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SUMMARY.

A study has been made of the production of oxide supported organic layer
catalysts at room temperature. The preparation involves the ﬂuorination of the
oxide surface with SF,, which enhances the Lewis acidity of the surface. This
is followed by conditioning with CH,CCl,, a reaction in which CH,CCl, is
dehydrochlorinated to CH,=CCl, and HCI. The dehydrochloriﬁation product,
CH,=CCl, undergoes further dehydrochlorination resulting in the laydown of
an oligomeric organic layer on the surface. This organic layer' is active, at
room temperature, as a catalyst for fluorination of CH,CCl, with HF.
Comparisons have been made among y-alumina, chromia | prepared by
hydrolysis of chromium nitrate and "volcano chromia” prepared by pyrolysis
of ammonium dichromate. The catalytic properties of chromia-based materials
have been demonstrated in, for example the reaction between HF and CH,CCl,
at temperatures > 600K.

["*F]-Fluorine radiotracer studies have been used to examine the behaviour
of fluorine speciés on these materials. This aspect of the work indicates that
y-alumina, chromia and "volcano chromia" behave similarly. A "pool" of
labile fluorine exists on these materials. The large values determined for
fluorine exchange indicate that not only surface fluorine, but also bulk fluorine
species are involved in the exchange process.

Examination of the conditioning process by G.C. and m situ I.R. analysis
of the volatile products indicates that SF, fluorination of y-alumina, chromia

and volcano chromia creates Lewis acid sites capable of dehydrochlorinating

i




CH,CCl,. Hydrofluorination reactions are also observed, producing CH;CCLF,
CH,CCIF, and CH,CF,;, with the product distribution dependent on the support
material.

[*Cl]-Chlorine radiotracer studies were used to examine the conditioning
process. It is demonstrated that H*Cl is adsorbed on ﬂuorinafed mate;ials and
thzit the conditioning process has little effect on H*Cl adsorpﬁoﬁ. Studies of
the reactions of [*Cl]-CH,CCl, indicate that chlorine containing organic
maierial is laid down on SF, fluorinated y-alumina, chromia and volcano
chromia. Treatment of fluorinated materials that had been pretreated with
CH,CCl; with [*C1]-CH,CCl, also results in incorporation of [*Cl}-chlorine
containing material on the surfaces: it is suggested that this material is
adsorbed on the surface and also incorporated into the organic layer material.
Introduction of HCI to [*Cl]-CH,CCl, treated materials indicates that a portion
of the [*Cl]-chlorine containing material can be displaced. In siruAI.R. analysis
of the reaction of HCl with conditioned materials indicates that
hydrochlorinated and hydrofluorinated materials can be displaced from the
oligomeric organic layer.

Determination of the activity at room temperature of the oxide supported
organic layers as catalysts in the reaction of CH;CCl, with HF indicate that
both y-alumina and "volcano chromia" are effective supports for these
catalysts. Reactions on both surfaces result in hydrofluorination reactions,
producing CH,CCLF and also other fluorinated products. From the results

obtained, it appears that "volcano chromia" is more active initially, but

il




y-alumina is able to sustain the reaction over a longer time.‘

The organic material has been removed from the solid supports by solvent
extraction. GCMS studies indicate that this material is based on C, units and
contains fluorine and chlorine, although the chlorine is ldst by hydrolysis on

exposure to atmosphere.

it



INTRODUCTION.

"Humanity is conducting an enormous, unintended, globally pervasive
experiment whose ultimate consequence could be second only to global
nuclear war. It is imperative to act now"

"The Changing Atmosphere” Conference, Toronto May 1988.

1.1 BACKGROUND : CFCS AND THE ENVIRONMENT.
Commercial fluorocarbon chemistry dates from the 1890s, when F.Swarts

discovered that antimony trifluoride and pentafluoride reacted with C-Cl bonds

to form C-F bonds and was developed by Midgley an<ﬂl Hennes in the 1920s

and 1930s (1). Chlorofluorocarbon compounds (CFCs) were developed jointly

'by General Motors and Dupont in the 1930s as an alternative, non-toxic, non-

flammable refrigerant to replace SO, and NH, that were in use at that time (2).
CFCs have no natural counterparts and are only manufactured by human
industrial activities.

It was the chemical inertness of chlorofluorocarbon compounds that made
them attractive for various industrial uses, such as aerosql propellants, foam
blowing agents, solvents, refrigerants and carrier gases. For simplicity a
numerical nomenclature is used for CFCs: From left to right, first digit = no
of C atoms minus 1(not included for C, compounds where it = 0), second
digit = no of H atoms plus 1 and the third digit = no of F atoms.Isomer
rules: most symmetrical has no suffix, increasing asymmetry denoted by

alphabetical suffixes a,b,c etc (8). In 1981, CFC production was a world wide



industry with production of CFC-11 estimated as 3.1 x 10° kg and CFC-12 at
4.5 x 10° kg (2). By 1988 the annual consumption of these CFCs had risen
to more than 11.4 x 10°kg. The use of CFCs leads ultimately to their release
into the atmosphere. Comparisons of the rate of emission of CFCs with
estimates of the rate at which they were being destroyed indicated that in effect
five-sixth of the CFCs released each year stayed in the atmosphere (2). The
chemical inertness thatl industry found so appealing proved to be the root of
the greatest environmental problems caused by these compounds.

In 1973 Jim Lovelock and co-workers (3) reported the presence of
halogenated hydrocarbons in the troposphere. The quantities of CFCs were
equal, within experimental error, to the amounts ever manufactured.
Tropospheric inertness of CFCs was thus confirmed and lifetimes of hundreds
of years were indicated. Molina and Rowlands (4) realised that chlorine atoms
from such reactions were a serious threat to the ozone layer because of their
long atmospheric lifetimes. It is not untii CFCs reach the stratosphere that
enough energy is supplied by the increasing ultra\;/iqlet radiation to cause
breakdown of the molecules by photolysis of the C-Cl bonds:

hv |

e.g. CF(ClL - ‘CFCl + CI' Eqn.1.1.

The formation of ozone molecules occurs by the mechanism:

hv '
0, - 20° Eqn.1.2.
o+ 0, - 0, Eqn.1.3.



The chlorine radicals produced by the breakdown of the CFC molecules
disrupt the formation of ozone by the mechanism:
Ccl +0, » ClO + O, Eqn.1.4.

CloO+0 - Cl' + O, Eqn.1.5.

So, the overall effect of CFCs on ozone is :

o+ 0 - 20, Egn.1.6.

The chlorine radical sets off a chain reaction which can involve the
destruction of hundreds of thousands of ozone molecules before the chlorine
radical joins with another radical and terminates the chain reaction. The main
"sink" for chlorine radicals is HCl, which can be transported across the
troposphere and subsequently "rained out",

Ozone in the stratosphere is constantly being created ‘and constantly
destroyed by photochemical reactions. A natural balance ﬁad been established
between the tvs;o processes which ensured that the amount of ozone in the
stratosphere remained virtually constant. However, the action of CFCs has
increased the rate at which ozone is destroyed without any compensating
increase in the rate of its production. The resultant reduction in the ozone
layer is proving to have a dramatic effect on the enviroﬁment, plants, animals
and humans (5). Ozone protects living systems from the full intensity of solar
ultraviolet radiation. Ozone has a strong absorption at waveléngths 230nm-

290nm and is the only species in the atmosphere which is capable of reducing
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the sun’s radiation at this wavelength. Macromolecules such as nucleic acids
and proteins are damaged by radiation of wavelength shorter that 290nm.
Therefore, decrease in the ozone allows the entering radiation to damage
natural vegetation and crops and cause skin cancer.

