygen of the ketone. In a recent paper by
Mendelson et al aluminium(III) chloride 1induces
cyclisation and isomerisation of N-(2-hydroxyethyl)-2-

phenyl benzylamine hydrochloride (equation 1.16) ([42].

= NH.HCI
C N
7 g i
>180° \l\\J\J equation 1.16

At 135°C no cyclisation occurs and the only reaction

observed is shown in equation 1.17.

OH
Ph

Ph Ph
_ |' NHHCI S ~
~ —_—> L/NH.HCl Y
\\{/»
OH

equation 1.17

NH.HCI
!

H

OH

It was concluded from 13¢ NMR studies that the phenyl

group is involved in the migration but the allyl group
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does not participate directly.

It is very important in these reactions, that the
aluminium(III) chloride used should be kept as dry as
possible. The isomerisation of 1,2 dichloropropane to
1,3 dichloropropane will occur only in the presence of
anhydrous aluminium(III) chloride [43]. If water is
allowed ‘to enter the system no reaction occurs. This
reaction 1is specific to aluminium(III) chloride as other
Lewis acid catalysts used in this study including SbClgs,

FeCl3, TiC14 and AlCl3.6H20 were not successful.

However some reactions require the presence of
moisture or hydrogen chloride in the presence of
aluminium(III) chloride before they are initiated [44]).
It is known that hydrogen chloride catalyses the
intramolecular migration of alkyl groups in phenol

homologues and aromatic ketones [45].

1.7 Chlorofluorocarbons

Chlorofluorocarbons were first introduced by
Midgeley and Henne in 1930 in an attempt to find
alternatives to NH3 and SO, in refrigeration [46]).
Being non-toxic and chemically inert made them the
perfect solution to the problems posed by the toxic

chemicals already used.

A three figure nomenclature system has been
devised to identify chlorofluorocarbons. The first
digit corresponds to the number of carbon atoms minus 1,

the second to the number of hydrogens plus 1 and the
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third is equal to the number of fluorine atoms present.
The fully halogenated methane series CCly_,F, is
represented by a two«digit system as the first digit is
zero. CCI3F is CFC 11 and CF, is CFC 14. The nomen-
clature for the ethane series is listed in table 1.1.

1.7.1 Preparation of Chlorofluoroethanes

Chlorofluoroethanes are prepared by the
fluorination of hexachloroethane using a variety of
conditions and catalysts. Early work involved the use
of antimony fluorides or molecular fluorine. An
extensive study of this subject was made by Henne and
coworkers in the late 1930s. They were able to
fluorinate C,Clg with SbCl,F3 producing CCIl15;CCI,F,
CC1,FCCI5F, CCI,FCCIF,, CCIF,CCIF, and CCIF,CF; by
applying pressure to the system. The asymmetric
isomers CCl3CCIF, and CCl3CF5 were produced by the
photolysis of CHC1,CHF, and CH,CICF3 with molecular
chlorine [47]. The fluorination of CHCl1,CCl3 by
SbClyF3 favoured reaction at the -CCl3 group. The
presence of the hydrogen atom served to inhibit further
fluorination of the CCl3 group after two chlorine atoms
were replaced [48], both chlorines on the -CHCl, group
were also replaced by fluorine. However if two
hydrogen atoms were present on the same carbon, a -CH,CI

group became inert to fluorination {[49].

These studies led to a reactivity series for the
chlorofluoroethanes with respect to their ability to
resist further fluorination [50]:

CF3; > CCIF, > CCL,F > CClj.



Table 1.1
Nomenclature for Chlorofluoroethanes

Chlorofluoroethane

CF3CF3
CCIF2CF3
CCIF2CCIF2
CCI2FCF3
CCI2FCCIF2
CCI3CF3
CCI2FCCI2F
CCI3CCIF2
CCI3CCI2F
CCI3CCI3

116
115
114
114a
113
113a
112
112a
111
110
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A CClz group can be fluorinated rapidly to a CFq
group whereas the presence of hydrogen in a molecule
inhibits fluorination [51a]. However this problem can be
overcome by introducing bromine to the molecule [S1b].
Monofluorinated aliphatic molecules are unstable and

liberate HF in concentrated acids but, if a CF,X group

is present the C-F bond is strengthened. The C-X bond
of the third halogen is also strengthened making it
difficult to replace. A -CF,X group also increases the

stability of halogen atoms on adjacent carbon atoms

[50].

The direction of fluorination is determined by the
presence of hydrogen. The compounds CCI;CCIl,F and
CCl1,HCCIl,F are fluorinated producing the symmetric
molecule CCIl1,FCCI,F and the unsymmetric molccule
CCl,HCCIF, respectively [50]. The fluorination of
chlorocarbons and chlorinated hydrocarbons by molecular
fluorine produces symmetric molecules with at most two

fluorine atoms [52,53]

1.7.2 Chlorofluorocarbons and the Ozone Layer {[54]

Chlorofluorocarbons, due to their chemical
inertness, are an environmental threat. Although
excellent refrigerants, solvents and propellant gases,
they are not decomposed in the lower atmosphere by

photolysis nor are they soluble in water.

The ozone layer 1is contained in the

stratosphere and 1is approximately 25 km above the



earth’s surface. Harmful u.v. radiation is absorbed

by the ozone so that very little filters through.

Ozone is formed by the action of photolysing light
on molecular oxygen. (equations 1.18 and 1.19)

hv

O ——— O + O- equation 1.18

Oy + O ———— Oy equation 1.19
It enters a cycle through which ozone 1is completely

destroyed and reformed. (equations 1.20 and 1.21)

O3 ———> 0, + O- equation 1.20
hv
O, + O —> O3 equation 1.21
This cycle can be disturbed by the inclusion of a
radical other than oxygen. These radicals NO-, CHj*
and CIl* may arise from the breakdown of nitrous oxide
methane and chlorofluorocarbons respectively: Most of
these compounds are very inert in the lower atmosphere
and breakdown naturally only when they have risen above

the ozone layer.

As the CFC molecules rise high in the atmosphere
the C-Cl bonds are broken producing chlorine radicals,
Cl , which enter the ozone cycle. For example using
CF;Cl the reactions would be as follows (equations 1.22-

1.25)

CF3Cl ----» CFg + CIl- equation 1.22
Cl~- + O3 - - --—ClO- + 0, equation 1.23
clo- + O+ - -—3CI° + O, equation 1.24

l
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The net result is the process

O + O3 —— 20y equation 1.25

As chlorine radicals are not consumed by the reaction,
many thousands of ozone molecules may -be destroyed
before a chlorine radical has filtered through the

stratosphere [55].

The potential effects of ozone depletion on the
ecarth’s surface are great. Once the ozone layer is
broken down, the temperature of the stratosphere will
ch\\ and possibly that of the troposphere also,
affecting the earth’s climate. As harmful U.V.B.
radiation enters the earths atmosphere the incidence of
skin cancer and cataracts will increase. Biological
systems can also be affected for example many growing

plants eg. rice are very susccptible to U.V.B.

1.7.3 Alternatives to__Chlorofluorocarbons

The effects that CFCs have on the ozone layer
were first realised by Rowland and Molina in 1973 [56]
but it was not until 1987 that other scientists and
governments accepted their findings. This resulted in
the Montreal Protocol, an international agreement by
governments to reduce and eventually cease the output of

CFCs to the atmosphere.

The main CFCs targetted in 1987 were CCIl3F (CFC
11) and CC12F2 (CFC 12); both are used as refrigerants

and blowing agents. The need for the replacement of
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the industrial solvent CCl,FCCIF, (CFC 113) was also
recognised. The requirements of the 1987 Protocol
were:

(i) that there must be a 50% reduction in CFC
consumption within 10 years and

(ii) a freeze on the wuse of halons (chlorofluoro

bromocarbons CFBCs) within 4 years.

The Montreal Protocol was recently revised [55])
and new targets have been set. All fully halogenated
methanes ethanes and propanes are to be phased out by
the end of the century together with the halons CF,BrCl,

CF3Br and C2F4Br2, carbon tetrachloride and CH3CC13.

The search for alternatives to CFCs is already
underway. The replacements are required to meet
strict toxicological requirements and tests normally
take up to 7 years. The substitutes for CFC 11 are
hydrochlorofluorocarbons CHCI1,CF3 (HCFC 123) and
CH3CFC12 (HCFC 141b); both have greatly reduced
atmospheric lifetimes and ozone depletion potentials
compared with CFC 11 [57]. The compound HCFC 123 is
not as efficient a foam blowing agent as CFC 11, but it
is a more powerful solvent. The drawback of HCFC 141b
is that its vapour is flammable and for both
alternatives it is not yet known whether the
flammability of the foam will be affected by their use

as foam blowing agents.

CFC 12 is to be replaced by CF3;CFH, (HCFC 134a).
As this compound contains no chlorine its ozone

depletion potential is nil. It has a very similar
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boiling point and melting point to CFC-12 and it is also
non-flammable. Its biggest drawback as a replacement
in the refrigeration industry 1is that it is not
completely miscible with refrigeration lubricants and so
new lubricants will have to be developed. Results of
short term toxicity testing have shown that these
replacements have as yet no harmful effects on humans or

the environment.

There are still questions to be answered about
these CFC replacements. They are known to decompose in
the troposphere but the exact nature of their
decomposition and indeed the products formed are as yet
unknown. There is a fear that they may break up to
form trifluoroacetic acid, which has unknown effects on
the environment [58,59]. There iso,l\soa possibility of
conversion to monofluoroacetic acid, a particularly
dangerous chemical known for its toxicity to mammals.
However it is likely this will be produced 1in

infinitesimal amounts.

These HFC and HCFC alternatives are a short term
solution to the ozone problem and, they will probably be
replaced in the middle of the next century by compounds

which are as yet unidentified.

1.8 Chlorofluoroethanes - Production in the Vapour Phase

The large scale production of chlorofluoroethanes
in the vapour phase is based on the fluorination of
hexachloroethane by HF in the presence of a fluorinated

catalyst. This method of preparation has many
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advantages over the liquid ph_ase process. The
antimony halides used in the liquid phase process are
prone to reduction and hydrolysis by SO, and H,O
respectively. These compounds are contaminants in
commercial hydrdgen fluoride [60]. The resulting
decomposition products can react further with the
starting material and with reactive products causing
blockages in the reactor system. Reactions involving
antimony halide based catalysts should not exceed a
temperature of 80°C to avoid decomposition of the
catalyst. This low temperature however detemines the
composition of the product mixture and highly
fluorinated ethane derivatives are not obtained in

economic yields [60].

These problems can be overcome by using a solid
heterogeneous catalyst. The reactor temperature is
normally 300-400°C allowing vapour to come into contact
with the solid catalyst. The lifetime of the catalyst
is longer and a more economic yield 1is obtained.
Modification of the catalytic conditions can result in

product selectivity.

The products obtained from the fluorination of
CCl,FCCIF, with HF using aluminium(Ill) fluoride as the
catalyst are mainly the unsymmetric isomers CCI,FCF5 and
CCl3CF3, with small quantities of CCIF,CF5 and the
symmetric isomer CCIF,CCIF,. If the catalyst is mixed
with a mixture of nickel, chromium and iron metal, the
product distribution changes dramatically to give
CC1F2CC1F2 in a 95% yield [61]. The symmetrical

isomers are favoured as propellants and solvents, as
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they are less prone to hydrolysis. However they are
thermodynamically less stable. Further studies on the
aluminium(IIl) fluoride system by Tatlow and coworkers

have suggested that the fluorination of hexachloroethane
by HF, in the presence of aluminium(III) fluoride,
involves three separate processes, dismutation,
isomerisation and halogen exchange with the catalyst

[62].

1.8.1 Dismutation and Isomerisation

Dismutation and isomerisation reactions have
played important roles in the development of reaction
mechanisms for chlorofluoroethanes on catalytic
surfaces [60,63-66]. It is therefore important to
review these reactions in some detail. Dismutation of
a chlorofluoroethane results in the formation of one
more highly fluorinated and one more highly chlorinated
species [60]. For example the dismutation of

CCI,FCCIF, is shown in equation 1.26.

2CCl,FCCIF, -> CCIl3CCIF, + CCIF,CCIF,
equation 1.26.
In principle isomerisation can arise from a series of
reactions some of which involve dismutation, (equations

1.27 - 1.30)

2CC1,FCCIF, -> CCI3CCIF, + CCIF,CCIF, eqn. 1.27
2CCIF,CCIF, -> CCl,FCCIF, + CCIF,CF; eqn. 1.28
CCI3CCIF, + CCIF,CF5 -> CCI,FCCIF, + CCI,FCF; eqn. 1.29
CCI,FCCIF, + CCI,FCF3 -> CCIF,CCIF, +CCI3CF3 eqn. 1.30
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The overall result is the reaction (equation 1.31)

CCI,FCCIF,; -> CClI3CF4 equation 1.31

The proposed dismuation mechanism for these reactions is
shown in Scheme 1.1. It is ionic in nature and
involves the ‘adsorption of the chlorofluoroethane at an
active site on the surface via a carbon-chlorine bond.
The fluorine source 1is another chlorofluoroethane
molecule, thus a fluorinated molecule is formed leaving
a chlorinated molecule adsorbed on the surface. This
molecule subsequently desorbs leaving the site vacant
for further reaction [60]. Isomerisation is envisaged
as occurring via a series of such bimolecular reactions.
It may also occur via an intramolecular process as shown
in Scheme 1.2. Direct fluorination of the
chlorofluoroethane by HF, adsorbed on the catalyst has
also been proposed. The chlorofluoroethane is
adsorbed to the surface via a carbon-chlorine bond. It
obtains a fluorine from the catalyst surface and desorbs
leaving an adsorbed chlorine. Hydrogen fluoride is
adsorbed at the adjacent site and the hydrogen desorbs
with the chlorine as hydrogen chloride, leaving the site
vacant for further reaction [67] (Scheme 1.3). If the
active fluorinating agent is a Cr-F species formed in
the reaction, 1t follows <that fluorination involves
cleavage of a Cr-F bond. However chromium(lIl)
fluoride is known to be quite inert with respect to

substitution.

A kinetic study of the dismutation and
isomerisation of trichlorotrifluoroethanes over chromia

supported on activated charcoal has shown that an
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equilibrium stage is reached in the reactor, in which
the isomerisation reaction CCl,FCCIF, -> CC13CF5 is very
slow [63]. The catalyst is deactivated by contact
with pure CCI3CF5. This is due to the formation of a

crystalline form of chromia, possibly o-chromia.

Chromia supported on alumina is more active
catalytically than the charcoal based catalysts since a
lower temperature is required to produce the same trans-
formations [64]. The isomerisation of CC12FCC1F2 ->
CCI3CF3 also occurs more readily on this catalyst. The
nature of the site at which isomerisation occurs has
been determined from poisoning experiments wusing
pyridine [64]. This neutralises the strongest Lewis
acid sites first and inhibits isomerisation without
affecting dismutation. These stronger Lewis acid
sites are attributed to isomerisation. The mechanisms
for dismutation and isomerisation proposed by Canessan
et al [64] differ from that of Kolditz [60,67].
Dismutation involves two adsorption sites per molecule,
a donor site (D) to which the carbon atoms adsorbs and
an acceptor site (A) to which the halogen atom adsorbs
(Scheme 1.4). Isomerisation is an intramolecular
process involving the adsorption of the chlorofluoro-
ethane to two acceptor sites (A) via carbon-halogen

bonds (Scheme 1.5).

Product selectivity is very important in these
reactions and can be influenced by the acidity of the
catalyst used ([65]. Chromia based catalysts favour
the formation of symmetric isomers, whereas, aluminium

(I1I) fluoride favours asymmetric isomers.
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1.8.2 Halogen Exchange Mechanisms

Recent studies involving [18F]—fluorine and [36Cl]—
chlorine radiotracers, have <cast doubt wupon the
importance of dismutation and isomerisation mechanisms
in the vapour phase fluorination of chlorofluoroethanes
at fluorinated chromia surfaces. The mixtures of
fluorinated and chlorinated products that are
characteristically formed from such reactions are
accounted for by a Cl-for-F and F-for-Cl exchange model
[68-70]. A key feature of the work was that incorpor-
ation of the radiotracer, [18F]-f1uoriné' or [36Cl]—
chlorine was observed when feedstock was passed over
catalysts previously labelled with H18F, H3°Cl or
[3®C1]-CCIF,CCIF,.

For example, an industrial chromia catalyst was
treated with H18F at 300°C under flow conditions.  This
resulted in the uptake of H!8F by the catalyst. The
compound CCI,FCCIF, was then flowed over the labelled
catalyst at 430°C and [ISF]-fluorine activity was
observed in the product mixture [68]. Incorporation of
the radiolabel in the products must have arisen from a
halogen exchange mechanism involving the feedstock and
the catalyst surface. By similar experiments direct
evidence for catalytic fluorination and chlorination has

been found for the transformations shown in Scheme 1.6.
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Further investigation of this catalytic surface
using [18F]-f1uorine has shown that there are three
types of fluorine species present on the surface [68].
The first can be described as hydrogen fluoride monomers
or oligomers that are weakly adsorbed on the catalyst
surface. They are easily removed by flow of an inert
gas. The second type 1is irreversibly bound to the
catalyst and does not take part in catalytic reactions.
It is believed to be directly bonded to chromium(III)
and is likened to chromium(IIl) fluoride. The third
type 1is catalytically active and is involved in the
halogen exchange reactions. It is possible that it is
associated with the CrIV and crV! sites. As reaction
proceeds the amount of irreversibly bound fluorine
increases [69] thus relating the three types of surface
fluorine as follows:

HF(weakly adsorbed) - -3 catalytically active F->crlllp
Studies using [36Cl]-chlorine labelled chlorofluoro-
ethanes and H5%Cl have both substantiated the results on
Scheme 1.6 and also provide an indication of the nature

of the surface chlorine species present [70].

Two types were found; one that was irreversibly
bound to the surface and inert to reactions, the other
was catalytically labile. Both species are analogous

to those formed by fluorine.
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1.9 The Behaviour of Chlorofluorocarbons in the

Presence of Aluminium(III) Chloride

The behaviour of chlorofluoroethanes in the
presence of aluminium(IIIl) chloride was studied
extensively by Burton ([71]. In most cases, using a
variety of conditions he achieved isomerisation and
chlorination of the starting material. For longer
chain chlorofluorocarbons e.g. propanes and butanes the
product mixture contained fully halogenated C,, Cs3, Cjp,
and C,; molecules together with CCl,=CCl,. The
exception was CF3CCl1,CCl,CF3 which reacted with
aluminium(III) chloride according to equation 1.32,
CF3CC1,CCI,CF3 --———>CCl,=CCl, + CCl53CCl, eqn. 1.32
The fate of the fluorine in this reaction was not
determined. The reactions of the butanes
CCIF,CCIFCCIFCCIF, and CCIF,CCIFCF,CCI,F under similar
conditions are shown in equations 1.33 and 1.34
respectively.

CCIF,CCIFCCIFCCIF, -> CF3CCl1,CCIl,CF3 + CCIF3 (trace)
+ CF3 CCIZF(trace) + CF3CC13(trace)
equation 1.33 + CCl,=CCl, + CCl;CCl4

CCIF,CCIFCF,CClyF -> CF3CC12CF2CC12F +
CF3CCIFCF,CCI,F + CCIF4 (trace)
+ CF3CCl,F + CCl1=CCl,

equation 1.34 + CC13CCI3(trace) + C6Cl6(trace)

From the results of these studies Burton proposed that
the relevant order for reactivity towards the
rearrangement reaction RCXFCXF, -> RCX,CF3 in the

presence of aluminium(IIl) bromide or aluminium(IIl)
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chloride was terminal 1,2 dihalides > internal straight
chain dihalides > cyclic dihalides.
AN
In contrast to Burton’s findings Hu and Lu showed,

that on reaction with aluminium(11I) chloride,
CCl1,FCCIFCF,CCI,F produces entirely halogenated butanes
[72] according to equation 1.35.
CCIF,CCIFCF,CCl,F -> CCIF,CCIFCF,CCl4

+ CCIZFCCIFCF2CFJ13

+ CCl3CCIFCF,CClq

+ CCl13CCl1,CF,CCl4

equation 1.35

No isomeric products were obtained but the fluorines

were systematically replaced by chlorine in the order.
-CCl,F > -CCIF, > -CCIF—- > - CF,

Perhaloolefins with at least three carbon atoms

rearrange in the presence of aluminium(IIl) chloride or

bromide according to equation 1.36.

CF,=CCICF,CCI=CF, -> CF,=CCICF=CCICF3

equation 1.36

Reaction will only occur if the temperature is raised
above the melting point of the olefin [73]. The
action of aluminium(IIl) chloride on CF2=CFCF3 is shown
in equation 1.37 [74].

CF,=CFCF3 -> CF3CF=CCl, + CF3CF=CCIF + CCIF,CF=CCl,

CCl3CF=CCl, + CCI1,FCF=CCl, + CCl;CCl=CCI
W

major products minor products

The presence of the double bond aids the replacement of

fluorine by chlorine on the terminal =CF, group but the



-CF=group 1is inert to replacement. The mechanism
proposed for this type of rearrangement is ionic and

involves an intramolecular isomerisation (Scheme 1.7).

1.9.1 The Behaviour of CCleCClF% in the Presence of

Aluminium(III) Chloride -

It was while studying the electrophilic reactions
of CX- and CFX- compounds that Miller discovered the
chlorinating ability of aluminium(III) chloride in the
reaction (equation 1.38) [75].

CCl,FCCIF, -> CCl3CCIF, equation 1.38

Further investigations of this work led to the discovery
of the "Miller reaction” [76]. Miller refluxed
CCl1,FCCIF, with aluminium(III) chloride at 60°C for 5 h
and obtained the product mixture shown in equation 1.39.

CCI,FCCIF, -> CCI3CF; + CCI3CCIF, + CCI3CCly

50% 40% 5%
+ CCI1,FCCIF, equation 1.39
5%

He repeated the reaction using [36Cl]-chlorine labelled
aluminium(III) chloride and discovered that
radioactivity was found only in the chlorinated products
CC15CCIF, and CCl13CClj. He therefore concluded that
the isomerisation CCl1,FCCIF, -> CCI3CF3 occurred via an
intramolecular process. This was the first time that
evidence had been obtained for intramolecular

isomerisation. Studies of the isomerisation reaction
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using various Lewis acid catalysts have shown that it is
specific to aluminium(III) bromide and aluminium(III)
chloride [71]. Both are very strong Lewis acids and
it has already been shown that strong Lewis acid sites
are required for the isomerisation of CCl1,FCCIF, ->

CC13CF3 [64]. Aluminium(III) bromide is the
stronger Lewis acid, and the isomerisation occurs at

lower temperatures [71].

On the basis of these findings a reaction
mechanism was proposed similar to the one used in later
years by Canesson [64] and Kolditz [60]. It is shown
in Scheme 1.8. An ionic mechanism was not favoured
as it would allow exchange between the catalyst and the

adsorbed species.

The relationship between the isomerisation and
chlorination reactions in this system has been studied
by Okuhara [77]. He observed that isomerisation did
not always occur but that chlorination occurred in every
case tried. After reaction analysis of the catalyst
showed that its composition corresponded to AIF, Clg ,.
This type of catalyst has already been used successfully
in the isomerisation of CCleCCIZF [78], which 1is an
easier transformation than CCleCCle -> CCI3CF3 [79].

When nitro benzene, tetrahydrofuran or
triethylamine were added to the reaction mixture, both
isomerisation and substitution reactions were inhibited.
However solventd such as benzene, n-hexane and carbon

disulphide selectively inhibit isomerisation.
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The chlorination reaction is believed to involve a
carbocation intermediate the first step being the
formation of the ion pair [CFZCICC12]+.[A1FC13]'. The
active species for isomerisation is believed to be an
aluminium chloride fluoride, formed from the
substitution reaction between CC12FCCIF2, and aluminium
(IIT) <chloride. It was observed that vigorous
stirring inhibited isomerisation [77], possibly as it
prevents the formation of the active catalyst AlF, Cly_.
Once the active qatalyst is formed, it is proposed that
two types of species can occur on the solid surface as
shown in equations 1.40 and 1.41.

RF + AICl; ——R* + AIFCl4” equation 1.40

R'AIFCl;” —— 5 RT 4 AIFCl3” equation 1.41
Catalytic activity ensues if the carbocation RY formed
in equation 1.41 abstracts a halide from a CCI1,FCCIF,
molecule. For isomerisation to occur it is necessary
for the carbocation intermediate to be more reactive and
have a 1longer lifetime than that required for
substitution. The mechanism thus proposed is shown in

Scheme 1.9.

Electron spin resonance studies of halocarbon
matrices reveal that the CF,CICFCl radical can rearrange
to form CF3CC12 [80]. The isomerisation then
proceeds via a chlorofluoroalkyl carbonionic species

formed reversibly by electron transfer.



Scheme 1.9
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Aims of the Present Work

In Miller’s original paper [76] he concluded that

the isomerisation CC12FCC1F2 -> CC13CF3 occurred via anA

intramolecular process. This was assumed because
aluminium(III) chloride containing [36Cl]-chlorine
reacted with CCI,FCCIF, producing [36Cl]-chlorinc
labelled CCi3CCIF, and unlabelled CCl3CF4. The
description of this experiment is very brief and
provides insufficient detail, with which to judge the

reliability of the observation.

[18F]-Fluorine and [36C1]-chlorine radiotracer
studies, of the vapour phase catalytic fluorination of
chlorofluoroethanes, by hydrogen fluoride over chromia
catalysts, provide evidence for the involvement of
surface fluorine- and chlorine- containing species in
the reactions [68-70]. The reactions observed can be
described as a series of F-for-Cl and Cl-for-F halogen
exchanges at the catalyst surface. These results put
in doubt the importance of dismutation and isomerisation
reactions in the vapour phase system. In all cases
the products obtained can be explained by a series of
Cl-for-F, F-for-Cl halogen exchange reactions, but
there was no evidence to support a direct isomerisation

reaction.

In the present work the Miller reaction [76] will
be re-examined using [36Cl]-chlorine and [lSF]-fluorinc
labelled CCI,FCCIF, and [3®Cl]-chlorine 1labelled
aluminium(III) chloride. This will provide
information on surface adsorbed species and determine

value of Millerk original observations. In

‘e
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conjunction with these experiments infra-red studies of
the vapour phase, during the course of the reaction,
will be <carried out in order to obtain kinetic

information.

It was also originally intended to study the
reactions of CCleCCIFz over a fluorinated commercial
chromia catalyst and aluminium(III) fluoride, but during
the course of the present work it was discovered that
aluminium(III) chloride pretreated with CH3CC13 was also
a catalyst for the isomerisation CCIl,FCCIF, -> CCl;CF5.
Aluminium catalyses the room temperature dehydrochlorin-
ation of CH3CClz producing a purple polymeric surface
181]. A line of enquiry was set up to study this
system; the results will be discussed in chapter 4.

The last 1line of enquiry will involve the
behaviour of CCl1,FCCIF, over chlorinated vy-alumina.
Y-Alumina chlorinated with carbon tetrachloride is known
to be a Lewis acid capable of catalysing the
dehydrochlorination of CH3CC13 [82], a reaction also
catalysed by aluminium (III) chloride. The
isomerisation of CCl,FCCIF, over CCl, treated Yy-alumina

will be studied.

Work has been carried out on the superacid
aluminium(III) chloride supported on Yy-alumina by Drago
and Getty [83]. Preliminary studies of the behaviour
of CCI,FCCIF, in the presence of this catalyst have been
conducted, and the results obtained, together with those
obtained from the CCl, treated fy-alumina study will be

presented in chapter 5.
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CHAPTER 2
EXPERIMENTAL

Aluminium(III) chloride is a very hygroscopic
substance and therefore should be handled under strictly
water free conditions. To ensure this criterion all‘
work was performed in vacuo (10'4 Torr) or in a dry

atmosphere box (H,O0 < 10 ppm).

2.1 Vacuum Apparatus

The vacuum line (Figure 2.1) was constructed from
Pyrex glass and consisted of a Vacuostat, used to
measure the vacuum in the line, a constant volume
manometer and two manifolds, all of which could be
individually isolated. The equipment was evacuated
using an oil sealed rotary pump, and a mercury diffusion
pump to a pressure of 10°% Torr. All volatile
materials were prevented from entering the pumps by
means of three traps cooled with liquid N,. The
constant volume manometer was calibrated before use and
measurements were made to a precision of + 0.5 Torr.
The manifolds consisted of high vacuum stopcocks
(Rotaflo or J. Young) with ground B14 sockels. Vacuum
vessels (Figure 2.2) equipped with stopcocks (Rotaflo or
J. Young) and Bl4 cones were attached to the sockets

using Kel-F grease.

All vessels attached to the line were flamed out
with a gas/oxygen flame with the system under dynamic
vacuum. This results in a substantial reduction of

moisture adsorbed on the su'rface of the vessels [84].
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Figure 2.2 A Vacuum Vessel
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2.2 The Dry Box

A glove box with nitrogen atmosphere was used for
handling solid samples (H,O < 10 ppm. Faircrest). All
vessels were thoroughly flamed out before being placed

in the box.

2.3 Purification of Reactants

2.3.1 Purification of 1.1,2-Trichlorotrifluoroethane

1,1,2-Trichlorotrifluoroethane (ICI C & P Ltd) was
degassed by three freeze-thaw cycles before distillation
onto activated 3A molecular sieves. Its composition was
determined by G.C. and 19 n.m.r. There were no

detectable impurities.

2.3.2 Purification of 1,1,1-Trichlorotrifluoroethane

1,1,1-Trichlorotrifluoroethane (ICI C & P Ltd) was
purified by the same method used in 2.3.1. Analysis by
19g n.m.r of the solvent showed its composition to be

1.0% 112a, 3.8% 113, 95.2% 113a.

2.3.3 Purification of 1,1,1-Trichloroethane

1,1,1-Trichloroethane (99% BDH) was purified as in

2.3.1 but was stored in a darkened vessel.
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2.3.4 Purification of 1,1-Dichloroethene

1,1-Dichloroethene (99% Aldrich Chemical Co) was
vacuum distilled to remove stabiliser, which inhibits
oxidation, then, was stored over activated 3 A molecular
sieves in a darkened vessel to avoid

photopolymerisation. It was degassed before use.

2.3.5 Purification of Chloroform

Chloroform (99% May & Baker) was purified according

to the method used in 2.3.4.

2.3.6 Purification of Perfluéro-n-hexane

Perfluoro-n-hexane (99% ICI C & P Ltd) was purified

according to the method used in 2.3.4.

2.3.7 Purification of Aluminium(IIl) Chloride

An evacuated vessel was flamed out, under dynamic
vacuum, three times before being placed in the dry box.
Aluminium(1II) chloride (anhydrous > 99% pure Fluka AG)
was added together with a piece of aluminium wire
(99.99% pure Fluka AG/Balzers). The function of the
aluminium wire was to remove any iron chloride present.
The aluminium(III) chloride was degassed before
attachment via the breakseal to the sublimation
apparatus (Figure 2.3). The apparatus was flamed out
three times before the breakseal was opened and the
aluminium(IIl) chloride heated to 120°C using a furnace.

The sublimate was trapped in the Pyrex U-bend of the
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reaction vessel held at -196°C under vacuum (10'4 Torr).
The apparatus was heated gently during this operation to
prevent the sublimate sticking to the walls of the
apparatus. Once the sublimation process was completed,
the reaction vessel was sealed under vacuum, at the
constrictions, using a gas/oxygen flame. The vessel
was attached to the vacuum line and the freshly sublimed

aluminium(IIIl) chloride was used immediately.

2.4 Radiocﬁemical Isotopes

2.4.1 The [36Cl]-Chlorine Radioisotope

The [36Cl]-chlorine radioisotope is a soft beta B~
emitter and has a half life of 3 x 10%y [85]. An
aqueous solution of Na36Cl (Amersham International) was
diluted with concentrated hydrochloric acid to give a
[36C1]-chloride solution with a specific activity of 9.3

x 10 Bq cm™3. -

2.4.2 The |!3F]-Fluorine Radioisotope

The [ISF]-fluorine radioisotope is a positron Bt
emitter and the annihilation of B+ by electrons causes
the release of y-radiation. The half life of [ISF]-
fluorine is 109.8 min [85], therefore all experiments
using this isotope must be completed within one working
day. After six half lives (11 h) only 1.56% of the

original activity remains.
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2.5 Radiochemical Preparations

2.5.1 The Preparation and Purification of [36Cll—

Chlorine labelled Dichlorine
The apparatus wused in this prep#ration. is shown in
Figure 2.4. Anhydrous [36Cl]—C12 was generated from
the reaction between aqueous [36Cl]-HCl andaqueous
potassium permanganate, KMnOg,, according to equation

2.1.

an3%c1 + KMno, -> K39C1 + MnO, + 2H,0 + 3/,1C13%C)
Equation 2.1.
A solution of potassium permanganate (0.101 mol) in
water (300cm3) contained in a pressure equilibrated
dropping funnel, was added dropwise, with stirring to a
solution of Na36Cl (2.4 cm3, 60 pCi Amersham
International) in concentrated HCI (30cm3, 36% w/w May &
Baker) contained in a round bottomed flask (Vessel A).
This was heated to 100°C using a water bath. Vessel A
was attached to the vacuum pump and was periodically
opened to reduce pressure in the system. This
procedure was repeated regularly to draw gaseous [36Cl]-
Cl, into the cooled traps. Traps B & C were held at
-80°C wusing methylene chloride/solid CO, baths and
contained solid KMnO,4 to remove excess HCI. Traps D &
E were held at -80°C using methylene chloride/solid CO,
and contained P,Og5 to remove moisture. The collection
vessel F, held at -196°C, was equipped with high vacuum
stopcocks (J. Young) so that it could be isolated from
the system. The [36Cl]—C12 collected in this vessel

was transferred to the vacuum line where it was degassed

and stored over P205 in a Monel metal bomb.
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2.5.2 Preparation and Purification of [36C11-Chlorine

labelled 1.1.2-Trichlorotrifluoroethane

This method was derived from that used for the
preparation of 1,1-dichlorotetrafiuoroethane by L.
Rowley [86]. [36Cl]-Chlorine labelled CCIZFCCle was
prepared by the vapour phase, mercury lamp photolysis of
1,1,2-trifluoroethane CH2FCHF2 and C12 according to
equation 2.2.

hv
CH,FCHF, + 3[3%c1)-c1, —— (3%ci1)-cci,FcciF, + 3H3%CI

Equation 2.2

[36Cl]-C12 as prepared in 2.5.1 (10.87 mmol) and
CHZFCHFZ (3.53 mmol PCR Research Chemicals Inc.) were
distilled into an evacuated Pyrex vessel (2/). The
mixture was irradiated at room temperature for 24 h,
after which the products were distilled onto moist NaOH
pellets and left at room temperature for 24 h. This
procedure removed H36Cl and excess [36Cl]-C12. The

1 mmol'l) was

(39C11-CC1,FCCIF, (count rate 616 min
distilled onto activated 3A molecular sieves. It was
identified by gas chromatography and infrared

spectroscopy.

2.5.3 Preparation and Purification of [36Cl|-Chloride

labelled Carbon Tetrachloride.

[36C1]-Chlorine labelled CCl, was prepared by the
thermal chlorination of chloroform with [3®cCl]-Cl, (87]

according to equation 2.3.
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CHCl3 + [36Cl]-C12 D [36C1]‘-CC14 + [3%c1)-HCl
Equation 2.3.
Dry CHCI3 (see 2.3.5) (28.2 mmol AnalaR May & Baker) and
(36c11-Cc1, (34.7 mmol as prepared in 2.5.1) were
distilled into- a conditioned evacuated Monel metal bomb
(i.e. one that had previously contained HCl or Cl,) and
heated to 330°C for 42 h. The most volatile products,
mainly HCl but also some OCCIl, were removed by cooling
the bomb to -80°C using a methylene chloride/solid C02
both before opening it to the manifold. The vapour in
the manifold above the product mixture was condensed
into a bomb held at -196°C (liquid N,). This process
was repeated three times. The remaining fraction was
distilled into a vacuum vessel containing mercury, and
left at room temperature for 2 h to remove any unreacted
Cl, by formation of the involatile HgCl,. The presence
of OCCl, in the product mixture was attributed to the
reaction of CHCl3 with metal oxides or H,O in the walls
of the Monel bomb. The [39Cl]-CCl, was distilled into
a darkened vessel containing activated 3A molecular
sieves and degassed before use. It was identified by

infrared spectroscopy.

2.5.4 The Preparation and_ Purification of 136Cll-

Chlorine labelled Aluminium(iIl) Chloride.

[36Cl]-Chlorine labelled aluminium(Ill) chloride
was prepared by the thermally promoted isotope exchange
between solid aluminium(lIl) chloride and [36ClJ-CCl4 as
shown in equation 2.4.

Alcly + [3%ci-ccly ———> (36c1]-AICl; + CCly

Equation 2.4.



This procedure was derived from a literature method
[33]. (3Cl1]-Chlorine labelled CCl, (0.98 mmol as
prepared in 2.5.3) was distilled onto freshly sublimed
aluminium(III) chloride (see 2.3.7) cooled to -196°C in
a Pyrex reaction vessel. The reactants were heated to
60°C for 23 h, then cooled to room temperature. The
volatile products were removed by distillation into an
evacuated ampoule at -196°C. The |36Cl]—chlorine
labelled solid had a specific count rate of the order of

104 min'1 mmol'l .

2.5.5 The Preparation and Purification of 136C1]-

Chlorine labelled Hydrogen Chloride [88].

The apparatus for this preparation is shown in
Figure 2.5./ Anhydrous, gaseous [36Cl]-HCl was evolved
from the reaction between an aqueous solution of H30C|

and concentrated H2804 as shown in equation 2.5.

H36Cl1(aq) + H,504(ag)——> H3%Cl(g) + H,50,(aq)
Equation 2.5.

Aqueous [3%Cl)-NaCl (25 cm3 62.5 uCi Amersham
International) was diluted with HCl (10 cm3, 35.4% w/v,
May & Baker). This solution was added dropwise from a
pressure e(juilibratcd dropping funnel to concentrated
sulphuric acid. A glass encased iron bar and magnet
were used to agitate the mixture. The gaseous H36c
generated was distilled using a series of two traps to
remove moisture. Trap A contained P,O05 held at -80°C
(methylene chloride/solid COj,). Trap B contained P,O0g4
held at -90°cC (methylene chloride/liquid N2).



Y052+ 2u0y v g )

IDH-[1D9€] 40 uoljesedaid
ay] ul pasn snjeieddy gG'g ainbig



-40-

Collection vessel C contained two high vacuum stopcocks
(J. Young) so that it could be isolated from the system.
It contained P5,04 and was held at -120°cC
(isopentane/liquid N5). The H3%CI collected in vessel
C was transferred to the vacuum line, degassed and
vacuum distilled from -90°C to -196°C and stored over

P205 in a vacuum flask at -196°C.

2.5.6 The Preparation and Purification of |36(_;1J;

Chlorine labelled 1.1.1-Trichloroethane.

[36Cl]-Chlorine labelled 1,1,1-trichloroethane was
produced by the room temperature hydrochlorination of
CH,=CCl, with H3%Cl as shown in equation 2.6. The
reaction is catalysed by anhydrous iron(Ill) chloride.

FeCl,

CH,=CCl, + H3%cl ——— 5 [*%ci1}-cH;cCCl,

Equation 2.6.
A conditioned Monel metal bomb was loaded with FeClg
(anhydrous 99.0% pure Fluka AG) in an inert atmosphere
box and closed. The compound CH,=CCl, (34 mmol 99%
Aldrich Chemical Co) purified as described in (2.3.4)
and H30cl1 (35 mmol prepared as described in 2.5.5.) were
vacuum distilled into the bomb which was then closed and
held at room temperature for 48 h. Excess H30Cl was

removed by cooling the bomb to -80°C (methylene
chloride/solid CO,) and then opening it to the manifold.
The vapour in the manifold above the product mixture was
isolated and condensed into a vessel held at -196°C

(liquid N,). This procedure was repeated three times.
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The [36Cl]-CH3CCl3 was identified by infrared
spectroscopy. It was vacuum distilled from -80°C to
-196°C into a darkened vessel containing activated 3A
molecular sieves and diluted by the addition of inactive
CH3CC13 (1.5 ml AnalaR Hopkin & Williams). It was

degassed before use.

2.5.7 Preparation of [lthlabelled Caesium_Fluoride.

The [ISF]-fluorinc isotope was prepared using the
SURRC facilities at East Kilbride. Lithium carbonate

pellets (20 x 0.1g) were irradiated in a neutron flux

(3.6 x 1012 neutron ecm 2 s°!) for ca 40 min using the
large rabbit system. [18F]-Fluorine was produced from
the sequence ®Li(n,)3H, 1°0(3H,n), !8F [89]. The

pellets were dissolved in 50% v/v H,SO4/H,0 and the HI8F
liberated was distilled into an aqueous solution of
caesium hydroxide cooled to O°C. This solution

containing csl8F

was neutralised by the addition of
aqueous HF and evaporated to dryness, producing a finely

divided white powder.

2.5.8 Preparation of [18F]-Fluorine labelled Uranium

Hexafluoride

[18F]-Fluorine labelled caesium fluoride was
activated by treatment with (CF3)2CO (23 mmol) for 30
min. The volatile material was distilled into an
evacuated bomb held at -196°C and the [!8F]-CsF was
heated to 110°C for 30 min. The compound UFg (11.7
mmol 235U depleted BNFL) was distilled onto the [ISF]-

CsF held at -196°C. The mixture was warmed to room



temperature then heated to 110°C for 60 min. A sample
of the product was removed and counted as a solution in
MeCN. The specific count rate of the [18F]—UF6

prepared was of the order IOSCOUNTS MlN-1MMOL'1

2.6 Gas Chromatography

2.6.1 Equipment

The GC analysis of product mixtures was carried out
using a Perkin-Elmer Sigma 3B dual Flame Ionisation
detector gas chromatograph and a Perkin-Elmer 8410 gas
chromatogfaph equipped with a hot wire detector. Flame
ionisation is more sensitive than hot wirc
detection and can detect components in very small
concentrations, though, the compounds are destroyed
during the process. Hot wire detection does not
destroy the sample components and once separated by G.C.
they can be analysed for radioactivity using an Isoflo
counter. It is therefore essential to obtain baseline
separation, so that the radioactivity of each fraction

could be calculated precisely.

2.6.2 Separation of 1,1,1-Trichlorotrifluoroethane and

1,1,2-Trichlorotrifluoroethane

The main reaction studied in this work was the
isomerisation of CCI,FCCIF, to CCl13CFg3, therefore it was
necessary to determine their individual compositions in
the product mixture. Separation by G.C. proved
difficult as CCl3CF3 boils at 45.8°C and CCI1,FCCIF,
boils at 47.7°C. When using capillary columns the

retention times for the isomers were less than 1 min
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however no separation was achieved. Packed columns
proved successful but retention times very long ca 20
min. Any reduction of retention times by either
increasing the oven temperature or increasing the flow

rate caused the peaks to merge with baseline separation.

The most successful column used was made of
stainless steel (2m ‘x l/8"od). It was packed with
80/120 carbopack B/3% SP-1500 (Supelco), a graphitized

carbon which has a surface area of ca 100m2 g‘l.

The conditions used for the separation of the
isomers and their retention times are shown in Table
2.1. Less volatile components of the product mixture
had longer retention times wunder isothermal conditions.
To reduce these it was necessary to ramp the temperature

of the oven.
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Table 2.1

The Separation of CCI;FCCIF: and CCIJ\’CF3 by Gas

Chromatography

Oven Conditions

Method of A()vcn Time Ramp Oven Time

Detection Temp.l (min) Rate Temp.2 (min)
(°C) °C min-! (°C)

Flame

ionisation

(F.1.D) 60 22 10 200 10

Hot Wire

(H. W) 60 90 - - -

CFC

F.I.D
CCI,FCF4 4.2
CCI,FCCIF, 16.8
CCI3CF4 18.8
CCI3CCIF, 32.1
CCI3CCl,F 36.9
CCl5CCly 44.1

Injector temperature
Detector temperature

Carrier gas Ny,

. 100°C
200°C

Retention Time (min)

H.W.
4.6
19.5
22.0
56.8

88.9

3 1

Flow rate 30 c¢cm~ min’
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2.6.3> Calibration Chromatographs.

The response factor of a component on a column can
affect its detection and the resulting chromatograph.
If the response factors of a sample‘s components are
different, then a correction must be made so that the
component ratios analysed by G.C. correspond to the true
ratios in the sample. Samples of mole ratios 1:1,
CCl,FCCIF,:CC13CF3 and 1:100 CC1,FCCIF,:CC13CF3 were
injected onto the column. The resulting
chromatographs gave peak areas with the expected ratios

droxeiewe  no correction factor was required.

2.6.4 Gas Chromatography/Mass Spectrometry (G.C./M.S).

When unknown peaks were encountered, the optimum
conditions for chromatography were established and the
sample was identified by G.C/M.S. As the component
molecules elute from the column to the inside of the
mass spectrometer (V.G.7070-F analytical instrument),
they are bombarded with a beam of electrons causing
them to fragment and ionise. This process is
reproducible providing the instrument conditions arec
constant. The recording of the masses of the ionised
fragments represents a unique "finger print” by which
components can be identified. These "finger prints”
were very useful in helping distinguish between the
isomers of C,Cl4F, and C,Cl,F,4 as their isomers had

similar retention times on the packed column.
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2.7 Infrared Spectroscopy

2.7.1 Equipment

The infrared spectroscopic analyses of the vapour
phase in gas/solid systems were carried out using a
Perkin-Elmer 983 grating infrared spectrometer with data
station. Kinetic infrared spectroscopic analyses of

the vapour phase in gas/solid systems were also carried

out wusing this instrument,

The infrared cell used in these experiments (Figure
2.6) was constructed of Pyrex glass. Its pathlength
was 10 cm and it was equipped with KBr plates and a
Pyrex stopcock (Springham) with a B14 cone, for
attachment to a vacuum linc. Joined to the body of the
cell was a Bl1l4 socket to which vacuum ampoules
containing solid samples could be attached and solid
added in vacuo. A depression along the base of the
cell ensured that solid did not mask the infrared beam.
The volume of the cell was 46.99 + 0.5 cm3. A purpose
built holder for the <cell enabled reproducible

positioning in the infrared beam.