In view of the growing scientific evidence of the effect of chlorine from
chlorofluorocarbon compounds and also bromine from bromofluorocarbon
compounds (Halons) on the seasonal loses of ozone, The Montreal Protocol
on Substances That Deplete The Ozone Layer in 1987, éalled for a decrease
in chlorofluorocarbon production to 50% of the 1986 level by 1988 and a
freezing of the production of Halons at the 1986 level by 1992. Subsequent
legislation due to social and political pressure has called for an end to the
production of chlorofluorocarbons and chlorocarbons in the U.S. by the end
of 1995, with the European deadline at the start of 1995. The production of
Halons was halted in 1994. Manzer (6) refers to a Dupont report which
estimated that about 60% of the projected CFC demand in the year 2000 will
be satisfied by non fluorocarbon alternatives or will be eliminated by better
conservation practices. The ban of ozone depleting substances 'has necessitated
the search for alternatives to chlorofluorocarbons for the remaining 40% of
applications which has been undertaken with unprecedented speed. The ideal
replacement from an industrial viewpoint would be a "drop-in" replacement
where little alteration would be required in the production methods and the
practical applications. Any alternatives to CFCs will have to have properties

very close to those of the CFCs they replace. The most feasible alternatives

4



at present are hydrofluorocarbon (HFC) and hydrochlorofluorocarbon (HCFC)
compounds, for example CH,FCF, (HFC-134a), CCIFHCCIF, (HCFC-123) and
CH,;CCLF (HCFC -141b). The suggested replacements have shorter lifetimes,
generally less than twenty years, as they are broken down in the lower
atmosphere and therefore the tropospheric concentration will be lower than that
of the compounds they are replacing. However, as HCFCs contain chlorine
and therefore have ozone depletion potential they are viewed as transition
compounds to allow the rapid phase out of CFCs until better alternatives can
be developed. HCFCs are to be phased out by 2030. Hydrofluorocarbons
contain no chlorine and therefore have zero ozone depletion potential.
However, another envifonmental problem caused by the release of gases into
the atmosphere is global warming. Most of the HCFCs and HFCs and their
final decay products are "greenhouse gases" which contribute to global
warming and could affect the climate if concentrations became too large and

are therefore not entirely environmentally friendly.

1.2. CATALYTIC ROUTES TO CFCs AND CFC ALTERNATIVES.
The industrial production of CFCs was dominated by two routes:

homogeneous catalytic fluorination using liquid HF and SbCls, especially used

in the synthesis of C, compounds and heterogeneous catalytic fluorination by

HF vapour using chromia catalysts, used for compounds in the C,Cl,F,

( n=3-5) series.

There are a variety of routes and starting materials for HCFC and HFC



production and also many potential problems, such as selectivity and catalytic
deactivation. The production of HFCs and HCFCs uses chlorocarbon or
chlorohydrocarbon feedstocks and HF as the fluorinating agent. The use of
anhydrous HF as a fluorinating agent has its obvious problems due to its
toxicity and highly corrosive nature (7,8). There is little dirc;ct information
regarding the adsorption behaviour of HF in this area of ‘heterogeneous
catalysis, although a two site model for the adsorption of HF on’_CrF, has been
reported (9).There is also little information regarding the adsor[;tion of CFCs
onto catalytic surfaces. Studies of adsorption of chlorofluoromethanes on
aluminium (III), chromium (Ill), iron (1) and (III) fluorides (10),
chloroethanes on alumina (11) and CCLFCCIF, on UO, (12_) indicate that
CFCsand related molecules are weakly adsorbed on metal oxide and fluoride
surfaces. As further evidence, transmission I.R. spectroscopy has been used
to detect CFC compounds adsorbed on lanthanide (III) haﬁdes (13) and
DRIFTS has been used to detect physically adsorbed CFCs on chromia
surfaces (14).

The two distinct routes in production of CFCs and related compounds will

now be considered in more detail:

(i) Homogeneous Catalytic Fluorination.
As stated earlier, homogeneous fluorination of chlorine containing
compounds using antimony halides was developed by Swarts. This procedure

is still important in, for example, the preparation of perhalogenated



chlorofluoropropanes (15) using SbF,/Cl,. The route for large scale catalytic
preparation of CFC-12 and other C, CFCs employs liquid HF and SbCl, as a
catalyst. This route has recently been developed to produce HCFCs (18).
The nature of the SbY species active for catalytic fluorination reactions is
complicated and depends on the exact reaction conditions used. Kolditz (16)
sﬁggested that SbCLF and SbCLF, were the active species for the fluorination
of CCl, and that the reaction proceeds by fluorine-bridged binuclear
intérmediates. SbCLF was also indicated to be the catalytically active species
in the fluorination of CHCIl, by Santacesaria et al (17), where the mechanism
of the process was described as a rapidly established equilibrium step:
HF + SbCl; » SbCLF + HCIl followed by F-for-Cl nuéléophilic substitution
reactions on the carbon, with the rate decreasing as the fluorine content
increases. Blanchard and co-workers (18-20) have studied the fluorination of
CH,CCl, with HF/SbCls under a variety of conditions. The reacﬁon of SbCl,
with HF results in antimony mixed halides, the exact composition depending
. on the reaction temperatures and the molar ratios used. At 233K the
catalytically active species is SbCl;.4HF and the reaction of CH,CCI3
produces CH,CCLF. At 333K the catalytically active species is SbCLF.4HF
and the catalytic fluorination of CH,CCl, results in CH,CC],F, CH,CCIF, and
CH;CF;. The reaction is accompanied by the formation of a purple organic
material and is thought to proceed via a dehydrochlorination-hydrofluorination
route. The selectivity is better at low temperatures since the first C-Cl bond

in CH,CCl, is the easiest to break. The strength of this bond increases in



conjunction with the number of fluorine atoms bonded to the carbon (19) and

so for further substitutions a higher temperature is required.

- (ii) Heterogeneous Catalytic Fluorination.

Catalytic fluorination of hexachloroethane (C,CL/CL) or chlorofluoroethanes
by hydrogen fluoride has been one of the most commonly used methods for
the production of CFCs
CCly - CCLF - CCLF, - CCLF, — etc. Eqn.1.7.

The catalysts most widely used in this process include aluminium trifluoride
and alumina-based or chromia-based catalysts. The reaction has been studied
widely for many years (21) due to its importance in the production of CFCs.
There has been great emphasis on determining the reaction conditions
necessary for maximizing the yield of a particular compound (22,23). The
reactions in this system were initially described as a combination of catalytic
fluorination and chlorination reactions, dismutation and isomerization reactions

(21,40,115).

e.g. Fluorination: C,CLF; + HF -» C,CLF, + HCl Eqn.1.8.
Isomerisation: CCLF-CCIF, -  CCl,-CF; E Eqn.1.9.