2.7.2 1ldentification of Compounds in the Vapour Phase

In all infrared spectroscopic analyses of the
vapour phase in gas/solid systems, species were
identified from the vapour phase spectra of pure
samples, or by comparison with standard vapour phase
spectra obtained from the Aldrich library of Infrared

Spectra [90].



Figure 2.6 Infrared Cell
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2.7.3 Calibration Spectra

The vapour phase studied in these infrared
investigations consisted of 1,1,2-trichlorotrifluoro-
ethane and its isomer 1,1,1-trichlorotrifluoroethane.
The wavenumbers at which both these compounds absorb arc
listed in Table 2.2. The 859 cm™! band of CF;CCl,
was very distinct and did not overlap with any bands of
its 1isomer; it was therefore <chosen to calibrate
CCI3CF,. The nearest band of CCI,FCCIF, to the 859
cm™! band of CCl13CF3 was at 816 cm™! and therefore this
was chosen to calibrate CCI,FCCIF,. Both bands have
strong absorbances, so only small pressures of vapour
could be admitted to the cell for calibration.
Calibration was achieved by admitting measured pressures
of each gas to the cell and recording the spcctrum from
1000 cm™! to 700 cm™1. The area of each band was
related to a known pressure and thus the number of moles
of gas present could be calculated. Plots of band

area vs pressure were constructed for CC[ZFCCle and

CC13CF3 (Figures 2.7 and 2.8 respectively).

2.7.4 Vapour Phase Infrared Analysis_ in_Gas/Solid

Systems

In these studies an evacuated ampoule containing a
weighed solid sample was attached to the cell, which was
then evacuated. A measured pressure of gas was
admitted to the <cell before it was placed in the
-1 -1

spectrometer beam. A spectrum from 1000cm to 700cm



Table 2.2
Infrared Band Positions CCI2FCCIF2 [91]

Wavenumber cm-1 Assignment Functional Group
1214 (s) CF2 sym str -CCIF2
1130 (vs) CF2 sym str -CCIF2
1118 (vvs) CF2 asym str -CCIF2
1049 (vs) CF str -CCIF2
1043 (vs) CF str -CCIF2
909 (vs) CC str -C-C-
816 (vvs) CCl str
653 (w) CClI str -CCI2F
632 (vw) CClI str -CCIF2
531 (vw) CClI str

Infrared Band Positions CCI3CF3 [92]

Wavenumber cm-1 Assignment Functional Group
1255 (vvs) CF3 str -CF3

1225 (vvs) CF3 str ~ -CF3

909 (vs) CC str -C-C-

859 (vvs) CCI str -CCI3

714 (vs) CF3 bend -CF3



Figure 2.7 CCI2FCCIF2 Calibration Curve
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was recorded before the stopcock of the ampoule was
opened admitting solid to the system. Spectra were

collected as required.

2.7.5 Kinetic Analysis of Vapour Phase Infrared Data.

The procedure was identical to that described in
2.7.4. The spectra were collected and stored on disk
once every 15 min for a period of ca 16 h and
subsequently once every 4 h for the last 8 h of
reaction. A Perkin-Elmer program was used to treat
these data and to construct for desired peaks plots of
peak area vs. time. From this information kinetic

plots were derived.

2.8 Nuclear Magnetic Resonance Spectroscopy

2.8.1 19F N.m.r Spectroscopy

19 Nmr spectra were obtained using either Bruker
WP 200 SY or AM 200 Fourier Transform nmr spectrometers
at 188 MHz for 19g. The magnet had a strength of 4.7
Tesla with a 5mm quadruple pole probe. The free
induction decays obtained were Fourier transformed to
give frequency spectra. The compound CDCl; was used as
an internal lock and CFClz as an external reference.
The compounds present were identified by comparison with
spectra of pure samples and by comparison with
literature data [93]. Chemical shifts and coupling
constants for the chlorofluoroethanes are shown in Table

2.3.
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Table 2.3
19 N.m.r Chemical Shifts and Coupling Constants for

Chlorofluoroethanes

3CF3(ppm) B8CF,(ppm) SCF(ppm) 3JI(FF)(l17)

CCI,FCF5 84(d) 77(q) 6
CCI,FCCIF, 68(d) 73(1) 9
CCI13CFy 82(s)

CCI3CCIF, 65(s)

CCI13CCI,F 63(s)

4 = quartet
t = triplet
d = doublet

»
1l

singlet
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2.8.2 27A1 Magic Angle Spinning Solid State NMR

Spectroscopy

The 27A1 MAS nmr spectroscopy investigation was
carried out at the Industrial Research Laboratories of
the University of Durham using a Varian UXR 300/89 nmr
spectrometer. This is equipped with a 7.0 Tesla
superconducting magnet with 89 mm vertical bore. The
pulse width was 15 degrees and 1000 free induction
decays were accumulated every 0.5 s. The probe was
aluminium free so no background was obtained. A
solution of aqueous aluminium(IlIl) chloride was wused as
an external reference for all chemical shifts. The
information obtained from magic angle spinning at 3kHz
and 4kHz was combined with the information obtained from
single pulse excitation to produce time domain data
which were Fourier transformed producing frequency

spectra.

2.9 Radiochemical Counting Using Geiger Miiller Counters

A Geiger Muller counter is basically an carthed
metal tube filled with gas, usually argon. At one end
is a thin window made of mica that allows the
penetration of a, B and y radiation. The operation of
a Geiger Miiller counter is based on the ionisation of
the argon gas by the radiation. In the centre of the
tube is a thin metal wire that acts as an anode, while
the metal cylinder acts as a cathode. ‘When the gas
is ionised the positive ions and electrons thus formed
cause a current to flow between the wire and the tube.

The electrons formed move rapidly towards the wire and
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the positive ions drift relatively slowly towards the

wall.

When the voltage between the electrodes is high,
the electrons collide with the gas molecules with such a
force they cause further ionisation. Then the number
of electrons collected on the wire is independent of
that created by the initial irradiation. This cascade
of electrons is termed as an "avalanche" and results
from the phenomenon of ion multiplication. When the
avalanche spfeads along the entire length of the wire,
the size of the voltage pulse becomes independent of the
initial number of electrons created by the primary
irradiation. The system now operates as a Geiger

counter [94].

Secondary emission arises when the positive ions
created reach the walls of the tube. This results in a
spurious discharge from the counter and is normally
suppressed by the addition of a "quench gas” to the
system. Typical quench gases used are alcohol, ether
or methane and comprise ca 10% of the gas in the tube.
The positive ions react with these to form polyatomic
organic ions and thus the energy is dissipated. The
count obtained is recorded by the scaler attached to the

system.

(36Ci]-Chlorine has a long half life, 3 x 107 y,
thus no decay correction was required. The maximum
energy of a P particle from [36Cl]-chlorine is 0.714 MeV
[95]. The counter efficiency is <5% as much of the

incident radiation is absorbed by the mica windows.
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2.9.1 Plateau Region

Geiger Muller counters are only operated when the
applied voltage is large enough to attract clectrons to
the anode. Once the threshold is achieved, the count
rate rises steadily wuntil a plateau region is reachcd
where the count rate has little or no dependence on the
voltage. A slight rise in this region is due to
secondary discharge. If the wvoltage is further
increased the Geiger Muller counter goes into continuous
discharge. It is desirable to work at a voltage in the

middle of the plateau region.

The plateau region was determined by placing a
solid 90Co source underneath each Geiger Muller counter.
A plot of counts obtained in 600 s vs applied voltage
was constructed (Figure 2.9). The count rate
increased dramatically with voltage after the threshold
was reached then became fairly constant in the plateau
region before rising sharply as the counter discharges.
The working voltage was set in the middle of the plateau

region.
2.9.2 Dead Time

The electrons reach the anode of a Geiger Miiller
tube very quickly ca 5 x 1077 s [94]. However,
positive ions still in the vicinity of the anode have to
reach the cathode before another event can be recorded

as their presence reduces the field near the centre wire



Figure 2.9 Plateau Region
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and this prevents an avalanche forming. This period
when no counts can be detected is known as the dead
time. In experiments where the count rate is high it
is necessary to correct for counts lost in this period

in order to obtain accurate results.

The dead times of the Geiger Muller tubes were

determined by counting samples of [18F]—CSF for 330 min

(l.1/2 18 _ 110 min). The activity of a radioactive

sample of time t can be calculated from equation 2.7.
A(t) = A(o)e M Equation 2.7.

A - decay constant

A(t) - activity of sample at time t

A(o) - activity of sample at time zero

Thus a plot of 1nA(t) vs time should be linear with
gradient -A and intercept InA(o). When a plot of
InA(t) vs time was drawn a linear relationship was
obtained for t>200 min. At t<200 min a curve was

obtained because at these times the dead time had a

noticeable effect. The linear part of the graph was
extrapolated to t = 0 giving a true count, N(t) for the
sample at time t. This was related to No the observed

count and Tt the dead time by equation 2.8.

N(t) = N(o)

(1-N(o)71) Equation 2.8.

A computer program was used to calculate the dead
time T from N(t) and N(o) for the first 20 points after
t = 0. The mean value of T was taken to be the dead
time, for the Geiger Muller counter. Figure 2.10
shows both the experimentally observed line and the

€xtrapolated line:’



Figure 2.10 Dead Time
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2.9.3 Background Count

Background radiation can be detected by Geiger
Muller counters in the absence of any radioactive
source. 1t can arise from radioactive species that
occur naturally, however, the main source 1is cosmic
radiation. Before any radiochemical experiments are
begun, an average background count rate must be measured
so that it may be subtracted from all sample count

rates.

2.9.4. Statistical Errors [96].

All radioactive nuclei decay independently of each
other, thus radioactive decay is a completely random
process. The problem of finding a decay constant can
be solved statistically by applying the binomial
theorem. The probability W(m), of obtaining (m)
disintegrations in time (t) from N(o) original

radioactive atoms is expressed in equation 2.9.

W(m) = N(o)! pm(l_p)N(o)-m

(N(o)-m)!m!

Equation 2.9.

P is the probability of a disintegration occurring
within the time of observation. From this expression it
can be shown that the expected standard deviation for

radioactive disintegration & is given by

o=/ Mc:'kt o Equation 2.10.



In practice the observation time, t, is short compared
with the half life thus At becomes negligible. The
expression is reduced to

c =J/m' Equation 2.11.
where m is the number of counts obtained. In order to

minimise the radiochemical error, counts collected were

of the order 104. The error is + 102 ie. 1%.

2.10 The Direct Monitoring Geiger Muller Radiochemical

Counting Technigue.

The direct monitoring Geiger Muller radiochemical
technique was developed by Thomson and modified by Al-
Ammar and Webb [97] to determine the surface activity of
solids exposed to radiolabelled gases. The technique
has been successful in detecting both strong and weakly

adsorbed species on the surface of a catalyst [98].

2.10.1 Equipment

The Pyrex reaction vessel (Figure 2.11) consisted
of two Geiger Muller tubes and a B14 socket to which
ampoules containing solid samples could be attached.
It was connected via a small manifold to gas handling
facilities and a constant volume manometer. Inside the
vessel was a glass boat with two compartments each
capable of holding a solid sample. The boat was
positioned under the Geiger Miuller tubes by means of a
magnet and iron bar. The whole apparatus was

calibrated before use. The Geiger Mhuller tubes were
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intercalibrated by admitting pressures of a radioactive
gas, eg. H36Cl, and noting the counts obtained in 600 s.
A plot of pressure vs count rate (Figure 2.12) gave a
straight 1line through the origin, with the gradient,

0.964, equal to the ratio of the two counts.

2.10.2 Application of the Technique to Gas/Solid

Systems

The procedure for application of the technique to
gas/solid systems was as follows. The vessel was
flamed out under dynamic vacuum and a weighed solid
sample was dropped into the right hand portion of the
boat and positioned under Geiger Muller 2 with the left

hand portion under Geiger Muller 1.

Radioactive gas of previously determined specific
count rate was admitted to the cell and the reaction
vessel was isolated from the rest of the system.
Counts were recorded from both Geiger Miiller tubes with
time. Geiger Miiller 1 monitored the radioactivity in
the gas phase only whereas Geiger Muller 2 monitored the
radioactivity on both the solid and in the gas phase.
The counts from Geiger Muller 1 corrected for dead time,
background and intercalibration were subtracted from
Geiger Muller 2 corrected for background and dead time
to give values for surface counts. From these values
graphs in counts per minute were derived and plotted

against time.



Figure 2.12 Intercalibration of GM Tubes
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2.11 Self Absorption

When monitoring the radioactivity of a B~ emitter
one must be aware that a proportion of the emissions
interact with the surrounding matter and are absorbed.
This phenomenon is termed self absorption. For very
soft B~ emitters eg. [3SS]—sulphur it can be assumed
that all radioactivity originates from the surface as
subsurface emissions are completely adsorbed. In the
case of [36C1]-chlorine, not all subsurface emissions
are self adsorbed and can be detected. Therefore, it
is possible, that the total activity detected originates
both from the surface and from the first few planes

beneath the surface.



Chapter 3
3.1 Introduction

A Study of the Interaction Between Aluminium(IIl)

Chloride _and_ Chlorofluoroethanes

Previous studies of the interaction between
aluminium(III) chloride and 1,1,2-trichlorotrifluoro-
ethane have involved refluxing liquid 1,1,2-trichloro-
trifluoroethane with solid alumin\ium(lll) chloride at
temperatures > 50°C {76,77]}. There is no evidence to
suggest that precautions were made to minimise the water
content in the system. In the present study the
experimental conditions were designed so that
CCI,FCClF, vapour would contact the aluminium(III)
chloride surface. This heterogeneous system allowed
surface/vapour interactions to be studied  wusing
radiolabelling techniques. Such interactions would
not be observed wunder reflux <conditions. All
experiments were carried out at room temperature.
Stringent attempts were made to remove all moisture from
the system ensuring anhydrous conditions as far as

possible.

Results

3.2 The Behaviour of CCleCCle in the Presence of

AluminiumII) Chloride

Sublimed aluminium(IIl) chloride was reacted with
gaseous CCIl1,FCCIF, at room temperature. The
aluminium(III) chloride used was either loaded into the
reaction vessel in the dry box or sublimed directly into

the reaction vessel. After 24h the volatile products
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were removed and a second aliquot of CCl1,FCCIF, was
admitted to the reaction vessel. This process was
repeated. Mass balance data were used to determine
the retention of organic material by the catalyst.

This was calculated according to equation 3.1.

% Retention = CC12FCC1F2 added (g) - Products (g) x 100

CCl,FCCIF, added (g)

equation 3.1

The volatile product mixtures were analysed

qualitatively by i.r. spectroscopy and mass
spectrometry. Quantitative analyses were carried out
using 19¢ nmr spectroscopy and gas chromatography. The

guantity of chlorofluorocarbon produced was calculated

according to equation 3.2

% CFC produced = CFC in Product (g) x 100

CC12FCC1F2 added (g) equation 3.2

All experiments carried out have been labelled MA, MB,
MC and so on. Each experiment was composed of a
series of reactions and these have been numbered. For
example experiment MA comprised four reactions, MAIL,

MA2, MA3 and MA4.

3.2.1 Using Aluminium{III) Chloride Handled in the Dry

Box

The results from the preliminary experiment MA
indicated that CCIZFCCle was isomerised to CC13CF3 in

the presence of aluminium(IIIl) chloride at room



—60-

temperature. The volatile products were analysed
qualitatively by ir spectroscopy, the results are shown
in table 3.1. Mass balance data were consistent with
retention of material on the solid surface. Experiment
MB involved a more detailed investigation of this system.
The products were analysed quantitatively using 19 nmr
spectroscopy. During the course of these
reactions the solid developed a pale yellow colour.
The colour lightened on removal of the gas phase but the
solid never returned to its original shade. The mass
balance data indicated that initially there was a
substantial quantity of organic material retained on the
solid surface (Figure 3.1). On addition of a second
aliquot of CCiI,FCCIlF, to the reaction vessel the
quantity of retained material fell, and after reaction
MB3 the quantity of material retained was 12% of the
original quantity of CCl1,FCCIF, added. (Figure 3.1).
After reaction MB4 the quantity of retained material had
risen sharply to 84% of the original quantity of
CCI1,FCCIF, added.

Mass balance data were not obtained for reaction
MBS5 but after reaction MBO6 the quantity of retained
material was 68% of the original quantity of CCIl,FCCIF,
added.
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Table 3.1
The Interaction Between CCleCCIFZ and Aluminioum(IIIl)
Chloride Mass Balance data for Experiment MA.

Weight of solid 0.83g (6.3 mmol)

Reaction  CCIL,FCCIF,  Volatile Retention® CCI;CF3B

added Products % Present
() (g)
MAI - 0.02 - Yes
MA2 0.69 0.42 38 Yes
MA3 0.25 0.22 8 Yes
MA4 0.68 0.38 44 Yes

o Calculated as described in equation 3.1.

B The volatile products were analysed qualitatively by
i.r. spectroscopy. Each spectrum showed the presence

of CCISC F";.



Figure 3.1 Experiment MB
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The quantity of CC13CF3 in the volatile product
mixture was expressed as a % of the original CCIl,FCCIF,
added. The results are shown in figure 3.1. The
quantity of CCI3CF3; produced rose after reactions MBI,
MB2 and MB3 but fell after reaction MB4, before
increasing in reaction MBG6. It bore an inverse

relationship to the percentage of material retained.

Analysis of the product mixtures of reactions MB1-
MB6 by 196 nmr spectroscopy showed the major product to
be CCl3;CF5. Traces of CC12FCF3 and CCI;3;CCIF, were
present also. The results are shown in table 3.2.
Only the asymmetric isomers were observed, there was no
indication that CCl1,FCCI1,F or CClF,CCIlF, were present.
The presence of CCl,FCF3; was interesting as it indicated
that fluorination had occurred. This was not reported
by Miller in his original paper[76]. The fluorine
balance among the volatile products suggested that the
retained material was highly chlorinated as there was
more fluorinated product than chlorinated product in the
volatile product mixture. During the series of
reactions MB1-MB6 a build up of colourless crystalline
material was observed on the surface of aluminium(IIIl)
chloride and on the walls of the reaction vessel.
After six reactions were completed a sample of the
crystalline material was separated manually and
recrystallised from diethyl ether. The mass spectrum
obtained from the solid had a fragmentation pattern
identical to that of an authentic sample of

hexachloroethane (Figure 3.2).



Table 3.2.
The Interaction Between Gaseous CCIZFCCle and
Aluminium(IIl) Chloride handled in the Dry Box at

temperature.

Analyses of the Volatile Product Mixtures

Experiment MB by 19F nmr Spectroscopy.

Reaction Chlorofluoroethane Present %*
CCLFCF4 CCIi3CF4 CCI3CCIF,

MBI 1 58 trace
MB2 2 73 1
MB3 3 84 trace
MB4 trace 16 -
MBS trace 47 -
MB6 trace 32 -

*¥*Calculated as shown in equation 3.2.

room

from
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A second sample of aluminium(III) chloride was
sublimed and loaded into the reaction vessel in the dry
box. An aliquot of CCI,FCCIF, was added and the vapour
was allowed to interact with the solid surface for a
period of 24 h. The volatile products were removed
and weighed then analysed by gas chromatography. A
second aliquot of CCIl,FCCIF, was added to the reaction
vessel and the process was repeated. This procedure
was followed for a series of 7 reactions. The quantity
of organic material retained on the solid surface and
the quantity of CCi3CF5 produced, for each reaction MCI-
MC6, are plotted in figure 3.3. After reaction MCI1
very little organic was retained by the solid.
Retention was observed after reaction MC6 but this fell
after reaction MC7. There was little CC13CF3 (<15%)
produced after reaction MC1 but this rose to nearly 100%
after reactions MC2, MC3, MC4 and MCS. The quantity
of CCl3CF5 produced decreased after reaction MC6 then
rose after reaction MC7. The composition of the
product mixture was analysed by gas chromatography. The

results are shown in table 3.3.

These results are not complete as the program for
analysis was set to detect only CCl,FCCIF, and CCl;CFj.
In later experiments the g.c. analysis program was
altered so that all chlorofluoroethanes produced would

be detected.



Figure 3.3 Experiment MC
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Table 3.3
The Interaction Between CCIZFCCIFZ and Aluminium(lIl)

Chloride, Handled in a Dry Box at Room Temperature

Analyses of the Volatile Product Mixtures from

Experiment MC by Gas Chromatography.

Reaction Chlorofluoroethane Present % *
CCl1,FCF4 CCILLFCCIF, CCI53CF5

MCl1 trace 88 12
MC2 trace - 100
MC3 - - -

MC4 1 - 99
MCS5 1 - 99
MCe6 - - -

MC7 1 - 77

* Calculated as shown in equation 3.2.
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3.2.2 Using Freshly Sublimed Aluminium(IlI) Chloride

In section 3.2.1 experiments MA, MB and MC
involved the transfer of sublimed aluminium(III)
chloride to the reaction vessel in the dry box. The
water vapour level in the dry box was <10 ppm. Due to
the hygroscopic nature of aluminium(III) chloride this
moisture could have been sufficient to cause hydration
or hydroxylation of the surface. To avoid this
possibility a series of experiments was carried out in
which aluminium(III) chloride was sublimed directly into
the reaction vessel. An aliquot of CCI,FCCIF, was
added to the reaction vessel and the vapour was allowed
to interact with the surface for a period wuwsually of 24
h. The volatile products were removed and,weighed
before another aliquot of CCl,FCCIF, was admitted to the
reaction vessel. This process was repeated. The
19

product mixtures were analysed by g.c. or nmr

spectroscopy.

In the first experiment MD, a large retention of

material 66% (table 3.4) was observed after reaction

MD1. This was attributed to the long reaction time of
42 h. The products obtained were solid at room
temperature. The very low yield made analysis

impossible.
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Table 3.4

The Interaction Between CCIZFCCIFZ and Aluminivm(lIl)
Chloride, directly sublimed into the Reaction Vessel, at

room temperature.

Mass Balance Data for Experiment MD

Weight of Solid:- 0.90g (6.8 mmol)

Reaction CCIL,FCCIF, Volatile Retention *
added g. Products (g) %

MDI1 0.42 0.14 66

MD2 1.23 0.82 33

A second aliquot of CCleCCIFZ (reaction MD2) was
admitted to the reaction vessel. The volatile
products were removed after 23 h. The quantity of
material retained on the surface was 33% (table 3.4).
The product mixture of reaction MD2 was analysed by g.c.
and contained 6 components which were identified
by g.c./m.s as described in section 2.6.4 (figure 3.4).
The composition of the product mixture is tabulated in

table 3.5.



n

L3

P2

>

.Q 96552‘
®
= Q
©
Q<2
S=2Q

E ]

0 Q5
£ 50

NI

% ©
‘O-.—E
OEO

-

,22 -— O
250
T o O )
cC o © 8b8 ST e
<o ® N
<
ep)
O]
-
S
R
Lo
— __
L _|

A

86T B ]

Th=

MOIL/NIR 1} %5 10837
NIW/WD O}

tHNILLY
0324S5 159HY



-68~

Table 3.5

The Interaction Between CCI2F‘CCIF2 and Aluminiom(Iil)
Chloride. Analysis of the Volatile Product Mixture

from Reaction MD2 by GC/MS.

Chlorofluoroethane % Present *
CCI,FCF4 0.2
CCI,FCCIF, 46.8
CCI3CF4 18.2
CCl3CCIF, 0.5
CCI3CCILF trace
C,Clg trace

* Calculated as described in equation 3.2.
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The products amount to 65.7% of the -original CCl,-
FCC1F, added. The remaining 34.3% is attributed to
the organic material retained on the catalyst. A
fluorine balance among the volatile products indicated
that the quantity of CCIZFCF3 formed was less than that
expected from a dismutation reaction. If dismutation
of CCl,FCClF, were the only reaction occurring then the
quantity of CCIl,FCF; produced would equal that of
CCI3CCIlF, (equation 3.3)

2CCl,FCCIF, -> CCI3CCIF, + CCl,FCF4

equation 3.3

Fluorine was lost from CCI,FCCIF, as a result of
the formation of the chlorinated products CCl3CCIF,,
CCl3CCl,F and C,Clg but only a fraction of this pool of

fluorine was used in the formation of CCIZFCF3.

The procedure outlined for experiment MD was
repeated with a fresh sample of sublimed aluminium(IIl)
chloride. In experiment ME, the large quantity of
organic material retained after reaction ME1l increased
to 85% of the original CCl,FCCIF, added after reaction
ME2 (figure 3.5). The quantity of material retained
at the surface dropped after this point to 6% after
reaction ME4. An increase in the material retained was
observed after reactions MES5 and MES®6. As with all
previous experiments an inverse relationship was
observed between the quantity of material retained by
the solid and the amount of CCI3CF5; produced in the
vapour phase (figure 3.5). The largest conversion of
CC12FCC1F2 to CC13CF3 (89%) occurred when the least

quantity of material was retained at the solid surface



Figure 3.5 Experiment ME
Reactions between CCI2FCCIF2 and
Aluminium (Ill) Chloride
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(6%). The poorest production of CC13CF3 (13%) was
observed when the greatest quantity of material was

retained at the solid surface (85%).

During this series of reactions the solid
developed a yellow colour and the build up of
crystalline hexachloroethane identified by m.s was
observed. The quantity of hexachloroethane formed was

not determined.

The voiatile product mixtures were analysed by 19g
nmr spectroscopy. The results are shown in table 3.6.
In reactions ME1l, ME3, ME4 and MEG6 the quantity of
fluorinated product~(CC12FCF3) formed did not account
for all the fluorine 1lost in the chforination of
CCl,FCCIlF,. However in reaction ME2 1% of the
volatile products were fluorinated but there was only a
trace of chlorinated volatile products. This
suggested that fluorination was not due to a dismutation
reaction since if this were the case chlorinated and

fluorinated compounds would be in balance.
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Table 3.6
The Interaction Between Gaseous CCIZFCClFZ and
Aluminium(I1l) Chloride, directly sublimed into the

Reaction Vessel at room temperature.

Analyses of the Volatile Product Mixtures from

Experiment ME by I9F nmr Spectroscopy.

React" Chlorofluoroethane Present % *

CCLFCF3 CCLFCCIF, CCI3CF3 CCI3CCIF, CCICCLF
MEIL trace - 29 1 -
ME2 | trace 13 trace -
ME3 1 - 84 2 trace
ME4 1 1 89 2 trace
ME®6 1 2 48 2 -
*

Calculated as described in equation 3.2.
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This series of reactions was repeated with a fresh
sample of aluminium(III) chloride. The quantity of
retained material on the solid after reaction MFI1 was
high at 26% but was not significant in subsequent runs
(figure 3.0). During the course of reactions MF1-MF4
the solid developed a yellow colour similar to that
observed in. experiment ME and the build up of

crystalline hexachloroethane was also noted.

The quantity of CCl3CF3 produced in reaction MFI
was 69% of the original quantity of CCIl,ECCIF, added.
Production of CCI3CF3 fell during reactions MF2 and MF3
but rose to 57% of the original CCIl,FCCIF, added,
during reaction MF4. In this experiment a direct
relationship was observed between the quantity of
organic material retained by the solid and the quantity
of CCl3CF3 produced (figure 3.06). Previous
experiments MD and ME resulted in an 1inverse

relationship between the two phenomena.

Analyses of the volatile product mixtures for
reactions MF1-MF4 (table 3.7) have shown that the
quantity of CCIl,FCF3; formed was less than or equal to

the quantity of chlorinated products formed.



Figure 3.6 Experiment MF
Reactions between CCI2FCCIF2 and
Aluminium (Ill) Chloride
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Table 3.7
The Interaction Between Gaseous CCIZFCCIFZ and

Aluminium(lll) Chloride, sublimed directly into the

Reaction Vessel at Room Temperature.

Analyses of the Volatile Product Mixtures from
Experiment MF by 19 nmr Spectroscopy.
React™ Chlorofluoroethane Present % *

CCILFCF3 CCLFCCIF, CCI3CF5 CCI3CCIF, CCl3CCILF

MF1 1 trace 69 3 -
MF2 1 62 35 2 trace
MF3 1 62 32 | -
MF4 1 37 57 1 -

* Calculated as described in equation 3.2,
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There was no evidence to suggest a simple relationship
but the data were not conclusive. Dismutation may
occur but the results from experiments MD and ME have
suggested that it is not the only process by which

fluorination and chlorination occur.
There was no evidence to suggest the formation of
the symmetric isomers CCI,FCCI,F and CCl1F,CCIF, in

experiments MD, ME and MF.

3.3 L36Cl]—Ch10rine Radiolabelling Experiments

The isomerisaton of CCl,FCCIF, was observed to
occur under reflux conditions in the presencec of
aluminium(III) chloride. Miller repeated this reaction
using [36Cl]—chlorine labelled aluminium(III) chloride
[761. This resulted in the incorporation of the [36Cl]-
chlorine Tr1adiolabel in the chlorinated product
CCi3CCl1F, but not in the isomer CCl15CFg4. This
observation prompted Miller to state that the
isomerisation of CCleCCle over aluminium(III) chloride
occurred via an intramolecular mechanism [76]. There is
no indication that any material was retained on the
solid surface. The main objective of the following
experiments was to obtain independent evidence that

organic material was deposited on the solid surface.

The nature of the organic layer could not be
determined by the [36C1]-chlorine labelling experiments
but merely that [36C1]-chlorine was present on the
surface. The experiments undertaken involved:-

(i) The reaction between [30CI]-CCI,FCCIF, and
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aluminium(IIl) chloride. The vapour of [3%CI]-
CCl1,FCCIF, was allowed to interact with solid
aluminium(III) chloride for a period of 24 h. The
vapour phase and solid count rates were monitored during
this time and the count rate of the solid was measured

once all the volatile products were removed.

(i1) The reaction between CC12FCC1F2 and aluminium(IIl)
chloride pretreated with [36C1]-CC12FCC1F2. Non
radioactive CCIl,FCClF, was allowed to react with
aluminium(III) chloride pretreated with [3%C1]-
CCl,FCCIF, for a period of 24 h. The count rates of

the vapour phase and that of the solid were monitored
during this time and once all vapour was removed.

(iii) The reaction between CCI,FCCIF, and [3%CI]-
chlorine 1labelled aluminium(III) chloride. This
experiment repeated Miller’s work [76] but the conditions
were different. This reaction was carried out in vacuo

at 25°C for a period of 24 h.

3.3.1 The Reaction Between [36Cl'l—Chlorine labelled

CCILFCCIF,; and Aluminium(IIl) Chloride.

Freshly sublimed aluminium(III) chloride was
loaded into the counting vessel as described in section
2.10.1. Gaseous [36C1]—chlorine labelled CCIZFCCle
was admitted to the vessel and allowed to react with the
solid for a period of 24 h. The uptake of [36Cl]-
chlorine by the catalyst was monitored over this period.
A plot of surface count rate vs time is shown in figure
3.7. The surface count rate after the volatile
products were removed was 320 count min- 1. This did

not decrease when the volatile material was pumped away



[36CI]-CCI2FCCIF2 by Aluminium (ll1)
Chloride Solid count rate vs time
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indicating that the organic layer was adsorbed to the

solid surface.

A steady decrease in the vapour phase count rate
was observed during the reaction (figure 3.8). This
was consistent with the radioactivity taken up by the
solid. Mass balance data showed that 42% of the
original [3®CI]-CCI,FCCIF, added was retained by the
solid. This accounts for the 41.3% drop in the vapour
phase count rate during the reaction. The composition
of the product mixture was not determined but it was
assumed to consist of CCl,FCF3, CCl,FCCIF,, CCl3CFj,
CCl3CCIF, CCl3CCl1,F and C,Clg.

3.3.2 Reaction Between CCleCCle and Aluminium(IIl)

Chloride Pretreated with [3%CI}-CCI,FCCIF,

Aluminium(III) chloride was pretreated with [3°Cl]-
CC1,FCCIF, as described in 3.3.1. Four aliquots of non-
radioactive CCl,FCClF, were each allowed to interact
with this solid. In each reaction the solid count
rate was monitored and the results are plotted in figure
3.9. For reactions MG1 and MG2 the surface count
rate remained essentially constant at 350 and 320 count
min~ 1 respectively, over the 24 h period. The gas
admitted in reaction MG2 was left in contact with the
surface for 4 weeks by which time the surface count rate
had increased to 770 count min- 1. This new surface
count rate remained constant when the next aliquot of
gas was admitted. In reaction MG4 the surface count

rate fell immediately the new aliquot "of gas was

admitted, but remained constant thereafter. The
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Figure 3.9 Experiment MG Reactions of
CCI2FCCIF2 with [36CI]-CCI2FCCIF2 treated
Aluminium (lll) Chloride Solid count rate vs time
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decrease in count rate observed after the removal of
volatile material in MG4 was probably due to the
inadvertent admission of air (o the counting vessel.
In each reaction radioactivity was detected in the
vapour phase but it was too small to be measured
precisely. Infrared spectra of the volatile products
obtained after reactions MGI1, MG2 and MG4 were
consistent with CCI;CF3 being the predominant component
in the vapour phase. Once all the volatile material
had been removed from the counting vessel after reaction
MG4, the solid was left in vacuo for a few weeks.
During this period the surface count rate increased to
780 count min_l, a similar value to the count rate after
reaction MG?2. A pressure developed in the counting
vessel over this time equivalent to 7.68 mmol of
CCl1,FCCI1F,. Its infrared spectrum showed it to be
predominantly CCl,FCCIF, with a little CCl3CF5. Mass

balance data for these reactions are tabulated in table

3.8. In all cases a high percentage of organic
material was retained by the solid. The maximum
quantity retained occurred after reaction MG2.

3.3.3 The_ Reaction Between CCI,FCCIF, and [3%Cl}-

Chlorine Labelled Aluminium(1ll) Chloride

Aluminium(III) chloride was heated with gaseous

[36Cl]-CCl4 at 55°C. After 22 h the volatile material
was removed. The quantity of material lost in this
process was less than 0.1 mmol of [36Cl]—CCl4. The

solid was loaded into the counting vessel as described
in 2.10.1. Gaseous CCl,FCCIF, was admitted and left to
react for a period of 12 h. The solid and vapour

phase count rates were monitored during this time.
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Table 3.8
The Interaction Between Gaseous CCIZFCCIFZ and
Aluminium(lIl) Chloride, pretreated with |36CI]-

CCIZFCCIFZ, at Room Temperature.

Mass Balance Data for Experiment MG.

Reaction CCI1,FCCIF, Volatile Retention *
added(mmol) Product(mmol) Y%

MGH 2.0 1.2 37

MG2 3.0 .1 6l

MG3 3.3 1.3 60

MG4 3.6 1.9% 47

* Calculated as described in equation 3.1.

o Air admitted to the system.
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A plot of solid count rate vs time is shown in figure

3.10. The drop in the solid count rate observed after
3 h was due to an electric fault. Ignoring this
result the solid count rate remained constant. [36C1]—

Chlorine activity was observed in the vapour phase but
it was too small to be determined precisely. An
infrared spectrum of the volatile products showed
evidence for CCl,FCCIF,. There were no peaks
corresponding to CCIl3CF5. Mass balance data for the
reaction indicated that the retained material was
equivalent to 95% of the original CCI,FCCIF, added.

A fresh sample of [36Cl]-ch10rine labelled

aluminium(kIl) chloride was prepared, but was not
transferred to the counting vessel. Gaseous
CCl,FCCIF, was allowed to react with the solid. After
24 h the volatile products were removed. Mass balance

data indicated that 37% of the original CCl,FCCIF, added
was retained by the solid. The volatile products were
analysed by radio G.C. and 19 nmr spectroscopy. The
results are shown in tables 3.9 and 3.10 respectively.
These agree with Miller’s original observation [76] as
there was no [36C1]-chlorine activity observed in the
CCl13CF5 fraction. The discrepency between the data
shown in tables 3.9 and 3.10 1is accounted for by the
fact that the oven temperature for g.c. analysis was set
at 60°cC. This was not high enough to separate the
highly chlorinated products CCl,CCIF,, CCl3CCIl,F and
C,Clg completely; obviously C,Clg cannot be detected

using 19F nmr spectroscopy.



Figure 3.10 Reaction of CCIF2CCIF2
with [36CI]-Aluminium (lIl) Chloride
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Table 3.9
The Interaction Between Gaseous C(IIZFCCIFZ and |3('Cll—
Chlorine labelled Aluminium(Ill) Chloride at Room

Temperature.

Analyses of the Product Mixture by Gas Chromatography.

Chlorofluorocarbon % * Count Rate count min'I
CCI1,FCF4 2 30
CCIZFCCIFZ 1 10
CCI3CF3 47 4
CCI3CCIF2 4 not determined
CCI3CCI2F 6 not determined
C2C|6 2 not determined

* Calculated as described in equation 3.2.

Table 3.10

The Interaction Between Gaseous CCIZFCCle and 13(’CII—

Chlorine labelled Aluminium(111) Chloride.

Analyses of the Product Mixture by 19 nmr Spectroscopy

Chlorofluorocarbon 9% *
CCIZFCF3 trace
CCi1,FCCIF, trace
CCI3CF54 ' 36
CCI3CCIF, 26.2
CCl;CCI,F trace

* Calculated as described in equation 3.2.
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3.3.4 A Study of the Reaction Between CCIZFCCIFQ and

[36Cl'l—Ch10rine labelled Aluminium(III) Chloride Pre-

treated with CC12FCC1F2

[3°Cl]-Chlorine labelled aluminium(III) chloride
pretreated with CCIZFCCle was prepared in the counting
cell as described in 3.3.3. Two aliquots of CCI1,FCCIF,
were successively allowed to react with the solid for a
period of 24 h. The solid and vapour phase count
rates were monitored for the duration of the reaction.
The results are shown in Figure 3.11. The solid count
rate remained constant at 6 x 103 count min-] during
reaction MHI but increased to 6500 count min~! after the

volatile products were removed.

The solid count rate fell gradually to 5500 count min~!

during reaction MH2 but increased to 6 x lO3 count

min~! once the volatile products were removed. This
was a significant decrease from the initial surface
count rate of 8 x 103 count min~ 1. After all gaseous
material had been removed from the counting vessel the
solid was left in vacuo for 36 h. During this time the
surface count rate fell to 5.5 x 103 count min~1. A

vapour phase count rate was detected but it was too

small to be determined precisely.



Figure 3.11 Experiment MH Reactions of

CCI2FCCIF2 with CCI2FCCIF2/[36CI]-Aluminium
Chloride Solid count rate vs time
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The volatile products from reactions MH1 and MH2
were analysed qualitatively by i.r. spectroscopy.
There was no evidence in either spectrum to support the
formation of CCI3CF5. Mass balance data showed that
the amount of organic material retained on the solid
surface after reactions MH1 and MH2 was 15% and 25%
respectively. These values are expressed as a
percentage of the original aliquot of CCl,FCCIF, used in
the reaction. A second experiment was conducted in
an alternative reaction vessel, to ensure no moisture
contaminated the solid. This vessel was not equipped
with Geiger-Miller counters. The mass balance data
and the amount of CCl3CF5; produced for each reaction
studied in this experiment are shown in figure 3.12.
After reactions MI1, MI2 and MI3 the quantity of
material retained on the surface was less than 10% of
the quantity of CCI,FCClF, added at the start of the
reaction. However, the quantity of CCI3;CF3 produced
was equivalent to 90% of the CCl,FCCIF, added. The
quantity of material retained on the surface after
reaction MI4 increased to 25% but the- quantity of

CCl15CF3 produced decreased.

The volatile product mixtures were analysed by 19g
nmr spectroscopy, the results are shown in table 3.11.
In all reactions studied the quantity of CCIl,FCCIF,
produced was less than the total quantity of chlorinated
products formed. This experiment was repeated using
non radiolabelled CCl,. The purpose of this
experiment was to examine the interaction, if any,
between solid aluminium(IIl) chloride and CCl, vapour.

Gaseous CCl, was heated at 50°C in the presence of solid



Figure 3.12 Experiment M| Reactions
between CCI2FCCIF2 and CCI2FCCIF2
treated [36CI]-Aluminium (lll) Chloride
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«+Calculated as shown in equation 3.2
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Table 3.11

The Interaction Between CCIZFCCIF2 and Aluminiom(IIl)
Chloride Pretreated with [3%CI-CCI1,FCCIF,

Analyses of the Volatile Product Mixtures.

From Experiment M1 by l("’F nmr Spectroscopy.

React? Chlorofluoroethane Product % *

CCI,FCF3 CCLFCCIF, CCI3CF3 CCI3CCIF, CCl3CCLF

MIl 1 trace 92 2 - trace
MI2 1 trace 91 2 trace
MI3 trace 95 1 trace
MIi4 1 trace 72 2 trace

* Calculated as described in equation 3.2.
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aluminium(III) chloride for 20 h. During this time
the solid developed a yellow colour that remained after
the wvolatile products were removed. The infrared
spectrum of the product mixture showed evidence of CCly.
Peaks corresponding to the decomposition products coci,
and HC1l were not detected. The quantity of material
retained by the solid was less than 10% of the original

quantity of CCl, added.

After treatment with CCl, gaseous CCl,FCCIF, was
allowed to interact with the solid surface for 24 h. An
infrared spectrum of the volatile products showed the
presence of CCl3CF5;. There was no evidence to support
the formation of CCl, or HCI. The mass balance data for
this reaction showed that the quantity of organic
material retained by the solid was 14% of the initial

aliquot of CCI1,FCCIF, added.



The solid was analysed by 27A1 and !13C MAS solid state
nmr spectroscopy. A signal at -1.00 ppm corresponded

to octrahedrally coordinated aluminium atoms (figure
3.13). The other eight peaks in this spectrum were
attributed to spinning side bands. The 13C solid state
nmr spectrum showed a peak at %105.7 ppm (figure

3.14). This was in the region of chloroflurocarbon
signals and corresponded to hexachloroethane which has a
signal at 105 ppm [99]. The signal was broad due to
background signals from the probe rotor endcaps. The
spectrum was proton decoupled but not 19g decoupled so
any carbon that was directly bonded to a fluorine would

have given a signal too broad to be observed.

3.3.5 The Preparation of [18F]-Flu0rine Labelled

CCI1,FCCIF,

Attempts were made to fluorinate CC13CC1F2 and
CCI,FCCl,F with UFg but the reactions were not
successful. The infrared spectra of the products

obtained showed the presence of UFg and SiF,.

An alternative method of production was to flow
CClZFCCle over a chromia catalyst labelled with [18F]-
fluorine. This was successful but such a small
quantity of [!8F]-CCI,FCCIF, was formed that it could
not be 1isolated. If the product were 1isolable the
activity in the ['8F]-CCI,FCCIF, would be so low that it
would be wunsuitable for wuse in a radiolabelling

experiment.



o OQI - 0 00a
hL___IL_FP b___thL_ _,._-».kLl—t.lelri; _»w_‘»‘;.ﬁ.__"_~_L._LF—»__~ __»th_LI.

A I B B B O O

890073~

2410042109
usyi ¥|100 YHM pajealiald
SPLIOIYD (llI) wniulwnjy
JO wnJjoedg Jwu QYW |VZe €L'e ainbid



Wdd 0 ) 0 09 04 0% 01 ort 0971 08?1 002 oze ove
Loveatenoe oo bioesdaaaita e b e oo oo o b b v e b gt ool Lo,

2 ov
et e ot b ataa s

331

v2sL’

2410042100
usyl 10D YHM pejesslald
opLIoIYD (I1l) wniuiwn|y
JO wnJ1oadg Jwu SYW D€L PL°E Inbid



-y

3.4 Studies of the Vapour Phase by Infrared Spectroscopy

Infrared studies of the vapour phase during the
course of the reaction were undertaken to obtain
information on the kinetics of the isomerisation
reaction CCI,FCCIF, -> CCli5CF4. These studies were
successful and emphasised the importance of a moisture

free environment.

3.4.1 Infrared Spectroscopic Studies of the Vapour Phase

of the Reaction between Gaseous CCIZFCCle and

Solid Aluminium(lII) Chloride.

An experiment was conducted wusing the cell
described in section 2.7.1. A spectrum of CCIl,FCCIF,
before solid was admitted to the cell is shown in figure
3.15. After a 24 h reaction period the two peaks
corresponding to CCI,FCCIF, had diminished and those
corresponding to CCl3CF3 had grown (figure 3.16).
Infrared spectra obtained during a typical reaction are
shown in figure 3.17. The 3 distinct isosbestic points
indicated that CCl3CF43 was formed directly from
CCl,FCCI1F, without the build up of significant amounts

of intermediate.

It was impossible to obtain mass balance data for
these experiments because 1insufficient volatile material
was produced. Only the quantity of CCIl,FCCIF,
vapour admitted to the cell, could be measured with any
precision. The percentage of CCIl,FCCIF, and CCI3CF3 in
the vapour phase during the course of a reaction with

respect to the original amount of CCI,FCCIF, added was
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calculated. The results are shown in figures 3.18 and

3.19 respectively.

In experiment MJ the maximum amount of CCI;3CF4
produced in each reaction always occurred immediately
after all the CCI,FCCIF, was consumed by the reaction
(figures 3.18 and 3.19). In reactions MIJ1, MJ2 and MIJ3
the quantity of CCI3CF3 in the vapour phase decreased
after the maximum was reached. However in reaction
MJ4 the quantity of CCl13CF3 produced increased over the
24 h reaction period but the maximum quantity of CC13CF4

produced in reaction MJ1 was not exceeded (figure 3.19).

This experiment was repeated using a fresh sample
of aluminium(IIl) chloride. The quantities of
CCI,FCCIF, and CCl13CF53 produced in each?®reaction
expressed as percentages of the original aliquot of
CCl1,FCCIF, added, are plotted in figures 3.20 and 3.21
respectively. Reaction MK was the only reaction in
which all the CCI,FCCIF, was consumed before the end of
the reaction period (figure 3.20). The quantity of
CCl3CF3 produced in reactions MKI1 - MK4 increased
steadily throughout the 24 h period (figure 3.21) but
the maximum quantity of CCl3CF5 produced in reaction MKI1

was not exceeded. ‘

This experiment was repeated but owing to a leak
in the infrared cell anhydrous conditions were not
maintained throughout. The quantity of CCl3CFg4
produced in each reaction as a percentage of the
original amounts of moles of CCI,FCCIF, added is shown

in figure 3.22. Data were not obtained to calculate a
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of reactions between CCI2FCCIF2 and
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Figure 3.19 Experiment MJ IR Studies
of reactions between CCI2FCCIF2 and
Aluminium (lll) Chloride
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Figure 3.20 Experiment MK IR Studies of
Reactions between CCI2FCCIF2 and
Aluminium (lll) Chloride
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Figure 3.21 Experiment MK IR Studies of
Reactions between CCI2FCCIF2 and

Aluminium (lll) Chloride
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Figure 3.22 Experiment ML IR Studies of
Reactions Between CCI2FCCIF2 and
Aluminium (llI) Chloride
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similar plot for CCI1,FCCIF,. The maximum amount of
CCl3CF3 produced in this experiment occurred in reaction
ML3 and not in reaction ML1l, as found for previous
experiments. Evidently the presence of moisture
inhibited the isomerisation of CCIl,FCCIF,. Experiment
MJ was essentially moisture free and the maximum amount
of CC13CF3 produced was 34% of the original CCI,FCCIF,
added. The maximum quantities of CCl3CF3 produced in
experiments MK and ML were 16% and 24% in reactions MKI1

and ML3 respectively.