Dismutation: 2C,CLF, - C.CLF, + C.CLF, Eqn.1.10.

From a mechanistic standpoint, an ionic model explained the exchange of

fluorine and chlorine in terms of acidic catalytically active sites. The CFC



dissociates into the chloride ion and its respective carbocation. The chloride
ion bonds to an acid centre on the catalyst whilst halogen transfer takes place.
However, radiotracer techniques indicated a different mechanism and the
Halogen Exchange Model was developed (24-26). The use of radiotracers
allows for direct observation of the surface adsorbed species and allows a
detailed study of the interactions to establish the relevant reaction mechanisms.
Initially it was thought that halogen exchange involved a concerted dismutation
process in which halogen is transferred between molecules rather than between
a molecule and the catalyst surface. In the case of isomerisation, transfer
within the molecule occurs and the acid sites adsorb the molecule whilst
rearrangement takes place: it is an intramolecular rearrangement in the sense
that it does not involve the surface halogen containing specieé that are involved
in the catalytic fluorination and chlorination reactions. Isomén'sation should be
regarded as distinct from other reactions and therefore it is probable that
different active sites are involved. Evidence has now been provided (26) to
show that as well as a catalytically active fluorine species, there is also a
catalytically active chlorine species present. Therefore, halogen exchange need
not be a concerted mechanism. This idea of halogen exchalnge involves transfer
of halogen from the catalyst surface to reactant molecule: an intermolecular
reaction. The catalytically active chlorine which is us¢d in chlorine-for-fluorine
step originates from the fluorine-for-chlorine step.

This model involves both Bronsted and Lewis acid sites and incorporates the

idea of active fluorine and chlorine species (27).
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e.g. H-F CCIF, H-Cl CCIF,

| | l |
J‘F)n\‘ e EON cc
F Cl IF F
| [ | I

Fig.1.1. Model Mechanism for Fluorination and Chlorination Reactions.

The use of [*Cl]-chlorine radiotracers supported the previous idea that
isomerisation process was intramolecular. But it is now suggested that the
molecule is adsorbed onto the surface in a dissociative manner such that the

adsorbed fluorine species is not equivalent to any other surface fluorine

species.
e.g. rz
C-Cl - CCICF,
F CCL,*
| |

Fig.1.2. Model Mechanism for Isomerisation Reaction.

l

1.3. HETEROGENEOQUS CATALYSTS FOR HALOGENATION
REACTIONS.
(i) Chromia Catalysts.

Chromia catalysts have been used extensively in the production of
chlorofluorocarbon compounds. The normal method of preparation is slow
hydrolysis of [Cr(NO.,),T** (28) or by pyrolysis of (NH.),Cr,0, (29).

Chromia has the ideal formula Cr,O,. It can exist in an amorphous or
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crystalline state. Crystalline or a-chromia has the corundum structure, where
the oxide ions are hexagonally closely packed and chromium ions fill two
thirds of the octahedral interstitial sites. Crystalline chromia displays little
catalytic activity. However, amorphous chromia is used widely as a catalyst
in reactions such as ethene polymerization (30), cyclopropane isomérization
(31), dehydration of secondary alcohols (32) and dechlorination of
chloroethanes (33). The exact nature of the active catalytic sites and the effects
of various pretreatments on them has been the source of much speculation.
Several authors have described adsorption at coordinately unsaturated sites on
the chromia surface (28,34), exposed Cr’*-Cr’* pair sites (30,35) or at
strained sites formed by elimination of H,O from two adjacent surface
hydroxy! groups (35).

Chromium oxidation states other than +3 are thought to exist in chromia.
The importance of oxidation states greater than +3 in determiﬁing the activity
of the catalyst has been reported. T.P.R. studies of chromia catalysts indicated
the presence 6f Cr¥ and Crv species. After extehsive use in catalytic
fluorination reactions, Cr" was not detected (25). An E.P.R. study of chromia
has been interpreted on the basis of an electron exchange intefaction between
Cr™ and higher oxidation states (36). The presence of Cr" is necessary to
promote catalytic activity towards, for examplé secondary alcohol
dehydrogenation (32) and n-butane dehydrogenation (37).

Temperature programmed desorption and temperature prograrhmed oxidation

(T.P.D. and T.P.O.) studies determined that the catalytic activity of chromia

11



in the fluorination of CF,CH,CI to form CF,CH,F can be linked to the number
of chromium atoms that can be reversibly oxidised (38). The results of I.R.
studies on crystalline and amorphous chromia (39) suggested that dehydration
of a catalyst created coordinatiwly unsaturated Cr’* ions on the surface with
coordination number of 4 or 5, as compared with the fully coordinated value
of 6. As the water content of chromia decreases the activity increases. Since
passage 'of HF over chromia dehydrates the catalyst (25), an interaction
between HF and coordinativeg unsaturated Cr** is possible. The presence of Cr
in an oxidation state of > I1I is characteristic of the best chromia catalysts used
in vapour-phase fluorination of chlorofluoroethanes.

The formation of crystalline a-Cr,;0; in catalysts used for ﬂle vapour phase
fluorination of chlorofluoroethanes is an undesirable effect since it exhibits
little catalytic activity (40). The difference in activity between crystalline and
amorphous chromia may in part be attributable to the more open structure of

the amorphous form.

(i) Alumina Catalysts.

v-Alumina is used as a support in many industrial catalytic processes
(41,42). Transition metals (e.g. Mo, W, Co, Ni etc) .supported on alumina
are active towards dehydroxygenation, hydronitrogenation or
hydrosulphurisation reactions (43). These catalysts are termed bifunctional
since both the metal and the oxide components play an active role. Alumina

is not a passive, inert support in these catalysts (43,44).
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The catalytic behaviour of alumina is dependent on how it is prepared (45-
50). Aluminium oxide has only one stoichiometric form (51), ALO;. This
simple form includes both the polymorphs and several hydrated species (52-
54).

Three series of alumina have been determined, based on the close-packed
oxygen lattices with aluminium ions in octahedral and tetrahedral interstices.
The three series are:

The «-series: hexagonally closed-packed oxide lattices, ‘
schematically ABAB....

The B-series: alternating close-packed oxide lattices,
schemaﬁcally ABAC-ABAC or ABAC-CABA....

The y-series: cubic packed oxide lattices,
schematically ABC ABC....

The a-series is represented only by «-alumina, with aluminium atoms in the
octahedral interstices. This is obtained in the form of stable corundum or as
the decomposition product of Diaspore (55). The B-series is represented by
alkali or alkaline earth oxides containing 8-alumina and the decomposition
products of Gibbsite which have related structures (56). The y-series is
prepared from the decomposition of the hydroxides bayerite, nordstandite and
boehmite or by the flame hydrolysis of aluminium (IIT) chloride. In this work,
the low temperature phase of y-alumina was used (57). y-Alumina is a support
material that is widely used due to its high surface area and thermal stability.

One of the most important structural characteristics is the cubic close-packing
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of the oxygen which forms a lattice that is strongly related to spinel (MgALO,)
(58).