3.4.2 Kinetic Studies of the Reaction Between Gaseous

CCIZFCCIFQ and Solid Aluminium(IiI) Chloride.

The experiments described thus far indicate that
the reaction of gaseous CCIl,FCCIF, with solid
aluminium(III) chloride does not simply result in the
isomerisation reaction CCI,FCClF, -> CCI3CF3.
Fluorination and chlorination reactions are also
involved. The loss of material to the surface is also
an important feature as this changes the <catalyst

surface and may also affect reaction sites-

The reaction of interest is the isomerisation
CCl,FCCIF, -> CCl3CFg. Plots of the first and second
order kinetics for the productibn of CCi3CF3 1in
experiments MJ, MK and ML were calculated. Linear
relationships were not obtained therefore the production

of CCl3CF5 does not follow a simple kinetic process.
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3.5 Reaction of Aluminium(JIII) Chloride with other

Fluorocarbons and Chlorofluorocarbons.

The reaction of CCIZFCCle with aluminiuom((III)
chloride produced CCl,FCF3, CCl3CF5, CCI3CCIF, CCIl3CCI,F
and C,Clg. In this section, a study made of the
interaction of other chlorofluorocarbons with solid
aluminium(III) chloride 1is described. The reactions
studied were:

(i) the reaction of CCl3CClF2 with aluminium(IIIl)
chloride

(ii) the reaction of CCIl,FCCIF, with aluminium(III)
chloride pretreated with CCIl3CCIF,

(iii) the reaction of perfluorohexane with
aluminium(III) chloride, and

(iv) the reaction of CCIFZCCIF2 with aluminium((lII)

chloride.

3.5.1.1 Reaction of Aluminium(IlIlI) Chloride with

CC1;CCIF,.

The compound CCl13CClF, is a solid at room
temperature but melts at 40°C [od The solid was
allowed to interact with an aluminium(IIl) chloride
surface for a period of 24 h. Analysis of the
volatile product mixture by 19 nmr spectroscopy showed
it to contain CCl3CF3 3.7%, CCI3CCIF, 91.8% and
CCl3CCl,F 4.4%. The product mass was not determined,
therefore the percentage of each product with respect to
the original aliquot of CCI,FCCIF, added could not be
calculated.This experiment was repeated using a fresh

sample of aluminium(IIl) chloride. The volatile
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products were removed after 24 h and the mass balance
data indicated that 89% of the original aliquot of
CCl13CCIF, added was retained on the surface. The
volatile product mixture was analysed by 19 nmr
spectroscopy. The quantity of each product was
expressed as a percentage of the original amount of

CC13CC1F2 added. The results are shown in table 3.12

Table 3.12
Reaction Between CCI;CCIFZ and Aluminium((lIl) Chloride
at room temperature.

Analyses of the Product Mixture by 19 nmr Spectroscopy.

Chlorofltuoroethane % *
CCI,FCF4 trace
CCI,,FCCIF, 0.3

CCl13CCIF, 5.73
CCI3CF4 5.07

* Calculated as described in equation 3.2.

These results showed that at room temperature
CC13CCIF, was fluorinated in the presence of aluminium

(III) chloride but it was not isomerised.

3.5.1.2 Reaction of Gaseous CC121=CC1F2 with
Aluminium(1II) Chloride Pretreated with CC13CC1F2.

Aluminium(III) chloride was pretreated with
CCl13CCIF,. Gaseous CCI,FCCIF, was allowed to

interact with the solid. After 24 h~- the volatile
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products were removed. Mass balance data showed that
>90% of the CCl1,FCCIlF, added was retained by the solid
(figures 3.23). The quantity of CC13CF3

produced was equivalentk to 6% of the amount of
CCl1,FCClF, added (figure 3.23). Quantitative analyses
of the volatile product mixtures were carried out by 19g
nmr spectroscopy. The results are shown in table
3.13. Isomerisation occurred in each reaction but in
reactions MM4 and MMS5 a significant quantity of
CCl1,FCCl1F, remained unreacted. It was also
interesting to note that with the exception of reaction
MM4 the quantity of CCl,FCF3 produced in each reaction

exceeded the amount of chlorinated products.

This experiment was repeated with a fresh sample
of solid. After reaction MN1 the mass balance data
showed the quantity of material retained at the surface
was >5% of the CCl,FCCIF, added (cf. MMI1 >90%). The
quantity of CCl3CF; produced was >30% of the CCIl,FCCIF,
added (figure 3.24). The maximum quantity of CCl3CFq
produced occurred after reaction MN2. The lowest
quantity of material retained by the surface > 10g% of
the original CCIl,FCClF, added was also observed after

this reaction.



Figure 3.23 Experiment MM
Reactions between CCI2FCCIF2 and
CCI3CCIF2/Aluminium (lll) Chloride
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Figure 3.24 Experiment MN
Reactions between CCI2FCCIF2 and
CCI3CCIF2/Aluminium (Ill) Chloride
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Table 3.13

The Interaction Between CCIZFCCIFZ and Aluminium(IlIl)
Chloride Pretljeated with CCI3CCIF2 at Room Temperature.
Analyses of the Volatile Product Mixtures from

Experiment MM by 19g nmr Spectroscopy.

React™ Chlorofluoroethane Present % *

CCIL,FCF5; CCI,FCCIF, CCI3CF3  CCI3CCIF,

MM trace trace 6 trace
MM2 trace trace 14 trace
MM3 1 trace 41 -
MM4 1 14 58 1
MMS5 trace 63 16 -

¥ Calculated as described in equation 3.2.
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Quantitative analyses of the volatile product mixtures
were carried out by 19¢ nmr spectroscopy. The results
are shown in table 3.14. In all reactions a high

proportion of CCIl,FCClF, remained unreacted and the
quantity of CCI,FCF; produced was always less than the

amount of chlorinated products.

3.5.2 Reaction of Aluminium(III) Chloride with

Perfluorohexane.

Gaseous perfluorohexane (CgF;,4) was allowed to
interact with aluminium(III) chloride. After 36 h the
volatile products were removed. The mass balance data
showed that a negligible quantity of organic material
was retained by the solid. The volatile products were

analysed qualitatively by 1i.r. spectroscopy.



Table 3.14

The Interaction Between CCIZFCCIFZ and Aluminium(lIl)

Chloride at Room Temperature

Analyses of the Volatile Product Mixtures from

Experiment MN by 9 nmr Spectroscopy.

Reaction Chlorofluoroethane Present % *
CCleCF3 CCI2FCCIF2 CCI3CF3 CCI3CCIF‘2

MN I 1 66 28 2

MN2 trace 52 9 1

MN3 trace 70 14 1

MN4 trace 74 17 1

* Calculated as described in equation 3.2.
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The infrared spectrum obtained was identical to that of

Ce¢Fi14- Gaseous CCIl,FCCIF, was then exposed to the
solid. After 24 h the products were removed and
analysed qualitatively by 1i.r spectroscopy. The

infrared spectrum obtained showed the presence of

CC1,FCCIF, and CCl;CFj.

The purpose of this experiment was to determine
whether or not the retained layer was chemisorbed to the
solid. Perfluorohexane has a similar boiling point
and vapour pressure to CCl,FCCIF,. If there were
simply a physical attraction between the organic layer
and aluminium(III) chloride then uptake of C6F14 by the
solid should have been observed. No such uptake was
observed and further reaction of the solid with gaseous
CCl,FCCIF, yielded products typical of those produced by
reaction of CC12FCC1F2 and untreated aluminium(IIl)
chloride. There was no spectroscopic evidence to
suggest the presence of highly fluorinated compounds.

3.5.3 Reaction of Gaseous CC1F2CC1F2 with Solid

Aluminium(II) Chloride.

Gaseous CCIFZCCle was allowed to interact with

aluminium(III) chloride. After 24 h the wvolatile
products were removed. Mass balance data showed
negligible loss of material. The volatile products

were analysed qualitatively by i.r spectroscopy.
There was no spectroscopic evidence to suggest the
presence of the isomer CCIl,FCFj. Only CCIF,CCIlF,
was observed. Further analysis of the product

mixture by gas chromatography confirmed these results.
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The solid was then exposed to gaseous CCl1,FCCIF,.
After 24 h the volatile products were removed. The
mass balance data showed that 61% of the original
CCI,FCCIF, added was retained by the solid. Gaseous
CCIF,CClF, was allowed to interact with ‘this modified
surface. After 24 h the volatile products were removed
but there was still no spectroscopic evidence to support
the presence of CCl1,FCFg. The purpose of this
experiment was to determine the reaction by which
CC]ZFCF3 was formed. As CCIFZCCle would not react
with either aluminium(III) chloride or aluminium(III)
chloride pretreated with CCl1,FCCIlF, then the presence of
CCI,FCF45 in the product mixture must have arisen f{rom
the fluorination of CCI3CF5. This experiment also
showed that a chlorofluoroethane will react with
aluminium(III) chloride only if it contains a 'CCle3—x

group where x = 2 or 3.

Experimental

3.6.1 The Behaviour of CC12FCC1F2 in the Presence of

Aluminium(11I) Chloride.

3.6.1.1 Using Aluminium(III) Chloride Handled in the Dry

Box.

Aluminium(III) chloride (~ 0.2g) was sublimed as
described in section 2.3.7. The sublimate was
transferred to the dry box where it was loaded into a
reaction vessel equipped with a side arm. The vessel
was attached to the vacuum line and degassed. A
weighed quantity of CCI,FCCIF,, purified as described in
2.3.1, was distilled into the side arm and the vapour

allowed to react with the solid surface for a period of
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24 h. The volatile products were removed and weighed,
before another aliquot of CCl1,FCCIF, was added. This
procedure was repeated a number of times. The

products were analysed by g.c. and g.c/m.s as described
sections 2.6.1 and 2.6.4 respectively or by 19 nmr

spectroscopy as described in section 2.8.1.

3.6.1.2 Using Freshly Sublimed Aluminium(lll) Chloride

The procedure was identical to that described in
section 3.6.1.1. but the aluminium(III) chloride was
sublimed directly into a reaction vessel equipped with a

side arm.

3.6.2 The Reaction Between [3°Cl]-Chlorine labelled

CCleCCle and Aluminium(III) Chloride

Aluminium(IIl) chloride (8.15 mmol) was sublimed
and loaded into the counting vessel (described in
2.10.1). [36Cl]-Chlorine labelled CCIZFCCFZ (2.45
mmol) (prepared in 2.5.2) specific count rate 540 count
min"! mmol ! was admitted and left to react for 24 h.
The radioactivity on the solid and in the vapour phase
was monitored over this period. After the reaction

the volatile products were removed and the [36Cl]—

chlorine activity on the solid was counted.
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3.6.3 Rcaction Between CCleCCle and Aluminium(IIl)

Chloride pretreated with |3%C11-CCI,FCCIF,

Gaseous CCl,FCCIF, (1.95 mmol) was admitted to the
counting cell and allowed to react with the [36Cl]—
chlorine labelled surface for 24 h. The count rates
on the solid and in the vapour phase were monitored
during this period. After 24 h the volatile products
were removed and the [736Cl]—chlorine activity on the
solid was counted. A further three aliquots of
CCl1,FCCIF, were admitted to the vessel and each allowed

to react with the solid for approximately 24 h.

3.6.4 The Reaction Between CCI,FCCIF, and [3%Cl]-

Chlorine labelled Aluminium(lll) Chloride.

[36C1]-Chlorine labelled aluminium(III) chloride
was preparcd as described in 2.5.4. The solid was
loaded into the counting cell and gaseous CCl,FCCIF, was
admitted. The [36C11—chlorine activity was monitored
throughout the 24 h reaction period and the [36C1]—
chlorine activity was noted when the vapour phase was
removed. This series of reactions was repeated in a
Pyrex reaction vessel, not equipped with Geiger-Muller

tubes.

3.6.5 The Reaction Between CCIFCCIF, and [3°Cl|-

Chlorine labelled Aluminium(lII) Chloride pretreated

with CCI,FCCIF,.

The catalyst prepared in section 3.6.4 was reacted
with further aliquots of gaseous CCI,FCCIF, the

procedure followed is outlined in section 3.6.3.
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3.6.6 The Preparation of 118FLFluorine labelled
CCI%FCCIF%

3.6.6.1 Reaction Between UF6 and CCleCClIi}.

The compound UF¢ was heated with either
CC12FCCIF or CCl3CCIF, (4.97 mmol) at 60-100°C for 1 h.
The products were removed and analysed by i.r

spectroscopy.

3.6.6.2 Fluorination of CCleCCle by a Fluorinated

Commercial Chromia Catalyst.

A pelleted commercial chromia <catalyst was
activated by heating to 425°C in a stream of N, for 6 h.
The catalyst was then fluorinated with HI8F a1t s0°cC.
Gaseous CCI,FCCIF, was passed over this catalyst in a

1 for 4 h. The reactor

nirogen flow at 23 ml min~
temperature was held at 425°C. The volatile products

were collected in a series of traps cooled to -197°C.

3.6.7 Infrared Spectroscopic Studies of the Reaction

The infrared cell described in 2.7.1 was loaded
with CCIZFCCIFZ (0.05 mmol). This was allowed to
interact with aluminium(III) chloride (2.46 mmol) and
spectra were obtained every 15 min over a period of 24
h. The gas was removed and a further aliquot of
CCl1,FCCIF, admitted. This procedure was repeated for a
total of four aliquots. The same series of

experiments was repeated twice with aluminium(IIl)
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chloride (4.68 mmol and 3.57 mmol).

3.6.8 Kinetic Studies of the Reaction Between CC12FCC1F2

and Aluminium(Ill) Chloride.

The experiments outlined in 3.6.7 were analysed

using the procedure described in 2.7.5.

3.6.9 Reaction of Aluminium(IIIl) Chloride with

CCl;CCIF,.

The compound CC13CC1F2 (5.10 mmol) was distilled
onto freshly sublimed aluminium(lIII) chloride and left
to react for 24 h. At the end of this period all
volatile products were removed. This process was
repeated using CC13CC1F2 (4.44 mmol) and aluminium(IlIl)
chloride (5.10 mmol).

3.6.10 Reaction of CCleCCle with Aluminium(III)

Chloride Pretreated with CC13CC1F2.

Aluminium(III) chloride pretreated with CC13CC1F2
was allowed to react with CCIZFCCIFZ (6.42 mmol) for a
period of 24 h. The products were removed and another
aliquot of CCIl,FCCIF, was added. This process was

repeated 3 times.

3.6.11 Reaction of Aluminium(III) Chloride with

Perfluorohexane.

Freshly sublimed aluminium(IIl) chloride (0.54

mmol) was Q)(;PO%Qd © perfluorohexane vapour for 36 h.
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The gaseous products were removed and CCIZFCCle (3.14
mmol) was allowed to interact with the surface. After

24 h the volatile products were removed.

3.6.12 Reaction of Aluminium(III) Chloride with

CCIF,CCIF,.

The compound CCIFZCCle (0.48 mmol) was allowed to
react with freshly sublimed aluminium(IIl) chloride
(0.68 mmol) for 24 h. Gaseous products were removed
and CC12FCC1F2 (0.97 mmol) was admitted. After 24 h
the products were removed and another aliquot of
CCl1F,CCIlF, was admitted. The volatile products were

removed after 40 h.
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Chapter 4

The Behaviour of CCl%FCCIFz in the Presence of

Aluminium(III) Chloride Pretreated with CH3CC13.

4.1 Introduction

The polymerisation of most olefins occurs in the
presence of aluminium(IIl) chloride. The active
catalyst is wusually in the form of an alkyl aluminium

compound such as (C2H5)A1C12 [101].

The r1eaction between CH3CC13 and aluminium(III)
chloride results in the dehydrochlorination of CH;CCl4
forming CH,=CCl, and HCI. The CH,=CCl, produced
reacts further with aluminium(IIl) chloride. producing a
purple polymer on the catalyst surface and gaseous HCI

is evolved as shown in Scheme 4.1.

AICl,
CH; - CCl; ———— CH, = CCl, + HCl

purple polymeric tar + HCI
Scheme 4.1

An extensive study was made of this system by McBeth
[25]. He concluded that the polymeric material was
unlikely to be due to a single species and was probably
a mixture of unsaturated oligomers [81]. The polymeric
species may have the structure shown in figure 4.1,

but the possibility that an aromatic species was



-10%-

Fig.

r H H H
Y
) 7 \\\\ g/ \\\ * -
H Y % \( AICI, ) a1
H !
Ci Cl ci

responsible for the purple colour has not been ruled

out. A red liquid with the stoichiometry
Mo T as CHMe , AIZCI-7
L . . Fig. 4.2

HCI.A12C16.4.5C6H3Me3 (figure 4.2) has been obtained
[102] . In this preparation the aluminium(III) chloride
was sublimed into a reaction vessel containing aromatic

hydrocarbon held at 2°C.

Other highly coloured complexes of aluminium(IIl)
chloride with chlorocarbons have been observed. A
bright yellow solid formed in the reaction of
aluminium(III) chloride and hexachloropropene has been
reported. | The authors thought this to be due to the
complex [C3C15]+[A1Cl4]' [103]. More recently the
formation of strongly coloured polymer-aluminium(III)
chloride-solvent complexes have been observed [104,105].
The colours ranging from orange-brown to violet-green
~are thought to be due to the formation of charge

transfer complexes.



-104-

When CCIZFCCIFZ is adsorbed onto aluminium(III)
chloride the solid undergoes a colour change from
colourless to yellow. This may also be due to the
formation of a charge transfer complex in the form of a

polymeric species but the evidence is not conclusive.

Aluminium(III) chloride pretreated with CCIZFCCIFZ
will isomerise CCI,FCCIF, at room temperature. The
reactive surface is thought to be organic in nature.
Similar ly aluminium(III) chloride pretreated with
CH;CCl3 will catalyse the dehydrochlorination of
CH;CCl3 at room temperature. The following work was
undertaken to compare the behaviour of CH3CCl; treated
aluminium(IIIl) chloride with that of wuntreated
aluminium(III) chloride, and aluminium(III) chloride

pretreated with CCIl,FCCIF,.

Results

4.2.1 The Reaction Between CClgFCCIFz and Aluminium(III)

Chloride Pretreated with CH3CCl;.

A series of th‘ree experiments was conducted.
In all cases there was evidence that the isomerisation
CC12FCC1F2 -> CC13CF3 occurred over aluminium(III)

chloride pretreated with CH3CCl; at room temperature.

In experiment MO, CH3CC13 vapour (0.034 mmol) was
exposed to aluminium(III) chloride (0.011 mol). After
1 h the volatile products were‘ removed leaving a purple
polymeric material on the catalyst surface. An aliquot
of gaseous CCI,FCCIF, was allowed to react with the

solid. After 24 h the volatile products were removed.
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Six further aliquots of CCl,FCClIF, were admitted to the
reaction vessel in succession. Each was allowed to react
with the solid for a period of 24 h before the wvolatile
products were removed and the next aliquot added. The
mass balance data and the quantity of CCl1;3;CF4
produced for each reaction are plotted in figure 4.3.
An inverse relationship was observed between the two
phenomena. The maximum quantity of CCI13CF3 (43%) was
obtained when the quantity of retained material was 56%
of the original aliquot of CCI,FCCIF, added. The
volatile product mixtures were analysed quantitatively
by 19¢ nmr spectroscopy. The results are shown in
table 4.1. Gaseous CCI3CF3 was the main product in
reactions MO1l, MO4 and MOG6. The quantity of organic
retained in these reactions was > 40% of the original
CCl,FCCIF, added and < 6% of the CCIl,FCCIF, added was
left unreacted at the end of the reaction. In runs
MO2 and MO3 very little material was retained < 7% but
the quantities of CCl3CF3 produced were 37% and 36%
respectively. However more than half the original
CCl1,FCCI1F, added remained unchanged. The quantity of
CCi,FCCIF, added in each of these reactions was double
that added in reactions MO1l], MO4 and MOG. A fluorine
balance of the product mixtures indicated that more
fluorine was lost in the production of the chlorinated
products, CC13CC1F2 and CC13CC12F, than was used in the
formation of CCI,FCFj. In run MOG6 no chlorinated

products were detected but CCIZFCF3 was obtained.

After run MO1 the purple-pink colour of the
surface had become a grey-green colour. A white solid

formed in the vessel during this experiment. 1t was



Figure 4.3 Experiment MO
Reactions between CCI2FCCIF2 and
CH3CCI3 treated Aluminium(lll) Chloride
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Table 4.1
The Interaction Between CCIZFCCIFz and Aluminium(Ill)

Chloride, pretreated with CH3CCly, at room temperature.

Analyses of the Volatile Product Mixtures from

Experiment MO by I9F nmr Spectroscopy.

Reaction Chlorofluoroethane Present %

CCI,FCF5 CCLFCCIF, CCI3CF3 CCI3CCIF, CCl3CCLF

MO 1 trace 6 24 6 1
MO2 1 53 37 | trace
MO3 trace 54 36 3 1
MO4 trace trace 15 trace trace
MOS5 - - - - -
MOe6 1 - 43 - -

MO7 - . - - -
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identified wusing mass spectrometry and found to be

C,Clg. .

In the second experiment MP aluminium(III) chloride
(0.490 mmol) was pretreated with CH3CC13 vapour (0.056
mmol). An inverse relationship between percentage
retention of material and the amount of CCl3CF4 produced
was observed (figure 4.4). This relationship was
similar to that found in experiment MO. Analysis of
the volatile product mixtures by g.c. showed the
presence of seven components. Six of those were
identified as CCI,FCF5, CCI,FCCIF,, CCl;3CF3, CCi3CCIF,,
CCl3CCI,F and C,Clg. The seventh peak had a retention
time of 35.5 min and was identified by g.c./m.s as being
C,Cly. The presence of this compound could have arisen

from the dechlorination of C2C16 or from the breakdown

Figure 4.4 Experiment MP
Reactions between CCI2FCCIF2 and CH3CCI3
treated Aluminium (ll1) Chloride
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«Calculated as shown in equation 3.1
-+Calculated as shown in equation 3.2
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of the purple tar on the surface of the aluminium(III)
chloride. The products produced in each reaction are
listed in table 4.2. Very little isomerisation
occurred during reaction MP1 but there was significant
retention (73%) and chlorination (25%). The latter
three reactions produced CCl3CF5 as the main product.
In all runs the quantity of chlorinated products

exceeded the quamiity of CCl,FCF3 produced.

In experiment MQ aluminium(III) chloride (8.7
mmol) was pretreated with CH3CCl; vapour (3.87 mmol).
After 1 h the volatile products were removed. An
aliquot of gaseous CCl,FCCIF, was added. After 24 h
the wvolatile products were removed. This procedure
was repeated 3 times. Mass balance data and the
quantity of CCl3CF3 produced for each reaction are
plotted in figure 4.5. An inverse relationship was
established between these two phenomena similar to
that found in experiments MO and MP, figure:s 4.3 and 4.4
respectively. The volatile product mixtures from
experiment MQ were analysed by 19 hmr therefore no
information was obtained for C,Cl,; or C,Clg. The results
are listed in table 4.3. In reaction MQ1 all CCIl,FCCIF,
was consumed during the reaction. Only 25% of the
material was retained. The bulk of the product mixture
was the isomer CC13CF3 (72%). In the next 3 reactions
the quantity of material retained on the surface
increased and the quantity of CCIl3CF3; produced decreased
The fluorine balance showed that there was more chlorin-
ated than fluorinated products. This suggested that the
fluorine retained by the surface exceeded the quantity

expected from the adsorption of CCIZFCCIF;
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Table 4.2

The Interaction Between CCIZFCCIFZ and Aluminiom{II})

Chloride, pretreated with CH3CCI3, at Room Temperature.

Analyses of the Volatile Products Mixtures From

Experiment MP by Gas Chromatography. -

Reaction Chlorofluoroethane Present % ¥* 1
1 c.C
CCl 2l“CF 3 CCl1 3CF3 CC1 2FCClF 5 CCl1 3CClF > C2C 6 501y
MP1 - 1 - 25 trace -
MP2 trace 67 trace 3 trace trace
MP3 trace 59 trace 1 trace trace
MP4 2 55 - 9 1 trace

*Calculated as described in Equation 3.1.



Figure 4.5 Experiment MQ

Reactions between CCI2FCCIF2 and CH3CCI

treated Aluminium (llI) Chloride

— % Organic retained *

%

|
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0 N | I L

MQ 1 MQ 2 MQ 3
Reaction

+*Calculated as shown in equation 3.1
**Galculated as shown in eauation 3.2

~— % CCI3CF3 **
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Table 4.3

The Interaction Between CCI,FCCIF, and Aluminium(IIl)

Chloride, Pretreated with CH3C(JI3, at Room Temperature.
Analyses of the Volatile Product Mixtures From

Experiment MQ by 9 nmr Spectroscopy.

Reaction Chlorofluoroethane Present % *

CCI,FCF3 CCI,FCCIF, CCI3CF3 CCI3CCIF, CCI3CCIyF

MQlI trace - 72 trace trace
MQ2 1 trace 57 3 1

MQ3 2 1 55 2 trace
MQ4 1 trace 17 5 trace

Calculated as described in equation 3.2
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Samples of aluminium(III) chloride pretreated with
CH3;CCl3, after reaction with CCl1,FCCIF, from experiment
MQ were analysed by magic angle spinning solid state
nmr. Two peaks were observed in the 27 a1 spectrum at
+77.8 ppm and -19.9 ppm (figure 4.6). The latter peak
had a shoulder at ~ 1 ppm corresponding to
aluminium(III) chloride (cf figure 3.13). The signal
at -19.9 ppm has not yet been assigned but a signal at

-18.59 ppm has been obtained for AlF4~ and another at

-16.63 ppm has been obtained for aluminium(IIl) fluoride.
There is no evidence to suggest these species were
responsible for the observed shift at -19.9 ppm. The
peak obtained at +77.8 ppm was consistent with an
aluminium in a tetrahedral environment [106]. DRIFTS
experiments have shown the existence of the AlCl; ion in
aluminium(III) chloride pretreated with CH3CC13 {25} .
It was, therefore, possible that the shift at +77.8 ppm

was due to the A1C14' ion.

The 13C MAS solid state nmr spectrum is shown in
figure 4.7. It contains a very strong signal at +106.1
ppm consistent with hexachloroethane [99]. The signal
was not as broad as that shown in figure 3.14
suggesting that in this sample the organic species was
more. tightly bound to the surface of the solid. No
signals were obtained that might correspond to a

(CH2 = CCl,),, polymer.
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4.2.2 The Behaviour of CH3CC1} in the Presence of

-

AluminiumII) Chloride pretreated with CC12FCC1F2

The experiments conducted in section 4.2.1 showed
that the isomerisation CCI,FCCIF, -> CCl13CF3 'occurred
over aluminium(IIIl) chloride pretreated with CH3CClgj.
In this section the situation is described whereby
aluminium(III) chloride was pretreated with CCI1,FCCIF,
then reacted with CH3CCl;.

Aluminium(III) chloride (6.8 mmol) was allowed to
interact with CC12FCC1F2 vapour (2.27 mmol). The
volatile products were removed after 42 h and 93% of
the original material was found to be retained on the
surface. A second aliquot of CCIl,FCCIF, (6.7 mmol)
was added and the product mixture was analysed after 24
h. It consisted of CCI,FCF53, CCl3CF3, CCl1,FCCIF,,
CCl3CCIF,, CCIl13CCl,F and C,Clg. The quantity of
material retained was 33% of the original quantity of
CC12FCC1F2 added. The compound CH3CC13 (0.38 mmol)
was then added to the system. After 30 min an
infrared spectrum of the volatile products was obtained.
This contained absorbances corresponding to the
dehydrochlorination products HCl1 and CH,=CCl,.
Gaseous CH3CCl; was also present. A fourth component
in the vapour phase was found to be CCIl3CFj;. This
experiment was repeated and the observations described

above were confirmed.

This result was interesting as it showed that the
catalytic sites on aluminium(III) chloride responsible

for the dehydrochlorination of CH3CCl; and the isomeris-



-11%~

ation of CCl1,FCClF, are related in some way. A

detailed discussion will be presented in Chapter 6.

4.3 The Behaviour of CClgFCCIFz in the Presence of

Aluminium(1I1) Chloride Pretreated with [3%Cl]-CHCCl,

Two experiments were conducted. In experiment
MR, aluminium(IIl) chloride (8.48 mmol) was
pretreated with [36Cl]-CH3CC13 (0.97 mmol), specific

1

count rate 577 count min~ mmol'l, prepared as described

in 2.5.6. After 1 h all gaseous products were removed
and the surface count rate was 42,379 count min'l.
Six aliquots of CCl1,FCCIF, were then allowed to react
successively with the catalyst and in each case the
change to the surface count rate was monitored over a 24
h period. After each reaction the volatile products

were removed and the surface count rate noted. The

results obtained are plotted in figure 4.8.

In reaction MR1 the surface count rate fell

immediately to 2600 count min~!

after the addition of
CC1,FCCIlF, but remained constant thereafter. In
general the surface count rate remained constant for the
duraction of a particular reaction but varied between
reactions. [36C1]-Chlorine activity was observed in
the vapour phase but it was too small to be determined
precisely. The volatile products from reactions MRI1-MR3,
MR5 and MR6 were analysed qualitatively by i.r
spectroscopy. Each spectrum showed CCIl,FCCIF, to be

dominant in the vapour phase. The isomer CCl13CF; was

produced but was not present in a substantial amount.



Figure 4.8 Experiment MR Reactions of
[36CI]-CH3CC! 3/Aluminium (lll) Chloride
with CCI2FCCIF2 Solid count rate vs time
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The last point corresponds to the last
reading before the gas was removed
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After all volatile products were removed the catalyst
was left in the counting cell for a few days. A sample
of the vapour phase was analysed by 19 nmr
spectroscopy. The results are shown in table 4.4.

The mass balance data obtained for reactions MR1-MRG6 are
tabulated in table 4.5. In the light of previous
results reaction MR1 should have produced the least

amount of CC13CF3 and run MR2 the maximum.

In experiment MS the catalyst was prepared by
treating aluminium(III) chloride (9.46 mmol) with [36Cl]-
CH3CC13 (1.36 mmol) for 1 h. After the volatile
products were removed, the surface count rate was 7830
count min~ 1, On addition of the first aliquot of
CC12FCC1F2 (2.04 mmol) (reaction MS1) the surface count
rate fell immediately to 6600 count min~ 1. After 65 h
the volatile products were removed and the surface count
rate was 6000 count min~l. Three further aliquots of
CCl,FCCIF, were allowed to react successively with the
solid and the surface count rate was monitored over a 24
h period. The results are plotted in figure 4.9. The
surface count rate remained constant for the duration of

a reaction but decreased from reaction MS2-MS4.

The volatile products of reactions MS1-MS4 were
analysed qualitatively by 1ir spectroscopy. In each
reaction the main product was CCIl,FCClIF, with little
CCl3CF3 present. The lack of isomerisation in
experiments MR and MS may have been due to the presence
of moisture as it was difficult to flame out the
counting cell to the same degree as the sublimation

apparatus.
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Table 4.4

The Behaviour of CCI2FCCIF2 in the Presence of

Aluminium(I111) Chloride Pretreated with [3%Cl]-CH5CCl;.

Analyses of the Volatile Product Mixture from Reaction

MR2 by 9¢ nmr Spectroscopy.

Chlorofluoroethane % Present *
CCIZFCF3 trace
CCIZFCCIFZ 75
CCI3CF3 14
CCI3CCIF2 11

* Calculated as described in equation 3.2.



-116-

Table 4.5

The Behaviour of CCI,FCCIF, in the Presence of
Aluminium(I11) Chloride Pretreated with [3%CI]-CH;CCI;.

Mass Balance Data for Experiment MR.

Reaction CCI,FCCIF, Volatile B Retention «
added(mmol) Products(mmol) %

MR1 1.9 1.4 29

MR2 1.4 1.3 11

MR3 2.0 1.6 19

MR4 1.6 1.3 15

MRS5 2.4 1.8 23

MRe6 2.4 2.0 16

o - Calculated as described in equation 3.1

B - Treated as CCI3CF3 for ease of calculation.



Figure 4.9 Experiment MS Reactions of
[36CI]-CH3CCI3/Aluminium (lll) Chloride
with CCI2FCCIF2 Solid count rate vs time
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The mass balance data obtained (table 4.6) showed
that retention occurred after reaction MS1 but did not
occur thereafter.

4.4 An Infrared Spectroscopic Study of the Vapour Phase

During the Reaction between CC12FCC1F2 and

Aluminium(III) Chloride Pretreated with CH%CCL}'.

Two experiments MT and MU were undertaken using
the cell described in 2.7.1. At the start of each
experiment a spectrum of CCI,FCCIF, vapour was obtained
before any solid was admitted to the cell. Once the
solid was admitted, spectra in the range 1000-700 cm™1
were obtained every 15 min. The spectra accumulated
from a typical reaction are shown in figure 4.10.
During the course of the reaction the 810 cm™! peak of
CCl1,FCCIF, diminished as the 849 cm~1 peak of CCl5CF4
increased. Mass balance data for both experiments
were not determined as the quantities of materials used

were so small.

The change in composition of CCI,FCCIF, and CCIi3;CF;
in the vapour phase during the course of a reaction in
experiment MT was calculated using the calibration
curves shown in figures 2.7 and 2.8. The results
obtained are shown in figures 4.11 and 4.12
respectively. The quantity of CCl,FCCIF, in the
volatile products increased with each reaction. This
indicated that with the addition of each new aliquot of
CCI,FCCIF, a greater percentage was remaining unreacted.
In reaction MT1 the gaseous products were removed after

4 days and showed no evidence of CCIl,FCCIF,.
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Table 4.6
The Behaviour of CCIZFCCIFz in the Presence
Aluminium(II1) Chloride Pretreated with [3®CI1]-CH5CCl;

Mass Balance Data for Experiment MS.

Reaction CCL,,FCCIF, Volatile B Retention o
added(mmol) Products(mmol) %

MS1 2.0 1.3 36

MS2 1.0 1.0 _ 0

MS3 0.8 0.8 0

MS4 0.8 - -

o - Calculated as described in equation 3.1.

B - Assumed to be CCIzCF45 for ease of calculation.
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Figure 4.11 Experiment MT IR Studies
of reactions between CCI2FCCIF2 and
Aluminium (lll) Chloride

%CCI2FCCIF2 vs time
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Figure 4.12 Experiment MT IR Studies
of reactions between CCI2FCCIF2 and
Aluminium (lIl) Chloride
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Experiment MU consisted of six reactions. In
each reaction all CCI,FCCIF, was consumed before the end
of the 24 h period (figure 4.13). As the experiment
proceeded the time taken to completely consume all
CCI,FCCIF, vapour increased with each reaction. The
maximum quantity of CCl3CF3 was produced when all the
CCl1,FCC1F, was consumed, and decreased thereafter
(figure 4.14). In both experiments the extent of the
isomerisation never exceeded 30%. The decrease
in the quantity of gaseous CCl13CF3 is interesting as
CCl13CF45 does not react with the solid. An experiment
to confirm this was conducted. The resulting spectra
are shown in figure 4.15. Over the 24 h period there
was a decrease of 1 mol %. There was no spectroscopic
evidence for any other volatile products. A subsequent
experiment indicated that CCl13CF3; did not react with

Pyrex glass.

4.5 Kinetic Studies of the Reaction Between CC12FCC1F%
and Aluminium(III) Chloride Pretreated with CH3CC13.

In the presence of aluminium(III) chloride
pretreated with CH3CCl; the compound CCIl,FCCIF, under-
goes isomerisation, fluorination, chlorination and
also produces C,Cly. This latter compound may have
arisen from the dechlorination of C,Clg or the breakdown
of the purple polymeric surface. First and second
order kinetic pl()ts~ for the production of CCIl3CF; were
calculated for experiments MT and MU. A linear
relationship was not observed suggesting that reaction

kinetics are more complicated.



Figure 4.13 Experiment MU IR Studies
of reactions between CCI2FCCIF2 and
Aluminium (Ill) Chloride

%CCI2FCCIF2 vs time
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Figure 4.14 Experiment MU IR Studies
of the Reactions between CCI2FCCIF2 and
Alminium (ll1) Chloride

% CCI3CF3 vs time
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Experimental

4.6.1 The Reaction Between CCleCCle and Aluminium(III)
Chloride Pretreated with CH3CCI}

Aluminium(III) chloride (0.011 mol) was sublimed
directly into a reaction vessel as described in 2.3.7.
Gaseous CH3CCl3 (0.034 mmol) as purified in 2.3.3 was
admitted. All volatile products were removed after 1 h.
The compound CCl,FCCIF, purified as in 2.3.1, was
distilled into the side arm of the vessel. The vapour
was allowed to react with the solid surface for 24 h.
The volatile products were removed and weighed before
quantitative analysis by 19 hmr spectroscopy oOr gas
chromatography. This process was repeated for a

series of aliquots of CCIl,FCCIF,.

4.6.2 The Behaviour of CH3CC13 in the Presence of

Aluminium(1II) Chloride Pretreated with CC12FCC1F2

Aluminium(IXII) chloride (6.8 mmol) was sublimed as

described in 2.3.7. Gaseous CC12FCC1F2 (2.27 mmol)

purified as before was admitted. All volatiles were
removed after 24 h. Gaseous CH3CCl; as purified in
2.3.3 was reacted with the solid for 1 h. The

products were removed and analysed qualitatively by i.r.

spectroscopy.
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4.7 The Behaviour of CCIZFCCIFQ in the Presence of

Aluminium(III) Chloride Pretreated with L36C11-

CH;CCly

Aluminium(III) chloride (8.48 mmol) was sublimed
as before and loaded into the counting cell described in
2.10.1. Gaseous CH3CC13 (0.97 mmol) specific count

rate 577 count min'1

mmol'1 was admitted and allowed to
react. After 1 h the volatile products were removed.

The solid count rate was obtained before CC12FCC1F2 was

admitted. The gaseous products were removed after 24
h and weighed. The 306c1 radioactivity on the solid and
in the gas phase were monitored during this time. This

process was repeated for a further 5 aliquots of

CCl,FCCIF,.

This experiment was repeated with a fresh sample
of sublimed aluminium(III) chloride (9.46 mmol)
pretreated with [36C1]-CH3CC13 (1.36 mmol) 577 count

min~ 1 mmol'1 .

4.8 An Infrared Study of the Vapour Phase During the

Reaction Between CCIQFCCIFz and Aluminium(II) Chloride

Pretreated with CH3CC1%

The compound CCl,FCClF, was admitted to the
infrared <cell described in 2.7.1. and a spectrum
obtained. Aluminium(III) chloride pretreated with
CH5CCly was admitted to the cell and spectra were
obtained over a 24 h period. The volatile products
were removed and a further aliquot of CCI,FCCIF,

admitted. This procedure was repeated for a total of
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4 aliquots. The experiment was repeated with a fresh

solid sample.

4.9 Kinetic Studies of the Reaction Between CC12FCC1F2
and Aluminium(III) Chloride Pretreated with CH3CC13

These experiments were carried out using the

procedure described in 2.7.5.
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Chapter 5

The Behaviour of CC12FCC1FAI_ in the Presence of

Chlorinated y-Alumina

5.1 Introduction

The advantage of using chlorinated aluminas in
reactions in preference to aluminium(III) chloride is
that the former are product selective and do not form
strongly acidic by-products [107]. Aluminas can be
chlorinated using a variety of substances including HCI,
C12, CClgy and aluminium(I1I) chloride. Thomson has
made an extensive study of the dehydrochlorination of
CH3CC13 in the presence of [CCl4]-chlorinated fy-alumina
[82]. He proposed that both Br¢nsted and Lewis acid
sites were formed in the chlorination reaction but only
the Lewis acid sites (figure 5.1) took part in the

dehydrochlorination reaction.

Melcher and co-workers reported that
aluminium(III) chloride/alumina was a good catalyst
for n-butane isomerisation [108]. The surface species

they postulated is shown in figure 5.2.
cl a

|
i
o ‘ figure 5.2

A similar study was conducted by Marczowski [109]. The

surface species he proposed is shown in figure 5.3

figure 5.3
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Figure 5.1 A Lewis Acid Site
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He' glso proposed that the superacid properties of this
catalyst were linked wifh the Al cjectron acceptor
sites on the surface [110]. These sites were caused by
the adsorption of A1C13 on an adjacent oxygen anion.
Drago and Getty refluxed aluminium(III) chloride with
various inorganic oxides in the presence of CCl,.
The catalysts were characterised wusing infrared
spectroscopy. When pyridine was adsorbed on the
surface infrared shifts indicative of both Br?fnsted and
Lewis acid sites were observed . From solid state MAS
nmr spectroscopy they suggested that the catalytically
active sites are -O-A1C12 species [83]. The following
work was undertaken to determine whether CCl,FCCIF,
would be isomerised in the presence of a fy-alumina
based catalyst. The two catalysts chosen for this
study were [CCI4]-chlorinated Y-alumina ‘and
aluminium(III) chloride supported on vy-alumina.

Results

5.2 The Behaviour of CCIZFCCle in the Presence of

ICCI_,,']-Chlorinated vy-Alumina

In experiment MV seven aliquots of CCI,FCCIF, were
allowed to react with the same solid sample. [CCl4]-
chlorinated vy-alumina is blue in colour but lightened on
reaction with CCl,FCCIF,. The colour darkened as the
volatile products were removed. Each product mixture
was weighed and analysed qualitatively by ir spectro-
scopy- There was no evidence to suggest the formation
of CC13CF3. However the mass balance data (table 5.1)
indicated that material was being retained by the
surface. The large percentage retentions after
reactions MV6 and MV7 are attributed to the extended

reaction times of 116 h and 1 week respectively but
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Table 5.1

The Behaviour of CCIZFCCIFZ in the Presence of [CCI4]-

Chlorinated vy-Alumina.

Mass Balance Data for Experimemt MV,

Reaction CCI1,FCCIF, Volatile Retention <
added (g) Products (g) Yo
MVl1 1.02 0.97 4.1
MV2 2.13 2.12 0.7
MV3 1.19 0.94 21.1
MV4 1.39 1.32 5.3
MVS ' 1.37 1.22 10.8
Mve P 0.99 0.18 81.5
mv7 P 0.96 0.54 43.9

Weight of |[CCly]l-chlorinated y-alumina - 0.58 g.

o - Calculated as described in equation 3.1.

B - The reaction time was increased from 24 h to 116 h

and 1 week for reactions MV6 and MV7 respectively.
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even after these long periods there was no spectroscopic
evidence for CCI;CFj. This experiment was repeated

to obtain quantitative results for the volatile product

mixtures. Six reactions were carried out in
experiment MW, The volatile products were analysed by
19¢ nmr spectroscopy. In all reactions there was

evidence for CC13CF3, CC12FCF3 and CC13CC1F2 but the
major component of the product mixture was CCIl,FCCIF,
(table 5.2). A fluorine balance of the volatile
product mixtures showed that the quantity of fluorinated
product did not exceed the quantity of chlorinated
product. Although there was very little isomerisation
in this experiment an inverse relationship between

retention and isomerisation was observed (figure 5.4).

Figure 5.4 Experiment MW
Reactions between CCI2FCCIF2 and
[CCl4]-Chlorinated Y-Alumina

— % Organic retained —+— % CCI3CF3

401
30

20

N

MW 1 MW 2 MW 3 MW 4 MW 5 MW 6
Reaction
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Table 5.2.

The Behaviour of CCIZFCCle in the Presence of ICCI4I-

Chlorinated y-Alumina.

Analyses of the Volatile Product Mixtures for Experiment

MW by 19¢ nmr Spectroscopy.

Reaction Chlorofluoroethane % ¢

CCI,FCF5 CCLFCCIF, CCI3CF3  CCI3CCIF,

MW 1 0.6 90.7 3.0 3.0
MW2 0.2 77.8 0.9 0.4
MW3 0.5 87.5 1.5 0.5
MW4 - - ] ]

MWS5 0.1 76.9 0.5 0.3
MWeé6 trace 62.8 0.2 0.1

o - Calculated as described in equation 3.2.
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5.3 The CH3CClz, CCI,FCCIF, and [CCl,]-Chlorinated

v-Alumina System

In the preceding section it was observed that
very little isomerisation occurred during the reaction
between CCIZFCCle and [CC14]-chlorinated Y-alumina at
room temperature. Another reaction catalysed by this
solid is the room temperature dehydrochlorination of
CH3CCl3, but the rate is slower than that observed when
aluminium(III) chloride is the catalyst [25]. It has
been observed that aluminium(III) chloride pretreated
with CH3CCl3 will catalyse the isomerisation of
CCl1,FCCIF, and that CCl13CF3 is produced when CH3CCl3 is
reacted with aluminium(III) chloride pretreated with
CC1,FCCIF,. A similar study was conducted for [CCl,]-

chlorinated Yy-alumina.

5.3.1 The Reaction Between CH3CC13 and [CC14]-

Chlorinated vy-Alumina Pretreated with CC12FCC1F2.

Calcined vy-alumina was chlorinated with CCl, then
pretreated with CCIl,FCClF, vapour. After 24 h all
volatile material was removed and 27% of material was
retained on the solid. Gaseous CH3CCl; was admitted
to the reaction vessel. Samples of the vapour phase
were examined by infrared spectroscopy after 30 min and
90 min. There was no evidence to support the

presence of CH,CCl, or HCl in either spectrum.



5.3.2 The Reaction Between CC12FCC1F2 and [CClg4]-

Chlorinated 7y-Alumina Pretreated with CH3CC13.