The unit cell of a spinel (AB,O,) is formed by a cubic cldsed packing of 32
oxygen atoms with 16 trivalent atoms in half of the octahedral interstices and
8 divalent atoms in tetrahedral holes (58). Powder X-ray diffraction has
established that y-alumina crystallizes with a spinel-related ﬁmcture (55) in
which 32 oxygen atoms per unit cell are arranged exactly as 1n a spinel, but
with 21%s aluminium atoms distributed over the 24 available <£ation positions
(59), giving, on average, 2%svacant cation sites per unit cell. The occurrence
of these vacant sites contributes to the achievement of electrical neutl'ality. The
crystallite surface containing hydroxyl groups, in place of oxy'gen ions, further
contributes to electrical neutrality of the y-alumina. The surface structure of
v-alumina has been discussed extensively (57,60-62). In the model for the
[110] face of y-alumina there are six distinct aluminium eﬁvironments that

may occur for terminal hydroxy! groups (Figs.1.3 and 1.4),

1.4. DEFINITIONS OF ACID AND BASE CONCEPTS.
(i) Br¢nsted-Lowry Definition.

In 1923 the Brénsted-Lowry definition of acids and bases was proposed by
the Danish chemist J.N.Brénsted (63) and British chemist T.M. Lowry (64).
This definition extended the range of acid/base systems fo cover all protonic

solvents. Acids are defined as proton donors and bases as proton acceptors.
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Thus, every acid will have a conjugate base:
ACID - CONJUGATE BASE + H* Eqn.1.11.
The ionization of HCl in water is an example of a Br¢nsted-Lowry
acid/base system. Hydrogen chloride is a Br¢nsted acid since it donates
protons and CI is its conjugate base. In an aqueous medium H,O accepts
protons and therefore is a base and H;O" is its conjugate acid. A strong acid

has a weak conjugate base and vice versa.

e.g. HCl + HO - H,0* + CI Eqn.1.12.
Acid Base Conjugate Conjugate
Acid Base

In a solid acid, the base is a site which accepts a proton and the protonated
surface site is its conjugate acid. The catalytic activity of a Brénsted acid
depends on its ability to lose a proton, which is related to the dissociation
constant of the acid. The dissociation constant is the equilibrium constant for
the deprotonation of an acid into a proton and a conjugate base. Since the
dissociation constants of Br¢nsted acids are measured m aqueous medium they
do not apply directly to heterogeneous systems. For a Br¢nsted acid site on
y-alumina the ratio of the equilibrium constants shown in equation 1.13 is

equal to K,, equation 1.14.

e.g.
k .

-0-Al-0-H H' + -0-ALO Eqn.1.13.
k’
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k Specific Rate Of Reaction Of O-Al-O-H

K’ Specific Rate Of Reaction Of H* + O-ALO

Eqn.1.14.

Since the specific forward and reverse reaction rates k and k’ are
inseparable, Br¢nsted (65) proposed the approximate,relationship:

Kia = GK . Eqn.1.15.
where K,, is the catalytic coefficient of the Bronsted acid, K, is the
dissociation constant and G and x are constants fdr'a given reaction.

In homogeneous catalytic reactions (66), stronger acids result in greater |
catalytic activity and this can be extended to solidvacids_ containing Brénsted
acid sites. Enhancement of Br¢nsted acidity in a solid catalyst will enhance the
catalytic activity towards reactions that require a protonation step in a catalytic
process.

(ii) Lewis Acid-Base Definition.

In 1923 G.N. Lewis proposed the role of the eleétron lone pair as the basis
of the definition of acids and bases. The Lewis definition of an acid substance
is a compound "which can employ a lone paif of électrons from another
molecule in completing the stable group :)f its own atoms” and a basic
substance as a compound "which has a lone-pair of electrons which may be
used to complete the stable group of another atom" (67). Therefore

neutralisation corresponds to the formation of a coordinate bond. The reaction

is shown in equation 1.16, where A is the acid species and B is the base:
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A + B - A:B Eqn.1.16.
Lewis also proposed that the main functional criterion of an acid is that a
stronger acid will displace a weaker acid from its acid-base complex. The
related heterolytic processes, which follow from the fundamental relationship

outlined in Eqn 1.16 are expressed in equations 1.17 - 1.19.

Al + AB > A’ + A'B Eqn.1.17.
BB + AB -» P + A:B Eqn.1.18.
A':B' + AZB* - A:B’ + A%B! Eqn.1.19.

The Lewis acid/base concept can be used for a typicél Br¢nsted-Lowry
acid/base definition, as outlined in equation 1.16, where the proton in
equation 1.20 represents the Lewis acid:

B' + H"B* - B’ + H":B Eqn.1.20.

The advantage of the Lewis acid/base concept is that it can classify aprotic
acids and bases. The disadvantage is that this is not a (iuanﬁtaﬁve approach
since the Lev:vis acid/base approach is made van'able’by its dependence upon
the reaction or method for evaluation.

Although originally based on homogeneous systems, the Lewis acid/base
concepts can be applied to gas/solid reactions if the definitions are restated as
follows:

A Lewis acid site on é solid surface is a site which has an unoccupied
orbital with a high affinity for an electron pair. When such.a site shares an

electron-pair donated by an adsorbed Lewis base molecule there is a decrease
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in the orbital energy of the system. Lewis base sites on the surface are those
which have electron-pairs available and a decrease in the orbital energy results

if they share this electron pair with an adsorbed electron-pair acceptor.

1.5. HALOGENATION OF CHROMIA AND ALUMINA CATALYSTS
FOR HALOGEN EXCHANGE REACTIONS.

The promotion of Br¢nsted and/or Lewis acidity on the surfaces of metal
oxide catalysts by halogenation is of considerable importance in for example
bifunctional catalysis (41-43) and is a well documented process (68-73). The
use of different halogenating agents results in different effects, for example
treatment of y-alumina with anhydrous HCI results in énhanced Brénsted
acidity whereas both Br¢nsted and Lewis acidity are enhanced by treatment
with CCl, or OCCI, (69-70). This will be discussed more fully later. The
catalysts under investigation in this work display similarities in, for example,
the fact that they have extensively hydroxylated surfaces, acidic surface sites
and are of high surface area. The nature of the halogenated catalysts will now

be considered.

(1) y-Alumina Catalysts.

The activity of alumina for adsorption and catalysis is revealed by partial
dehydroxylation of its surface which results in both acid and basic sites (74-
76). The presence of these sites has been demonstrated by adsorption of basic

or acidic molecules or by the poisoning effect of those molecules on various
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reactions (77-79). Use of pyridine to investigate the nature of the acidic sites
indicated the presence of Lewis acid sites and weak Br¢nsted sites but the
absence of strong Brensted sites. The acidity can be enhanced by halogenation
of the surface, for example fluorination with BF, leads to enhanced Brénsted
acidity (80,81) and aqueous NH,F treatment followed by calcination promotes
Bronsted and Lewis acidity (82,83). Solid state [‘8F]-NMR indicated the
presence of Al-F species in such materials (84). Keﬁmitz et al (85-87) have
made extensive studies of y-alumina using chloréﬂuoromethanes vor
hydrochlorofluoromethanes as the source of fluorine to promote the surface
acidity. Halogenated alumina catalysts have been used extensively as acid
catalysts and as supports in hydrocarbon chemistry (88;90).