Calcined vy-alumina was chlorinated with CCly, then
pretreated with CH;CCl;. After 4 h the gaseous
products were removed. An infrared spectrum of the

products showed evidence for CHZCCIZ, HCl1, CC14 and

CH3;CCl,. Gaseous CCI,FCClF, was admitted to the
reaction vessel. After 18 h the solid developed a
white colouration. The material responsible for this

was volatile as the colour disappeared when the sidearm
was frozen with liquid N,. There was no infrared
spectroscopic evidence to support the presence of
CCl13CF45 but it is possible it was present in minute
quantities. However after 3-5 days there was still no
evidence of CCl3CF3. On removal of the gaseous products
it was observed that 8% of material was retained by the
solid. A second aliquot of CCIl,FCCIF, was admitted

but after 24 h there was still no evidence of CC13CF3.

5.4 An Infrared Study of the Vapour Phase During the

Reaction Between CClgFCCle and Aluminium(III) Chloride

Supported on y-Alumina

Experiment MX was undertaken using the infrared
cell described in 2.7.1. At the start of the first
reaction, MX1, a spectrum of pure CC12FCC1F2 was
obtained before the solid sample of aluminium(IIl)
chloride supported on Yy-alumina was added. Thereafter,
spectra were obtained every 15 -min. Mass balance data
for the experiment were not determined as the quantities

of materials used were so small. The change in the
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quantities of CC12FCC1F2 and CCl13CF3, in the vapour
phase, during the course of a reaction are shown in
figures 5.5 and 5.6 respectively. During reaction MXI1
CCl1,FCCIF, was reacting with a clean surface. There
was no gaseous CCI,FCCIF, present after 50 min (figure
5.5). The maximum quantity of CCl13CF3 was produced
immediately after this point. The quantity of gaseous
CC13CF3 then decreased but remained constant after 4.8 h
(figure 5.6). The 1i.r. spectra for this reaction,
figure 5.7, did not exhibit isosbestic points. This
suggested that in reaction MX1 the conversion of
CC1,FCCIF, to CCl3CF5 involved the formation of an

intermediate state.

In reaction MX2 CC1,FCCI1F, reacted with
aluminium(III) chloride supported on y-alumina
pretreated with CCl1,FCCIF,. The quantity of
CC1,FCCIF, (figure 5.5) decreased during the reaction
but was still present at the end of the 24 h period.
The isomer CCl3CF3 was also present and the quantity of
this increased during the reaction (figure 5.6). Three
isosbestic points were observed in the spectra obtained
during this reaction (figure 5.8). This indicated that
the conversion of CCI,FCCIF, to CC13CF3 occurred via a
very short lived intermediate. Similar spectra were
observed during the reactions between CCI,FCCIF, with
aluminium(IIl) chloride or aluminium(III) <chloride

pretreated with CH3CC13.

Experiment MY consisted of two reactions. During
reaction MY1 the quantity of CCI,FCCIF, in the vapour
phase fell steadily and the quantity of CC13CF3 rose
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steadily. There was still CCl1,FCCIlF, present in the
vapour at the end of the reaction (figure 5.9), unlike
reaction MXI1. The isosbestic points were also observed
during this reaction indicating that CC13CF3 was being
formed as quickly as CCl,FCCIF, was consumed. No data
were obtained for reaction MX2, and no CC13CF3 was

observed in the vapour after 3 days.

Samples of aluminium(III) chloride supported on
calcined fYy-alumina were analysed using 27A1 MAS nmr
spectroscopy. The spectrum obtained (figure 5.10)
showed a signal at -1.18ppm, corresponding to octahedral
aluminium in 9Yy-alumina and aluminium(III) chloride [82].
A second signal at 58.05 and 56.49 ppm was also
observed. This is attributed to tetrahedral! aluminium
environments. The tetrahedral aluminium environments of
calcined <Yy-alumina observed by Thomson occurred at 73.05
ppm [82]. Adsorption of HC1 caused an upfield shift to
69.75 ppm [82]. Therefore it is possible that the
signals at 58.05 ppm and 56.49 ppm were due to upfield
shift of the tetrahedral aluminium environments of Y-
alumina caused by the adsorption of aluminium(III)
chloride. Drago has reported aluminium-27 signals at 85
and 65 ppm for aluminium(IIl) chloride adsorbed on SiO,
[83]. He claimed this was due to the formation of Si-O-
AlCl, groups. Hence the signals observed in figure

5.10 may be due to the formation of Al-O-AICl, groups.

5.5 Kinetic Studies of the Reaction Between CC12FCC1F£,

and Aluminium(III) Chloride Supported on <Y-Alumina

From 19 nmr spectroscopic analysis (Table 5.2) it

has been observed that the interaction between
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CC1,FCCIF, and aluminium(III) chloride supported on Y-
alumina results in the chlorination, fluorination and
isomerisation of CCI,FCCIF,. However the quantity of
CCl3CF3 produced was less when compared to unsupported
aluminium(III) chloride. The rate at which
isomerisation, occurred also was greatly reduced. For
reactions MX1 and MX2 first and second order plots for

the production of CCl13CF3 were not linear. This
suggests a more complicated reaction process. The
consumption of CCIZFCCIFZ during the course of these
reactions was also observed, but a simple reaction order
was not observed for either reaction. This could be
due to the fact that isomerisation is not the only

reaction that CCl,FCCIF, undergoes on the surface of the

solid.

First and second order kinetic plots for the
production of CCI3CF3; were also made for reaction MY1
but no linear relationship was observed. Similar
results were also obtained from 1st and 2nd order

kinetic plots for the consumption of CCIl,FCIF,.

Experimental

5.6 The Behaviour of CCIQFCC1F9~ in the Presence of

[CC14]—Chlorinated Y-Alumina.

5.6.1 Preparation_ of [CCI_%—Chlorinated vy-Alumina -

Commercially available Degussa ‘C’ <y-alumina was
loaded into a Pyrex vessel in the dry box. The vessel
was attached to a vacuum line and degassed, before

calcination at 250°C. After 8 h, 0.5g was loaded into
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a conditioned Monel metal bomb in the dry box. The
bomb was transferred to the vacuum line and the solid
was degassed. Carbon tetrachloride (AnalaR May and
Baker) (2 mmol) was distilled into the bomb. The
mixture was heated overnight at 250°C to ensure the

centre of the bomb was 227°C. The gaseous products
were removed. Infrared analysis of the product

mixture showed it to contain HCI, C02, COC12 and CC14.

5.6.2 The Behaviour of CClgFCCqu in _the Presence of

ICC14'|-Ch10rinated Y-Alumina

[CC14]—Chlorinated Y-alumina was loaded into a
round bottomed flask, equipped with a side arm, in the
dry box. The solid was transferred to the vacuum line
and degassed. Seven aliquots of CCl1,FCClF, vapour
were individually allowed to react with the solid sample
for a per‘iod of 24 h. The products were removed and
weighed before they were analysed either qualitatively
by infrared spectroscopy or quantitatively by 19¢ nmr
spectroscopy. The experiment was repeated with a fresh

solid sample and a further six aliquots of CCl,FCCIF,.

5.7.1 The Reaction Between CH3CC13 and [CC14]-

Chlorinated 7y-Alumina Pretreated with CC12FCC1F2

[CC14]-Chlorinated Y-alumina was treated with
CCIZFCCIFz (483 mmol) for 24 h. The volatile products
were>removed and“CH3CC13 (0.6 mmol) was_distilled into
the reaction vessel. Samples of the gas phase were
taken after 30 and 90 min and analysed qualitatively by

infrared spectroscopy.
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5.7.2 The Reaction Between CC12FCC1F2 and [CC14L-

Chlorinated y-Alumina Pretreated with CH3CC1}

[CCl4)-Chlorinated Yy-alumina was pretreated with
CH3CCl3; (1.08 mmol). The volatile products were removed
after 4 h and analysed by ir spectroscopy. The
compound CC12FCC1F2 (4.52 mmol) was distilled into the
reaction vessel. Samples of the gas phase were
analysed by ir spectroscopy after 18 h and 3.5 days.
The volatile products were removed and a second aliquot
of CCIZFCCIF2 (4.22 mmol) was admitted to the vessel.

An ir spectrum of the products was obtained after 24 h.

5.8 The Preparation of Aluminium(III) Chloride supported

on 7Yy-Alumina.

Aluminium(III) chloride was 1loaded into a break
seal vessel in the dry box, then degassed before
attachment to the sublimation apparatus. Y-Alumina was
calcined in situ at 250°C overnight and allowed to cool.
Aluminium(III) chloride was sublimed onto the calcined
alumina. Any excess aluminium(IIl) chloride was

removed by a second sublimation of the alumina.

5.8.1 An Infrared Study of the Vapour Phase During the

Reaction Between CCIEFCCIF;_L and Aluminium(III) Chloride

Supported on Yy-Alumina.

The infrared cell described in 2.7.1. was filled

with gaseous CCIl1,FCCIF, and a spectrum obtained.
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Aluminium(III) chloride supported on <Y-alumina was
admitted to the cell. Infrared spectra were obtained
every 15 min and stored on a disk. After 24 h all
gaseous products were removed and a second aliquot of
CCl,FCCIF, was admitted. This experiment was repeated
with a fresh solid sample on a further two aliquots of

CCl1,FCCIF,).

5.9 Kinetic Studies of the Reaction Between CCleCCle

and Aluminium(III) Chloride supported on vy-alumina

The procedure followed was that outlined in 2.7.5

using the data obtained in 5.8.1.



Chapter 6 - Discussion

From the results presented in Chapter 3 it has
been established that the compound CCl,FCCI1F, is
isomerised to CCl13CF3 at room temperature in the
presence of aluminium(III) chloride. Similar results
were obtained when aluminium(III) chloride was
pretreated with CH3;CCl;y or supported on calcined Y-

alumina.

All of these solids have different surface
morphologies. Aluminium(III) chloride possesses 6-
coordinate aluminium atoms throughout the bulk
structure. At the surface of the solid the aluminium
atoms remain in an octahedral environment but they are
coordinatively unsaturated. These uncoordinated atoms
are reactive sites and are Lewis acidic.
Aluminium(III) chloride pretreated with CH3CC13 is also
a Lewis acid. The compound CH3;CClj is polymerised on
the surface of this solid. The exact nature of the
polymeric species is unknown but it is thought to be
attached to surface aluminium atoms [25]. Solid state
nmr results (figure 4.6) suggest the surface of
aluminium(III) chloride has been modified as there is
evidence of tetrahedral aluminium possibly in the form

of A1C14' ions.

Aluminium(III) chloride adsorbed on calcined ¥-
alumina is classed as a superacid. The aluminium-27
solid state MAS nmr (figure 5.10) suggested that the
surface of this solid consisted purely of aluminium(IIl)

chloride but the adsorption of aluminium(III) chloride
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on Y-alumina resulted in the formation of tetrahedral
Al—O—AlClX links between the two aluminium compounds.
The value of x is unknown, Drago has suggested x=2 [83]

but #n this study it was assumed x = 3.

For comparison, reactions of CC1,FCCI1F, with @Cl%-
chlorinated <y-alumina were also studied. Although this
solid is not based on aluminium(III) chloride it is also
a Lewis acid and possesses tetrahedral aluminium sites

[82].

From mass balance studies it was observed that for
all the reaction systems studied the weight of the
gaseous products was less than that of the CCl,FCCIF,
added. This phenomenon was not observed by Miller and
co-workers [76]. This deficit, which varied from
reaction to reaction is believed to be due to the
formation of an organic layer on the surface of the
solid. This is thought to have caused the colour
change of the solid observed during a reaction.
Aluminium(III) chloride was a colourless solid but on
reaction with CCI1,FCClF, it developed a pale yellow
colour. The colour lightened on removal of the gaseous
products but the solid never returned to its original
shade. Aluminium(III) chloride pretreated with CH3CC13
which was originally a deep purple colour became grey-
white under the same reaction conditions and FCI%I-
chlorinated +Yy-alumina changed from dark-blue to pale

blue.

Identical experimental methods were followed for

each solid. A sample of CCl,FCCIF, was allowed to



interact with the solid surface at room temperature for
24 h. All gaseous products were removed before a
second aliquot of CCIl,FCCIF, was added. This procedure
was repeated for at least 4 reactions before the solid
sample was changed. When aluminium(III) chloride was
exposed to repeated aliquots of CCl,FCCI1F, the quantity
of material retained by the solid increased but the
quantity of CCl13CF3 decreased, with each subsequent
reaction. This trend was not observed in all cases but
the quantity of material retained always bore an inverse
relationship to the quantity of CC15CF45 produced.
Similar reslults were also observed when aluminium(III)
chloride pretreated with CH;CCl; was the solid studied.
Reactions of CCl1,FCCIF, with FCI‘;J-chlorinated Y-alumina
resulted in very little CCl3;CF5 being produced (<10% of
the original quantity of CCI,FCCIF, added) but there was

a large quantity of material retained.

Information regarding the composition and
catalytic activity of the organic layber was obtained

from radiolabelling experiments.

The purpose of these experiments was to confirm
the presence of chlorine on the surface of the solid,
they gave no indication as to the nature of the surface
species. This study followed the same experimental
procedure as outlined for the non radioactive

experiments. The systems studied were:

(1) [36C1]-CC12FCC1F2 and aluminium(III) chloride
(ii) [3%C11-CC1,FCCIF, labelled aluminium(III)
chloride and CCl,FCCIF,
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(iii) [36C1]—CH3CC13 labelled aluminium(III)
chloride and CCIl,FCCIF,

(iv) [?®Cl]-aluminium(III) chloride and CCI,FCCIF,
The reaction between gaseous [36C1]-CC12FCC1F2 and
aluminium(IIl) chloride resulted in the uptake of the
[36Cl]-chlorine label by the solid (section 3.3.1). The
initial reaction of gaseous CCI,FCCIF, with [3%cCI]-
CCIZFCCIFZ labelled aluminium(III) chloride (section
3.3.2 experiment MG) resulted in an immediate decrease
of the surface count rate on admission of CCI,FCCIF, to
the reaction vessel. Thereafter the surface count rate
remained constant for the duration of the reaction.
During subsequent reactions of CCl,FCCIF, with the same
sample of [36C1]—CC12FCC1F2 labelled aluminium(III)

chloride the surface count rate remained constant.

When gaseous CCl,FCCIF, was left in contact with
the [36C1]-CC12FCC1F2 labelled surface for a long period
of time (> 1 week) the surface count rate increased.
This was probably due to the organic layer desorbing
from the solid. After each reaction of CCIl,FCCIF, with
[36C1]1-CC1,FCCIF, labelled aluminium(III) chloride a
quantity of material was observed to be retained by the
solid. At the end of a series of reactions a build up
of C,Clg was observed on the walls of the reaction
vessel. The C,Clg resulted as a product from the
chlorination of CCl,FCCIF, by the solid surface. It is
not a very volatile compound therefore desorption would
have been a very slow process. Over a period of time
desorption would have occurred resulting in the
formation of C,Clg on the walls of the reaction vessel.

The desorption process led to a reduction in the
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chlorine content on the surface of the solid. This
resulted in a decrease in chlorine self absorption and
therefore the surface count rate increased. A similar
observation was made when the solid was left in vacuo
for 4 weeks once all the vapour was removed. A
pressure of gas built up in the reaction vessel during
this time. It was identified by i.r. spectroscopy to
be mainly CCl,FCCIF, but there was evidence that small
quantities of CC13CF3 were also present. The opposite
effect was observed during the reaction between
CCI,FCCIF, and [39C1)-CC1,FCCIF, labelled aluminium(III)
chloride. Adsorption of CCl,FCCIF, by the solid led
to an increase of the surface chlorine content, thus
chlorine self absorption increased therefore the surface

count rate decreased.

Radioactivity was detected in the gas phase but it
was too small to be determined precisely. However the
possibility that [36C1]-CC13CF3 was formed cannot be

ruled out.

The results obtained from the reactions between
CCI,FCCIF, and [36Cl]—CC12FCCiF2 labelled aluminium(1II)
chloride were similar to those found when CCIl,FCCIF, was
allowed to react with aluminium(III) chloride which had
been pretreated with [30Cl1]-CH5CCl; (section 4.3).  The
disappointing feature of these reactions was the lack of
isomerisation. This was probably due to the hydration
and hydroxylation of aluminium(III) chloride caused by
the desorption of water vapour from the Geiger-Muller
tubes and the walls of the counting vessel. When the

reactions between CCleCClFZ and [36Cl]-chlorine
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labelled aluminium(III) chloride were studied using the
counting vessel (sections 3.3.3 and 3.3.4), it was
observed that after the initial reaction 95% of the
quantity of CCI,FCCIF, added was retained by the solid
and no CC13CF3 was observed in the product mixture.
However when the reactions were studied in an
alternative reaction vessel, initially 37% of the
original quantity of CCIl,FCCIF, added was retained by
the solid and 47% of the original quantity of
CCIZFCCIFZ added produced CC13CF3 (experiment MI section
3.3.4). Analysis of the product mixture MI1 by radio
g.c. showed that there was no [36Cl]—chlorine label

present in CC13CF3 fraction. The result was consistent

with Miller's original observation [76]

Attempts were made to conduct a similar
investigation using [18F]-f1uorine, but the short half
life of [18F]-f1uorine (110 min) and the lengthy

preparation of [18F]-CC12FCC1F2 made this study

impracticable.

Further information about the nature of the solids
studied was obtained from solid state MAS nmr spectro-
scopy. The purposes of these analyses were two-
fold. Firstly to identify the nature of the retained

organic substrate and secondly to discover if the surface

structure had changed.
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The solids §tudied were:
i. Aluminium(III) chloride after reaction with
CC1,FCCIF,.
ii. Aluminium(III) chloride pretreated with
CH3CCl5 after reaction with CCl1,FCCIF,.

and iii. Aluminium(III) chloride supported on 7y-alumina

27A1 MAS nmr spectra were obtained for all three
solids and 13C MAS nmr spectra were also obtained for
samples i and ii. The 27A1 MAS nmr spectrum for
sample(i) aluminium(III) chloride after reaction with
CC12FCC1F2 (figure 3.13) showed a sharp signal at -1.01
ppm. This was consistent with octahedrally coordinated
aluminium environments. No other aluminium signals were
observed. The 13C MAS nmr spectrum (figure 3.14) of
the same sample showed a broad signal with a peak at
105.7 ppm. This was identified as C,Clg. There was a
long Idelay in obtaining these spectra and it is
possible that all the organic material retained by the
solid was fully chlorinated during this time to produce
C2Cl6. Since the 27Al MAS spectrum showed only ohe
signal, corresponding to that of an octahedrally
coordinated aluminium atom, it was assumed that
adsorption of the organic rﬁaterial by aluminium(III)
chloride did not alter the structure of the
aluminium(III) chloride. However the new surface

formed contained some organic material.

The 27Al MAS nmr spectrum of aluminium(III)
chloride pretreated with CH3CCl3, after reaction with
CCl,FCCIF, (figure 4.6) showed two signals one at 77.9
ppm and the other at -19.9 ppm. This latter signal was

not identified but it contained a shoulder at -1 ppm
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corresponding to octahedral aluminium environments.
The signal at 77.9 ppm was attributed to tetrahedral
aluminium atoms, and was most probably due to the
presence of the AICl, ion, also observed in the
infrared studies of the reaction between aluminium(III)
chloride and gaseous CH3CC13 [25]. The signals
observed in this spectrum are thought to result from the
interaction between aluminium(III) chloride and CH3CC13.
The adsorption of CCI,FCCIF, by aluminium(IlII) chloride
did not affect the inorganic structure therefore it was
thought wunlikely that the adsorption of CCl1,FCCIF, by
aluminium(III) chloride pretreated with CH3CC13
resulted in any further structural change of the solid
but the possibility was not  ruled out. The 13Cc Mas
nmr spectrum of aluminium(III) chloride pretreated with
CH3CCl3, after reaction with CCl1,FCCIF, (figure 4.7)
also showed evidence for the presence of C,Clg. The
third 27A1 MAS nmr spectrum obtained was of
aluminium(III) chloride supported on calcined Y-
alumina.

This showed three signals (figure 5.10). The signal at
-1.2 ppm corresponded to octahedral aluminium
environments and was attributed to aluminium(III)
chloride. However calcined +vY-alumina also contains
octahedral aluminium atoms therefore this observed
signal may have been due to both octahedral
aluminium(III) chloride atoms and octahedral vy-alumina
atoms. The signals at 56 ppm and 58 ppm for
aluminium(III) chloride adsorbed on fvy-alumina may have
arisen from the combination of two factors:

(i) The chlorination of the tetrahedral aluminium

environment of <Yy-alumina by aluminium(III) chloride
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and (i1) The formation of new tetrahedral environments
from the reaction between aluminium(III)
chloride and y-ahimina. These new sites
may have the form Al-O-AlCl5.
It is not suggested that the Al-O-AlCl3 groups were the
surface of the solid but rather they formed the basis
on which an aluminium(III) chloride network was built.
Thus the solid surface appeared to be that of
aluminium(III) chloride. The presence of Al-O-
AlCl; surface species was not ruled out but its ability
to isomerise CCI,FCCIF, was uncertain. )

Infrared studies of the vapohr phase during the
reaction between CC12FCC1F2 and aluminium(III) chloride,
aluminium(IIl) chloride pretreated with CH3CC13 or
aluminium(IIl) chloride supported on vy-alumina have been
conducted. The experimental procedure followed was
identical to that followed for the non-radioactive
experiments. The spectra obtained for these
experiments contained three isobestic points with the
exception of reaction of MX1 (section 5.4). In this
reaction the lack of isobestic points was attributed to
retention of CCI,FCCIlF, by y-alumina rather than by
reaction of CC12FCC1F2 with aluminium(III) chloride.
The isobestic points indicated that CCl3CF3 was being
formed directly from CCIl,FCCIF, without the build Ve
of an intermediate species. The presence of moisture
affected these experiments as it did with the
radiolabelling experiments. When there was little or no
moisture present all the CCI,FCCIF, was consumed during
the course of the reaction (sections 3.4.1 and 4.4,

experiments MJ and MO respectively). Immediately after
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the total consumption of CCl1,FCCIF,5 the maximum quantity
of CCI3CF53 was produced but at the termination of the
reaction the quantity of the CC13CF3 present had
decreased. The presence of moisture appeared to
inhibit the reaction between CCI,FCClF, and the solid.
Under these conditions the quantity of CCI,FCCIlF, in the
gas phase was observed to decrease during the course of
a reaction but it was not completely consumed. As a
result, the quantity of CCIl3CF3; produced during the
reaction increased steadily reaching a maximum only at

the end of the reaction.