One of the fundamental goals of studies of halogenated catalysts has been to
establish the nature of the active sites involved. Studies of chlorinated
y-alumina provided probable models of the active sites. Chlorination of
y-alumina generates enhanced acidity on the surface of the material. As stated
previously the nature of the acidity is dependent on the chlorinating agent
used: chlorination of y-alumina with CCl, or OCCI, at temperatures above
473K leads to enhanced Br¢nsted and Lewis acidity (69,70,72), whereas
treatment with anhydrous HCI at room temperature leads to enhancement of
Bre¢nsted acidity (71). Use of [*Cl]-chlorine radiotracer reactions indicated
differences in the lability of chlorine species and these are the basis for the
proposals regarding the nature of Brénsted and Lewis sites on chlorinated

y-alumina (69). Chlorine exchange studies with anhydrous HCI on y-alumina
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chlorinated with anhydrous [*Cl]- HCI resulted in the removal of >90% of
the [¥CI] surface activity. In contrast, similar studies with anhydrous HCl on
[*CI]-CCl, chlorinated y-alumina resulted in ca.70% exchange of activity.
Therefore it is clear that chlorination with CCl, results in two types of
chlorine, one which is labile with respect to [*Cl]-exchange with HCI and the
other which is inert. Chlorination with OCCl,, which, as sta@ed previously, is
an intermediate in CCl, chlorination, produced similar results. Rrevious studies
have indicated that there is no observable exchange between [”él]-HCl and the
strong Lewis acid AlICl,. Thus, chlorine associated with Br¢nsted sites is labile
with respect to [*Cl]-chlorine exchange with H*Cl at room temperature,
whereas chlorine associated with Lewis sites is inert to exchange with H*CL.
The enhancement of Brénsted acidity by treatment ‘of y-alumina with
anhydrous HCI is explained as due to formation of new acid sites by
dissociative adsorption of the HC1. This involves the replacemént of a terminal
hydroxyl group by a chlorine atom and the protonation of a neighbouring

bridged oxygen species (72), equation 1.21.

H
OH HCI Cl
\Al/o ~ar’ > ar” 0\A1/  Eqn.1.21

The reactions involving CCl, and OCCl, with y-alumina are similar, which is
not unexpected as OCCl, is a reaction intermediate in the CCl, chlorination

reaction. The initial stage is thought to involve the replacement of terminal
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hydroxyl groups by chlorine, with formation of OCCl, and HCI, equation

1.22.

OH CCl, cl
~al” ar > Sar” 0\1/ + OCCl, + HCI
Eqn.1.22.

The carbonyl chloride is then able to react further to.give CO, and HCI,

equation 1.23

W S T co, + HCl
. Eqn.1.23.

The hydrogen chloride formed in these reactions can also react with the
surface as indicated above.

As stated previously, chlorination of y-alumina with anhydfous HCl results
in replacement of a terminal hydroxyl group on Al(III) by Cl and protonation
of a bridging oxygen. Replacement of the terminal hydroxyl group by the
chlorine is possible for tetrahedral and octahedral AI™ environments.(Fig 1.5)
The Bronsted acidity is enhanced due to the protonation of the bridged oxygen
species. Lewis acidity is not expected since the chlorine atom is larger than the
OH and thus the AI", surface species are effectively saturated.

It has been proposed (69) that the chlorination process involving CCl, and
OCCl, involves both terminal hydroxyl groups and in-plane oxygens that

bridge three AI(IIT): Two surface Al(III) atoms and one immediately below the
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FIG. 1.5. BRKNSTED SITES ON CHLORINATED y-ALUMINA.
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FIG. 1.6. LEWIS SITES ON CHLORINATED y-ALUMINA.



surface (Fig 1.6). This model suggests that the site involves an octahedral
Al(IIT), two tetrahedral AI(III) and four chlorines: the coordinatively
unsaturated AI(III) is bound to two chlorines, each acting as a bridge to a
neighbouring tetrahedral Al(III) and to an AI(III) beneath the plane. Each
tetrahedral AI(III) also has a terminal chlorine atom.

It should be noted that Figs 1.5 and 1.6 are based on the assumption that the
surface is a perfect spinel whereas in fact y-alumina is a defect spinel.
However, it is clear that replacement of an in-plane oxygen bridge by two
chlorines, one terminal and one bridging, has considgrable disruptive effect on
the lattice and hence requires a greater expenditure of energy than is required
for chlorination using HCI.

Attempts have been made to extend this model for halogenation of
y-alumina surfaces for the fluorination reaction. Surface Lewis acidity was
probed by the room temperature dehydrochlorination behaviour of
1,1,1,-trichloroethane. The behaviour of y-alumina chlorinated with CCl, or
OCCl, towards 1,1,1-trichloroethane is analogous to that observed with the
strong Lewis acid, solid anhydrous aluminium(III) c_hlbride (91): CH,C(Cl, is
rapidly dehydrochlorinated to give 1,1-dichloroethene and HCI.
1,1-dichloroethene undergoes further reaction at the surface to give a purple,
oligomeric, organic layer. The significance of the organic layer will be
discussed later. (It should be noted that y-aiumina that has not been
halogenated is not active for room temperaturé dehydrochlorination).

Temperatures of >400K are required for dehydrochlorination of CH,CCl, to

22



occur on y-alumina (11)). Unexpectedly, carbonyl fluoride does not behave
in an analogous fashion to carbonyl chloride. Instead of promotion of Lewis
acidity, OCF, is rapidly hydrolysed on the surface of the y-alumina and the
Bronsted acidity is increased, probably due to the hydrolysis product HF. The
OCEF, fluorinated y-alumina has been shown to isomerize but-1-ene to

but-2-ene, a reaction that is known to be dependent on Br¢nsted acidity (92).
Treatment of y-alumina with HF or OSF, does not enhance Lewis acidity.
However, treatment of y-alumina with SF, at room temperature creates a
surface with strong Lewis acid sites, possibly by a similar route to CCl, and

OCCl, (Eqn.1.24).

_O_ OH SF, _O_ _F

Al A Y YN + OSF, + HF
Eqn.1.24.
It has not yet been established whether the models proposed for the active sites
on chlorinated y-alumina can be extended to fluorinated y-alumina. This is

one of the aims of this work.

(i1) Chromia Catalysts. X

Chromia is a more complicated solid than y-alumina due to the variety of
oxidation states present and models for the active sites are still debatable. The
fluorination of chromia with either HF at 623K 93,94) or

chlorofluoromethanes (29) is a well established and studied process. An
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important feature of fluorinated chromia catalysts is that the extent of
fluorination increases with the catalysts lifetime and ultimately results in
catalyst deactivation. This has been correlated to the slow conversion of

Cr™-OH and Cr™-O groups to Cr™-F groups (95,24), which are known to be
catalytically inactive. Use of [*F]-fluorine radiotracer experiménts has
established the presence of three types of fluorine containing species on the
chromia surface (24,95). The first type accounts for ca.15% of the total
fluorine contént and is easily lost, for example by inert gas flow at 623K. This
fraction is considered to be present as weakly adsorbed HF. The second type
of fluorine containing species is inert to exchange with or diéplacement by HF
at 623K. It is fluorine in this category that is involvéd in the slow
deactivation of chromia catalyst by conversion to CrF;. The proportion of
fluorine in this section increases with increasing use of the catalyst. The third
fluorine containing species is labile with respect to exchangé with HF. This
fluorine is involved in the halogen exchange reactions with chlorofluoroethanes
that occur ovér fluorinated chromia catalysts. Thé exact nature of the
catalytically active fluorine has not been determined but Cr" sites have been
indicated. Radiotracer studies have also suggested that hydrégen bonded (HF),
oligomers may be the source of catalytically active fluorine and that
incorporation of HCI to such oligomers could provide catalytically active
chlorine species (25). The organic substrate is thought to adsorb at an adjacent
Lewis site with enhanced acidity due to fluorination. These sﬁxdies gave rise

to the mechanistic models for halogen exchange reactions discussed in Section
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1.2(ii). Vapour phase fluorination of chlorocarbon compounds with HF at
temperatures of 600K in the presence of chromia catalysts has been one of the
main routes for CFC production and therefore there have been extensive
studies of the products from these reactions and substantial work to determine
conditions required for maximizing the yields of specific products. However
there is less evidence regarding the exact nature of active sites and reactive
species although the models presented in Section 1.2(ii) involving halogen

exchange and isomerisation are perhaps the most convincing advances to date.

1.6. OXIDE SUPPORTED ORGANIC LAYER CATALYSTS FOR
ROOM TEMPERATURE CATALYTIC HALOGENATION
REACTIONS.

As discussed in Section 1.5(i) studies of the strong Lewis acid aluminium
(IIT) chloride indicated that the dehydrochlorination of 1,1,1-trichloroethane
could be used as a specific probe reaction for Lewis acidity (91). The
dehydrochlorination reaction produces 1, 1-dichloroethene and HCI with further

polmenzabon - of the 1,l1-dichloroethene to prOducc an oligomeric
organic layer on the surface. The exact nature of the organic layer has not
been established conclusively, but the organic layer appears to be derived from
partially dehydrochlorinated -CH,CCl,- groups and contains additional
chlorinated derivatives. Figure.1.7 (96-98) demonstrates the
dehydrochlorination of 1,1,1-trichloroethane on y-alumina pretreated with

CCl, or OCCl,:
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CH,CCl,(g) CH,CCl,(g)

1l 1

CH,CCl;(ads) CH,CCl,(ads) + HCl(ads)
11
l HCI(g)
11
[CH,,CCl,,]. + HCl(ads)
( X = lIO >

Fig.1.7.Dehydrochlorination Of 1,1,1—Trichloroethahe On CCl, or OCCl,
Chlorinated y-Alumina.

Studies of the dehydrochlorination reaction on SF, fluorinated y-alumina
(96-98) revealed that the formation of the organic layer was accompanied by
formation of fluorinated products, CH;CCl,..F, (n=1-3), by halogen exchange
reaction with the fluorinated surface. At room temperature the organic layer
is capable of catalysing the reaction of 1,1,1-trichloroethane with anhydrous
HF (mole ratio 3:1) to give a mixture of fluorinated products CH;CCly,F,
(n=1-3) (96-98). Similar halogen exchange reactions have been observed with
other C, and C, chlorocarbons, such as CH,CCIZCH,, CH,CICCl,,
CHCL,CHCI, and CHC1=CCl, (98). Although these reactions can be described
formally as replacement of C-Cl bonds by C-F bonds, there is no evidence to
determine whether the mechanisms involved are similar to those described in
Section 1.2(ii) for the halogen exchange reactions between HF and
chlorofluorocarbons in the presence of a fluorinated chromia catalyst. The
most obvious difference is that the catalytic reaction observed on SF,

fluorinated y-alumina occurs at room temperature whereas for the halogen
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exchange reactions on fluorinated chromia catalyst require temperatures of
>600K. Also, although organic material is adsorbed on to the surface of the
fluorinated chromia catalyst there is no evidence of an active organic layer,
whereas the organic material depdsited on the SF, y-alumina plays an integral
role in the catalytic activity and no such activity is observed in the absence of
the supported organic material. It is obvious that in the study of oxide
supported organic layer catalysts an understanding of the re"actions occurring
in the conditioning step and in the catalytic reaction and the development of
mechanisms for these reactions is of vital importance. It is also important to
extend the scope of such catalysts by establishing if organic layers are
produced only on y-alumina or whether oxides such as chromia can be used

as an alternative support for such layers.

1.7. AIMS.

As discussed, the need to develop effective routes for the production of
alternatives to chlorofluorocarbons is an important and urgent requirement for
industry in view of the international regulations requiring the introduction of
more environmentally friendly substances. Clearly, a reaction which could be
performed at room temperature would be favourable to indusﬁy in terms of
both cost and environmental considerations. Thus the realisation of the
catalytic activity at room temperature of the organic layer on CH,CCl,
conditioned, SF, fluorinated y-alumina was extremely important. In view of

this, a detailed understanding of the catalytic organic layer material is
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essential. This was one of the aims of this work. In order to understand the
catalytic activity of the organic layer material it is essential to have a detailed
knowledge of the reactions occurring in its production. In view of this,
["*F]-fluorine radiotracer studies have been undenaken to examine the
fluorination process and the activity of the surface fluorine species. From these
studies it may be possible to determine if the models for halogenated sites
derived from chlorination processes can also be ai)plied to the fluorinated
materials.
[*Cl]-Chlorine radiotracer studies have been performed to examine the
conditioning reaction and the subsequent reactivity of the chlorine containing
organic layer material. These studies have allowed the development of model
reactions for these processes. |

As stated earlier in the study of oxide supported organic layer catalysts it is
important to determine if such organic layers are unique to y-alumina or if it
is possibly to use other oxides as alternative supports. One of the aims of this
present work was to extend the study of organic layer materials, using
chromia, the most obyvious alternative to y-alumina in view of the extensive
work carried out on chromia catalysts for halogen exchange réactions at
elevated temperatures. Direct detailed comparisoﬁs have been made in the
fluorination ;1nd conditioning steps of the catalyst production process on
y-alumina and chromia samples to establish if these materials behave similarly:
is an organic layer laid down on chromia surfaces in an identical manner to

that on y-alumina. Comparisons have also been made in the room temperature

28



reaction of HF with 1,1,1-trichloroethane in the presence of conditioned
materials to establish if chromia, pretreated with SF, and CH,CCl,, in an
identical way to y-alumina, is also active as a catalyst for room temperature

hydrofluorination reactions.
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EXPERIMENTAL.

It was important in this work to ensure that all air and moisture were
excluded from the reactions being examined, due to the hygroscopic
nature of the calcined and halogenated materials. All work was
therefore carried out under vacuum (10* 'i‘orr) or in an inert

atmosphere box.