Kinetic studies revealed that the production of
CC13CF45 did not follow a simple reaction order. The
reaction of CCIl,FCCIF, with any one of the solids
studied, involved the adsor;()tion of CCIl,FCCIF, by the
solid. This resulted in an immediate change of the
surface. Once the adsorbed species was formed it could
undergo isomerisation, fluorination or chlorination.
This latter process resulted in material being retained
by the surface of the solid thus changing its structure.
Therefore during the course of a reaction the surface
was constantly changing and this gave rise to the
observed complex reaction order. The product mixture
consisted of CC12FCF3, CC12FCC1F2, CC13CF3, CC13CC1F2,
CCl3CCI,F and C,Clg. Only the asymmetric isomers were
identified, there was no evidence to suggest the
presence of the symmetric isomers CCIF,CCl1F, and
CCl1,FCCI,F. The presence of CCI,FCF3 was interesting
as it was not observed by Miller [78]1 and indicated that
fluorination had occurred. The possibility that

CC12FCF3 could have been formed from the dismutation of
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CCI,FCCI1F, is not 1likely as the dismutation of
CCl1,FCCIF, would have given rise to equal quantities of
CCl1,FCF3 and CCI3CCIF, in the product mixture. However
the quantity of chlorinated products exceeded that of
fluorinated products. The compound CCIF,CClF, Was not
isomerised in the presence of aluminium(III) chloride or
aluminium(III) chloride pretreated with CC12FCCIF2.
Therefore the production of CCl1,FCF3 may have arisen from the
fluorination of CCl3CFj. This would explain decrease
in the quantity of CCl13CF3, towards the end of a
reaction, observed in the infrared experiments. When
CCIl,FCCIF, was chlorinated it deposited a fluorine on
the solid surface. This fluorine source reacted with

Miller conducted his original study under reflux
conditions at 60°C ([76]. At this temperature the
compound CC13CC1F2 (mpt. 40°C) has a higher vapour
pressure than it does at room temperature. This would
account for the difference in results between this study
and Millers. Miller observed almost a 1:1 ratio
between CCl13CF3 and CCIl3CCl,F in the product mixture and
there is no mention of material being retained by the
solid. In this study the volatile products were mainly
CCl3CF3 but often large quantities of material were
retained by the solid. This retained layer was
identified by 13C MAS nmr to be C,Clg but initially
CCl1,FCCIF, would have been chlorinated to CCIl3CCIF,. As
this latter product has a very low vapour pressure at
room temperature, it was retained by the solid and

underwent further chlorination to produce C,Clg.
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The reaction between CC13CC1F2 and aluminium(1Il)
chloride (section 3.5.1.1) resulted in the production of
CCl13CF5, CCl3CCIF, and CCl15CCl,F. The compound C,Clg
was not detected by 19 nmr spectroscopy but it was
thought to be present as CCl3CCl1,F is readily
chlorinated. The isomerisation of CC13CCIF, to
CCl,FCCl,F did not occur but a large quantity of
material was retained by the solid. When CC12FCC1F2
was allowed to react with aluminium(III) chloride
pretreated with CC13CC1F2 (section 3.5.1.2) the products
obtained were CCIl,FCF3, CCI,FCCIF,, CCl3CF5, CCl3CCIF,
and probably some C,Clg. As the experiment proceeded
the quantity of CCI,FCCIF, in the product mixtures
increased, suggesting that the reaction was being
inhibited. This was possibly due to the build up of
C,Clg on the solid surface as it is formed more readily

from CCl3CCIF, than CCIl,FCCIF,.

The possibility that the retained organic layer
was simply physically adsorbed to the surface of the
solid was ruleg out by reacting perfluorohexane with
aluminium(III) chloride. Perfluorohexane C6F14 which
has a similar boiling point (57.11°C cf. 47.7°C,
CC12FCC1F2) and vapour pressure (29.05 cf48.é(PaCC12FCClF2)
to CCl,FCCIF, did not interact with the aluminium(III)
chloride surface. This indicated that chemical

reactions must have taken place if organic material were to be

retained by aluminium(III) chloride.

When aluminium(III) chloride was pretreated with
CH3;CCl3, the product mixture, after reaction with

CCl1,FCCIF, consisted of CCl,FCF3, CCI,FCCIF,, CCl;CF,,
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CCI3CCIF,, CCI3CCIl,F, C,Clg and C,Cly,. The presence of
C,Cly was interesting as it was only observed when

aluminium(III) chloride was pretreated with CH3CC13. The

other products were observed in all the syste.ms
studied. The reaction between CH3CC13 led to the
formation of CH,CCl, and HCI. The CH,CCl, is

polymerised by aluminium(III) chloride and forms a
purple tar on the 7§urface of the solid. A full study
of this system was carried out by McBeth [25]. The exact
nature of the purple tar is unknown but it is possible
it may have the structure (CH,-CCl,-CH,-CCl,-CH,-CClLy)*
AlCl,". The production of C,Cl, therefore, may have arisen

from the breakdown of this polymer chain or by the

dechlorination of C2C16.

Experiments were carried out to find a
relationship, if any, between the reactive sites on
aluminium(III) chloride responsible for the
dehydrochlorination of CH3CCl3 and those responsible for
the isomerisation of CCIl,FCCIF,. It was observed
that aluminium(III) chloride pretreated with CH3CC13
isomerised CCIl,FCClF, at room temperature. This
suggested that either (i) the surface sites responsible
for the dehydrochlorination of CH3;CCl; were completely
separate from the sites TrTesponsible for the
isomerisation of CCIZFCCIFZ or (ii) the new surface
formed from the purple tar was similar to the organic
layer formed from the reaction of CCI,FCCIF, with
aluminium(III) chloride, and that the purple tar

promoted the isomerisation of CCIl,FCCIF,.

When CH3CC13 was allowed to react with
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aluminium(III) chloride pretreated with CC12FCC1F2 the
observed products were CHZCClz, HClk, CH3CC13 and
CCI3CF3. The presence of CCI3CF5; was very interesting
as it suggested that the surface sites of aluminium(III)
chloride responsible for the isomerisation of CCl1,FCCI1F,
were in close proximity or identical to the surface
sites responsible for the dehydrochlorination of
CH3CCl3. The fact that reaction of CH3CCl3 with
aluminium(III) chloride pretreated with CCIZFCCIFZ
produced CCl3CF3 also implied that the retained organic
species resulting from the reaction of CCI,FCCIF, with
aluminium(III) chloride was also structurally similar

to CCI3CFj.

A similar phenomenon was also observed when @Cl;ll-chlorinated

Y-alumina was used. The reaction of CClZFC01F with this solid

2
resulted in the retention of large quantities of
material on the solid surface. The product mixture
obtained consisted mainly of CCIl,FCCIF, but minute
quantities of CCIl3CF3, CCl,FCF3 and CCl3CCIlF, were also
detected. [CCl‘a-chlorinated Y-alumina will also
facilitate the room temperature dehydrochlorination of
CH3CCl3 producing a purple tar on the surface of the
solid [83. However the reaction of CCIl,FCCIF, with
[CCI%-chlorinated Y-alumina pretreated with CH3;CCl3 did
not result in the isomerisation of CCl,FCClF, but a
large quantity of organic material was retained by the
solid (section 5.4.2). When E:Cl;—chlorinatcd Y-alumina
was pretreated with CCI,FCCIF, it did not catalyse the
room temperature dehydrochlorination of CH3CCl3 (section
5.4.1). The results obtained from the experiments

carried out in sections 5.4.1 and 5.4.2 indicated that



the surface sites responsible for the dehydrochlorination
of CH3CCl4 were blocked by the adsorption
of CCIZFCCle and those responsible for the
isomerisation of CCl1,FCClIF, were blocked by the
adsorption of the purple tar. This suggested that on
@Cl‘i\-chlorinated Y-alumina the surface sites responsible
for the dehydrochlorination of CH3CC13 and the

isomerisation of CC12FCC1F2 were the same.

Proposed Mechanisms

In all the reactions studied the isomerisation of
CCl,FCCIF, was always accompanied by the chlorination of
CCI,FCCI1F, and the retention of organic material on the
solid surface. From kinetic studies it was shown that
the production of CCl3CF5 followed neither a first ‘nor
second order reaction process. No kinetic information
was obtained for the consumption of CCI,FCCIF, as it was
involved in three different reaction processes namely
fluorination, chlorination and isomerisation.
Fluorination obviously could not have occurred first
therefore the initial process must have been either
chlorination or isomerisation.

The mechanistic
details will be based on an aluminium(IIl)
chloride surface. If isomerisation were completely
separate from chlorination, as Miller implied, then
possible intramolecular mechanisms could be:

(i) a twisting mechanism involving a 5-centre

transition state (figure 6.1)

or (i1) intramolecular halogen exchange (figure 6.2).
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Both of these mechanisms are unlikely as they involve
highly strained intermediates. If isomerisation were
to occur before chlorination then the formation of.
CCl3CCIF, would arise from the chlorination of CCl1;CF,.
However the -CF3; group is very difficult to chlorinate,
therefore it is wunlikely that CCl13;CClF, would be
produced by the chlorination of CCIjCF3.
Alternatively isomerisation may occur after
chlorination. The chlorination of CCl,FCCIF,, by
aluminiom(III) chloride results in the production of
CCl1;3CCIF, and presumably the formation of an AIl-F bond.
The. dissociative adsorption of CCIZFCCIFé' by
aluminiom(III) chloride must occur via the -CC1‘2F group,

as this is the group that is chlorinated.

The surface species presumed to be formed is shown
in figure 6.3. This is prerequisite for the
isomerisation of CCI,FCCIF,. At room temperature
CCl13CCl1F, will remain bound to the surface and
isomerisation may take place as shown in figure 6.4.
The aluminium bound fluorine F* attacks Cl (6.4a), this
results in the displacement of Cl* to CZ (6.4b). The
CCl13CF5 molecule formed immediately desorbs from the
surface (6.4c) leaving the site vacant for further
reaction (6.4d). This mechanism may account for the
production of CCI3CF3; observed when CCI,FCCIF, treated
aluminium(III) chloride is left standing in a reaction
vessel for 3 weeks but, it is not thought to be the
dominant reaction. Infrared studies have shown the
presence of isosbestic points, these suggest that
CCl3CF5 is being formed directly from CCl1,FCCIF, without

the bud w2 of an intermediate species. The
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mechanism proposed in figure 6.4 suggests the
intermediate species formed are adsorbed CCIl3CCIlF, and
Al-F. An alternative mechanism for isomerisation is
shown in figure 6.5. The compound CCIl,FCCIF,
dissociatively adsorbs on aluminium(III) chloride
forming an Al-F bond and adsorbed CCi3CClF, (6.5a). A
second molecule of CC1,FCClF, then reacts with these
adsorbed species, via a series of halogen exchange

mechanisms (6.5b) to form CC13CF3, adsorbed CC12FCC1F2

and an Al-Cl bond (6.5c). The adsorbed CC12FCC1F2
dissociates forming adsorbed CCl3CCIF, and an Al-F bond
(6.5d). This mechanism is the mirror image of the
Michael reaction [111]. A typical example of the
Michael reaction is shovlvn in figure 6.6. The base NH3,
abstracts a proton from the a-carbon c’ of malonic
acid (6.6a), thus generating a carbanion (6.6b). The

carbanion produced attack s the conjugated carbonyl at
C* (6.6¢C). This produces a new C-C bond between the
acid and the olefin and a delocalised negative charge
at the end of the molecule (6.6d). The negative charge
is neutralised by the abstraction of the H* ion from the

base (6.6e¢) forming the new addition molecule (6.6f).

For the isomerisation of CCl1,FCCI1F, over
aluminium(III) chloride the proposed mechanism (figure
6.5) begins with the generation of a carbocation via the
loss of F~ to a Lewis acid site. There is a difference
between the mechanism shown in figure 6.5 and those in
figures 6.4, 6.2 and 6.1. In figure 6.5 the reactive
sites for isomerisation occur not on pure aluminium(lIl)
chloride but as a result of the surface species formed

from the chlorination of CC12FCC1F2. Isomerisation
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will only occur where surface Al-F bonds and surface
bound organic species are present. The mechanism
proposed is based on the formation of surface bound
CCl3CCIF,. However it need not be specific to
CCI3CCIF,, the organic species may or may not be fully
chlorinated. It has been shown that the isomerisation
of CCI,FCClF, will occur over aluminium(Ill) chloride
pretreated with CCIl;CCIlF,. The organic species formed
in this reaction will be CC13CC12F. Aluminium(IIl)
chloride that has not been pretreated with an organic
species is not as efficient at isomerising CCl,FCCIF, as

pretreated aluminium(III) chloride [77].

A competing reaction for surface fluorine is the
formation of CCl,FCFj. As stated in 3.5.3 this may
arise from the fluorination of CCI;CF;. Once the
fluorine is removed from the surface the site becomes
inactive towards fluorination but chlorination may still
occur. It is also possible that CCl,FCF3 may arise
from the fluorination of CCIZFCCIFZ (figure 6.7). This
is a similar mechanism to that shown in figure 6.5 but
the difference is a Cl leaves C* to form CCIZFCF3 (6.7¢c)
instead of F to form CC13CF3 (6.5¢).

When moisture is present in the system it inhibits
the reaction between CCIl,FCCIF, and aluminium(III)
chloride. - A possible explanation could be the
formation of Al1-OH, or Al-OH surface species which block
the adsorption of CCI,FCCIF,. Moisture is adsorbed
onto strong Lewis acid sites therefore the proposed
mechanisms must centre around the dissociative

adsorption of CCIl,FCCIF, by a similar Lewis acid site.
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Aluminium(IIIl) chloride pretreated with CH3;CCl4
also isomerises CCl1,FCCIF, at room temperature. The
dehydrochlorination of CH3CC13 over aluminium(III)
chloride results in the formation of a purple polymeric
material {25]. It is this material that is thought to
catalyse the 1isomerisation of CC12FCC1F2 and not
aluminium(III) chloride. The exact nature of the
surface species formed from the interaction between the
polymeric material and aluminium(III) chloride is not
known but it is possible that it has the form shown in
figure 6.8. Isomerisation could occur in a similar
manner to that shown in figure 6.5. Dissociative
adsorption of CCl,FCCIF, results in the formation of
surface bound CC13CC1F2 and adsorbed C-F (6.9a). A
second molecule of CCl,FCCIF, reacts with the newly
adsorbed species (6.9b), producing CCI3;CF3; and a
carbocation. Rearrangement of the surface atoms (6.9c)

produces an active site -for further reaction (6.9a).

This mechanism (figure 6.9) involves the initial
formation of a reactive site (6.9a) and the

isomerisation of CC12FCC1F2 occurs without the formation

of an intermediate species. An alternative mechanism
is shown in figure 6.10. The adsorbed species are the
same as before (6.10a). The adsorbed F- attacks the

adsorbed CCl13CCIlF, (6.10b) producing CCI3CF3; which
desorbs from the surface (6.10c). This mechanism
involves the formation of an intermediate and is
therefore not considered to be the main mechanism for
the isomerisation of CCIl,FCCIF,. However this
mechanism may be responsible for the production of

CCl13CF3 when, aluminium(III) chloride pretreated with
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CH3CC13 after reaction with CC12FCC1F2, is left for

long periods of time.

Aluminium(III) chloride pretreated with CC12FCC1F2
will dehydrochlorinate CH;CClj3. The products are
CH,=CCl,, HCl, CH;CCl3 and CCIl;3CFj. This suggests that
the sufface sites of aluminium(III) chloride responsible
for the dissociative adsorption of CCIl,FCClIF, and the
dehydrochlorination of CH3CCl; are the same. A
possible mechanism to explain these observations is
shown in figure 6.11. The compound CCl,FCClF, is
dissociatively adsorbed onto aluminium(III) chloride
(6.11a). The compound CH;CClz is adsorbed via an Al-
Cl bond (6.110b). Displacement of F* occurs as a result
of the formation of the AI-Cl bond and it attacks C, of
the adsorbed CC13CC1F2 (6.11b). This results in the
displacement of Cl from C2 to C1 (6.11c¢). The CC13CF3

formed then desorbs from the surface (6.11d).

Aluminium(III) chloride supported on <Yy-alumina
will also isomerise CCl,FCCIF,. Evidence from 2741 MAS
n.m.r of the solid suggests that there is an 1interaction
between fY-alumina and aluminium(IIl) chloride, in the
formation of an Al-O-AICl; bridging species. This
allows the build up of an aluminium(III) chloride
network on the surface of the <Yy-alumina. If the
aluminium(III) chloride network is the surface species,
then isomerisation of CCl,FCCIF, will proceed by the
mechanism shown in figure 6.5. However infrared
studies of the vapour phase during the course of

reaction between CCIZFCCIFZ and aluminium(III) chloride
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supported on Y-alumina do not show any isosbestic points
(figure 5.11). This is probably due to the secondary
reaction of CCI,FCCIF, with y-alumina.

The last solid studied was [CCl;‘\-chlorinated Y-
alumina. Although this is not based on aluminium(IIl)
chloride it is also Lewis acidic and will also
dehydrochlorinate CH3CCl; at room temperature [82]. The
active sites of the solid responsible for the
dehydrochlorination of CH3CCl; are thought to have the
structure shown in figure 6.12. However the
isomerisation of CCIl,FCCIF, does not occur readily over
this surface, but the adsorption of CCI,FCCIF, by the
surface is observed. The adsorbed species may have the
form shown in figure 6.13. "If isomerisation were to
occur, via the mechanism shown in figure 6.5 then an
intermediate species would be formed (figure 6.14).
The aluminium atom Al originally 4 coordinated becomes
five coordinated resulting in a distortion of the atoms.
This may be unfavourable and the preferred mechanism for
isomerisation of CCl,CClF, over [CClA—chlorinated Y-
alumina could be a simpler rearrangement (figure 6.15).
This mechanism is thought to result in the production of
CC13CF3 over long periods of time when using
aluminium(III) chloride based solids. It may also
explain why the isomerisation of CCI,FCCIF, over [CCI%-
chlorinated <Y-alumina is very slow and why a large

quantity of material is retained by the solid.

Pretreating the surface with CH3;CCl; does not
result in the production of greater quantities of

CCi15CF3;. This suggests that the purple polymer formed
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on the surface of %ICI;}chlorinated Y-alumina does affect
the reaction sites for CCl1,FCCIF, isomerisation.
However ECCI:‘S—chlorinated Y-alumina pretreated with
CCIZFCC1F2 did not dehydrochlorinate CH3CC13.
Therefore the adsorbed species formed when CCl,FCCIF,
reacted with FCI‘;}chlorinated Y-alumina blocked the

reactive sites responsible for the dehydrochlorination

Reactions of CCl%FCCIFz with other Solids.

The isomerisation of CCl,FCCIF, is not confined to
aluminium(III) chloride based catalysts. Burton noted
that the isomerisation of CCl,FCCIF, was observed to
occur at O°C, in the presence of aluminium(III) bromide.
After 3 h the reaction products obtained were CCIl3CFg
66% and CClzBrCClzBr 49% [71]. This accounted for 70%
of the products, no reason was given to explain the
missing 30%. It is interesting to note that the
chlorobromocarbon produced CCIl,BrCCl,Br is the analogue
of CCIZFCC12F. The latter symmetric isomer is not
observed in the aluminium(III) chloride system only

CCl13CCIlF, is produced.

The reaction between CCleCClF?_ and aluminium(III)

fluoride pretreated with HF has been studied by Vecchio

and co-workers [61]. These reactions were carried out
at 400°cC. The products obtained were CCIl,FCFg,

fluorine content of the system CC1F2CF3 was observed

together with the symmetric isomer CCIF,CCIF,. Both of
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these compounds were not observed in the aluminium(III)

chloride system.

The reactions of chlorofluoroethanes in the
presence of chromia based catalysts have also been
widely studied, but at higher temperatures (>300°C).
Dismutation has been used to account for the apparent
chlorination and fluorination reactions by a number of
workers [63,67]. In the presence of a charcoal
supported chromia catalyst CCl,FCCI1F, underwent
chlorination and fluorination rapidly bﬁt isomerised
slowly. It was shown that the reaction of CCl:,’CF3
with this catalyst resulted in irreversible deactivation.
Changing the support had a major effect on the catalytic
activity. Chromia supported on alumina isomerised
CCl,FCCIF, at lower temperatures than thosc4required for
charcoal based catalysts [64]. The major difference
between charcoal based catalysts and aluminium halide
catalysts was that the former favoured the formation of
symmetric isomers and the latter favoured the formation of

asymmetric isomers.

Radiotracer studies using [18F]-f1uorine aﬁd
[36Cl]-chlorine have put 1n doubt the importance of
dismutation reactions in the vapour phase fluorination
of chlorofluoroethanes on fluorinated chromia surfaces.
Direct evidence has been obtained for catalytic
chlorination and fluorination of a chlorofluoroethane.
The mechanisms proposed followed a series of halogen
exchange reactions (Scheme 1.6) ([68,70]. No
conclusive evidence was obtained to support a direct

isomerisation mechanism but in the light of the present



work the possibility cannot be ruled out.

More recent studies of this system were conducted
by Thomson [112]. These indicated that the direct
isomerisation of CCl,FCCIF, -> CCl3CF45 is an
intramolecular process in the sense that it does not
involve the surface halogen containing species that are
involved in catalytic chlorinations and fluorinations.
It was proposed that the isomerisation of CCIl,FCCIF, on
fluorinated chromia required the adsorption of
CCIZFCCle in a 1,2 fashion (figure 6.16) or
dissociative adsorption (figure 6.17). This latter
proposal agrees favourably with the results presented in

the present work.

Conclusions.

Millers original work was carried out at 60°C.

The products identified were CC12FCC1F2, CC13CF3,

CC13CC1F2 and C2C16 [76]. There is no mention of any
material being retained at the surface or of the
presence of fluorinated products. In the present work
all reactions were conducted at room temperature. The

compounds CCl3CCIF,, CCl3CCIl,F and C,Clg are far less
volatile under these <conditions. Therefore the

carbonaceous layer may be a combination of CCl3CCIF,,

CCl13CCIl,F and C,Clg. For the chlorofluoroethanes
CyrCl Fg 4 (x = 0-6) the isomerisation reaction appears
to be specific for CCl,FCCIF,. This compound possesses

a -CCIyF group which appears to be the prerequisite for

reaction as this may be easily chlorinated forming
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CCI3CCIF, (cf CCIF,CCIF, section 3.5.3). Once the
reactive surface is formed reactions may take place

readily. A summary of these reactions is shown in

figure 6.18 .

The organic surface is volatile and over a period
of time will evolve CCl15CF35. This is thought to be due
to reaction of adsorbed CCl3CClF, with a surface

fluorine species (figure 6.4).

The pretreatment of aluminium(III) chloride with
CH3CCl3; does not affect the ability of the solid to
isomerise CCl,FCCIF,, but there 1is a relationship
between the active sites responsible for the
dehydrochlorination of CH3CCl; and isomerisation of
CCl1,FCCIF,. It is thought that both sites are the

same.

Sublimation of aluminium(III) chloride onto Y-
alumina results in the formation of Al-O-AlClz linkages
between vYy-alumina and aluminium(III) chloride. These
are believed to form the basis for an aluminium(III)
chloride network which allows isomerisation of

CC12FCC1F2 to occur.

Isomerisation of CCI,FCCIF, occurs more readily
over supported aluminium(III) chloride than it does over
LCClLt]-chlorinated Y-alumina. This is presumably due to
steric restrictions encountered during the isomerisation
process (figure 6.1 4). Organic material is readily
retained by &Clﬂ-chlorinated Y-alumina and the
adsorption of CCl,FCCIlF, on this solid inhibits the
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dehydrochlorination of CH3CC13 indicating that on this
solid also, the reaction sites for isomerisation and

dehydrochlorination are the same.

In summary the isomerisation of CCI,FCCIF, will
occur in the presence of an aluminium(III) chloride
based catalyst at room temperature. Other reactions
involved are fluorination and chlorination. Retention
of organic material by the surface is also observed and
the quantity retained 1is inversely proportional to the
quantity of CCl3CF5; produced. When [CCl‘q-chlorinated Y-
alumina is the catalyst very little isomerisation occurs
but there is substantial retention. The difference in
behaviour of the two types of solid is due to the

differences 1in their surface structures.
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