2.1. EQUIPMENT.
2.1.1. THE VACUUM SYSTEMS.

Two separate types of vacuum system were used to manipulate
volatile materials:- a Pyrex glass system for handling organic materials
and Monel metal lines for handling sulphur tetrafluoride and hydrogen
chloride. (Monel is an alloy of nickel and copper and-is used because
of its resistance to corrosive chemicals.).

Rotary pumps were used to evacuate both systems. A series of waste
traps cooled in liquid nitrogen was used to protect the pump from any
volatile materials in the system. The pump and the waste traps could

be isolated from the other parts of the line.

2.1.2.PYREX GLASS VACUUM LINE.
This was an enclosed Pyrex glass structure consisting of a manifold,
a Heise Bourdon Gauge or manometer and a mercury Vacustat

(Fig.2.1). A mercury diffusion pump was used in conjunction with the
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rotary pump to achieve a vacuum of 10 Torr. The Vacustat was used
to measure the vacuum achieved by the pumps. The Heise Bourdon
gauge or the manometer was used to measure pressures of gases in the
line to an precision of + 0.5 Torr.The manifold had several B14
sockets which could be isolated from the line by means of high vacﬁum
stopcocks (J. Young or Rotaflow). Vacuum flasks and ampoules, also
equipped with high vacuum stopcocks and B14 cones were attached to
the manifold to introduce and withdraw reactants. All vessels and the
line itself were flamed out, while the system was pumped, in order to
reduce the amount of moisture adsorbed on the surface‘ of the glass

(99).

2.1.3.MONEL METAL LINE.

This was of a similar design to the Pyrex system but was' constructed
using 2/5 inch o.d. Monel tubing and Monel metal valves. (Autoclave
Engineers)! Monel metal or stainless steel preséure vessels were
connected to the line by means of nipple and collar screw couplings
(Autoclave Engineers). A lecture bottle of sulphur tetrafluoride and a
Monel metal waste trap were also connected to the SF, - line. Pressure

in the line was determined using a Budenberg gauge (Fig 2.2).
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2.1.4. FLOW LINE FOR CONDITIONING REACTION AND
CATALYTIC REACTION. |

A Monel metal flow system was used to study the conditioning and
the catalytic reaction under flow conditions - that is where the reactants
pass through the reactor as a continuous flow - to give a clearer model
of an industrial system and to allow comparisons between static and
flow conditions for the reactions.

The main constituents of the catalytic rig were a hydrogen fluoride
reservoir, a 1,1 1-trichloroethane reservoir and a catalytic reaction
vessel (Fig 2.3).

The hydrogen fluoride reservoir was a double-ended sample
cylinder, housed in an insulated bath and cooled to 0°C or beiow by
means of a chiller unit fitted with a temperature contrbuer,to allow
greater control of HF flow. The tubing from the reservoir could be
heated to prevent HF condensing in the line.

The 1,1,1-trichloroethane reservoir was a double ended sample
cylinder. The reservoir and the feed line could be heated by using the
appropriate Variac and thermocouple.This allows the concentraﬁon of
CH,CCl, in the feed gas to be varied and preverits its condensation in
the line.

Separate feed lines for HF and CH,CCl, allowed the catalyst to be
treated with CH,CCl, alone for the conditioning reaction or with HF

and CH,CCl, for the catalytic reaction. A nitrogen carrier gas was used
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to flow the feed gases over the catalyst.

The catalytic reactor was a U-shaped vessel, \with the catalyst loaded
into the larger left-hand side, so that the feed gases flowed from the
bottom to the top of the reactor. The catalytic reactbr was housed in an
oven, allowing the reactor to be heated if reQﬁired.

The Rig Off Gases (ROG) could be passed through the main
scrubber (KOH) to remove excess HF, or through a smaller HF
scrubber (soda lime ) to a gas sampling outlet to allow for monitoring
of the products of the reaction by gas chromatography. The
1,1, 1-trichloroethane feed could also be sampled to ‘ensure continuity

of flow and determination of extent of reaction. .

2_1.5.INERT ATMOSPHERE BOX.

A nitrogen atmosphere glove box (Lintott) (H,O < 10ppm) was
used when handling and storing all samples. Glass vessels were
evacuated and flamed out before being transferred to the box. The box
contained an analytical balance, allowing samplés to be weighed

precisely in a dry, inert atmosphere.

2.2. PREPARATION AND PURIFICATION OF REAGENTS.
2.2.1. RADIOISOTOPES.
Extensive use has been made of radiotracer techniques in this work.

The radioisotopes used were:-
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(i) ["*F]-FLUORINE.

The isotope ['*F]-fluorine is a 8* emitter. Annihilation of 8" particles
with negative electrons releases energy in‘the form of y-radiation,
which is readily detected from both the surface and the bulk of the
material. The maximum y-emission energy is 0.51 MeV and the half-
life is 109.72 + 0.6 min. (100).

The relatively short half-life means that experimental Work must be
completed in one day. After 11 hours (6 half-lives) less than 2% of the

original activity remains.

(ii) [*CI1]-CHLORINE.

The [*Cl]-chlorine isotope has a half-life of 3 x 10° years (101) and
decays by B emission and, although moderately energetic, self
adsorption considerations dictate that emission from the solid is limited
to the surface alone. The isotope Was supplied as an aqueous solution
of Na*Cl (Amersham International plc.) 'and was diluted with
concentrated hydrochloric acid to give a so!uﬁ;)n with a specific
[*Cl]-chlorine activity of ca.9.3 x 10 * Bq cm®.

2.2.2 PREPARATION OF ["F]-FLUORINE LABELLED
CAESIUM FLUORIDE.
The method used for the preparation of ['*F]-fluorine was by

irradiation of lithium carbonate (ca.2g) in the central core of the
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S.U.R.R.C. reactor at East Kilbride, using the sequence :-
Li(n,a)’H, '"O(CH,n)"*F (102)

The irradiation conditions were typically 30 minutes at a flux of
3.6 x 10" neutrons cm?” s, The ["*F]-LiF produced in the irradiation
was converted to ['*F]-HF by reaction with sulphuric acid
(conc. H,SO, : H,0O 1:1 by volume). The ['*F]-HF was distilled into a
solution of caesium hydroxide at 273K. The solution was neutralised
by addition of aqueous hydrogen fluoride and this was .followed by
evaporation to dryness to give [*F]-CsF as a finely divided white

powder.

2.2.3.PREPARATION OF ["F]-FLUORINE LABELLED BORON
TRIFLUORIDE AND SULPHUR TETRAFLUORIDE.

Simple exchange between Cs"F and SF, does not prdduce sufficient
activity in SF,"*F to carry out subsequent reactions. The procedure used
in this work was developed previously in Glasgow (102) and involves

the following reactions:

CSISF + 2BF3 -> CSBF;ISF + BF218F Eqn.2.1.
BF,"F + SF, = [“F]-[SF,*][BF,] Eqn.2.2.

[*FI-ISF;*1[BF,] + Et,0 -
SF,"F + EtO0.BF,*F. @ Eqn.2.3.

All the reactions were carried out in stainless steel bombs , attached
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to the calibrated Pyrex vacuum system . In a typical preparation, Cs"*F
(2.00g.) was activated by treatment with (CF;).CO (20.0mmol.) at
room temperature for 20min., then volatile material was removed and
the bomb heated at 300K for a further 15min. to remove any remaining
volatile material. This activation step, which involves the formation
and thermal decomposition of Cs(OCF(CF,),), results in enhanced
surface area and probably enhanced porosity of the CsF and hence
increases the [*F]-specific activity of the SF;"*F th:it is finally obtained.
Boron trifluoride (20.0mmol.), previously treated with activated
sodium fluoride to remove any traces of hydrogen fluoride, was added
to the activated Cs"F, and heated at 300K for 30min. to allow “F
exchange to occur (Eqn.2.1.), The labelled BF,"*F (10.0mmol.) was
distilled into a second stainless steel bomb and SF, (8.0mmol.) added.
This was held at 195K for 20min. The adduct [SF:}[BF;] formed
(Eqn.2.2.) has a large dissociation pre§sure at room temperature and
under the conditions used, ['*F]-exchange is complete. The reaction
vessel was cooled to 195K and material volatile at this temperature, a
mixture of *FSO,, SO, and unreacted BF,"*F was removed. Dried
diethyl ether (2.0mmol.) was added to the reaction bomb and allowed
to react at room temperature for 20min. to decompose the
adduct (Eqn.2.3.). The vessel was then cooled to 195K and SF,"F
(2.0mmol.) removed by distillation. An aliquot of the labelled vapour

was removed and the specific count rate determined by counting in dry
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pyridine (0.5ml.), with which SF, forms a weak adduct.

In principle, the SF,"*F and BF,'°F labelled by this procedure should
have equal specific count rates when allowance is made for the
different number of F atoms involved. However, in practice it was
found that the specific count rate of BF,"F was greater than that of
SF,*F. This may be accounted for by the lower stability constant of
[SF..py] compared with [BF;.py], resultiné in a significant
concentration of SF, in the gas phase. The counﬁng efficiency is
dependent on the phase of the material,with solid being more efficient

than liquid which in turn is more efficient than gas phase.

2.2.4. PREPARATION AND PURIFICATION OF
[*CI]-CHLORINE LABELLED HYDROGEN CHLORIDE.
(103,104).

[*CIl]-Chlorine labelled hydrogen chloride was generated in an
apparatus consisting of a reaction vessel with a dfopping funnel and a
pressure equilibrating arm, to which a series of cooled traps were
attached (Fig 2.4).

Traps (i), (ii), and (iv) contained phosphorus pentoxide as a drying
agent. Traps (i) and (ii) were cooled to 213K in dichloromethane/dry
ice baths. The collection vessel, (iii), was equipped with high vacuum
stopcocks, so it could be isolated from the rest of the apparatus and

was cooled to 153K in an isopentane/liquid N, bath.
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Aqueous [*Cl]-chlorine labelled sodium chloride
(2.0ml, 40uCi, Amersham International.) was diluted with conc. HC1
(10ml), as described in Section 2.2.1, and this solution added dropwise
to concentrated sulphuric acid. The [*Cl]-chlorine labelled hydrogen
chloride generated was distilled through traps (i) and (ii) andv collected
in the collection vessel (iii), then transferred to a vacuufn line where
the [*CI]-HCI] was degassed and vacuum distilled into a Monel metal

bomb, containing phosphorus pentoxide.

2.2.5.PREPARATION AND PURIFICATION OF
[*C1]-CHLORINE LABELLED
1,1,1-TRICHLOROETHANE. (105).

[*Cl]Chlorine labelled 1,1,1-trichloroethane was prepared by

hydrochlorination of 1,1-dichloroethene over an iron (III) chloride

catalyst.
293K _
CH,=CCl, + [*CI-HCl —> [*Cl]-CH,CCl, Eqn.2.4.
FeCl,

Anhydrous FeCl, (>99.0% pure, Aldrich ) was loaded into a Monel
metal bomb and attached to a vacuum line.Then CH,=CCl,
(34.0mmol, 99% pure, Aldrich) and [*CI}-HCl (35.0mmol) were

introduced. The reaction occurred at room temperature over 48h.
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Purification was achieved by low temperature vacuum distillation of the
reactant material, CH,CCl, being retained at 195K. The material
volatile at this temperature was isolated and condensed into a vessel
held at 77K. This procedure was repeated until an infrared spectrum

‘showed that HCI and CH,=CCl, were absent. -

2.2.6. PURIFICATION OF 1,1,1-TRICHLOROETHANE.

- 1,1,1-Trichloroethane (99% pure, Aldrich ) was stored over
activated 3A molecular sieves, under subdued light to inhibit
photopolymerisation. The stabilizer, 1,4 dioxane, present to inhibit
polymerization and oxidation, was removed by. vacuum distillation and

the CH,CCl, was degassed prior to use.

2.2.7. PURIFICATION OF 1,1-DICHLOROETHENE.
1,1-Dichloroethene (99% pure, Aldrich) was stored over activated -
3A  molecular sieves, under subdued light fo inhibit
photopolymerisation. This material contained a stabilizer,hydfoquinone
monomethyl ether, to inhibit oxidation and polymerisation.
1,1-Dichloroethene was vacuum distilled to remove‘ thé stabilizer and

degassed prior to use.
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2.3.PREPARATION OF CATALYSTS.
Three catalysts have been used in this work:-
(i) y-ALUMINA

A high purity commercial alumina (Degussa "C"), wh_ich was
recéived as a very fine powder. To facilitate the handling of this
material a sample (500g) was mixed with deionized water (350cm™)
until a smooth paste was formed. This was then heated,. in an
evaporation dish, on a hot-plate until dry. The "cake" was broken up

and sieved to give particle size of 400-1680um.

(ii) AN INDUSTRIAL CHROMIA. (106).

A sample of a chromia catalyst used in industrial ﬁalogen exchange
reactions using hydrogen fluoride and elevated temperatures (700°C).
This catalyst was used as a standard for comparison purposes.

The industrial chromia catalyst was prepared by slow addition of
aqueous ammonia to a solution of chromium nitrate. The chromium
hydroxide obtained is dried in air at 373K then‘g.dlcined in an inert
atmosphere at 500-700K.

The catalyst was received in the form of pellets which were ground

before use.



(iii) "VOLCANO CHROMIA." (107).

This catalyst was prepared from the (NH.).Cr,O, volcano reaction:-
(NH)Cr,0, - Cr,0, + N, + 4H,0 - Eqn.2.5.

Ammonium dichromate (30g) (99% pure, Aldrich) was ignited. After
lighting the reaction was self sustaining. The product was a fine green

powder.

2.4. CATALYST PRETREATMENT.
The catalysts were all pretreated using identical procedures:-
2.4.1. CALCINATION OF CATALYSTS.

The catalyst (typically 10g) was loaded into a dry Monel metal or
stainless steel bomb and fitted with a cone and valve. The bomb was
attached to the vacuum system and dégassed By pumping. An electrical
heater fitted with a vertical thermo-couple pocké; was fixed around the
bomb and the bomb was heated to 523K and allowed to calcine for
6h.under dynamic vacuum,to remove water and ‘;>ome_. hydroxyl groups, "Aeh»,drabfj
tre surface.The calcined samples were stored under nitrogen in the dry

box.
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2.4.2 ROOM TEMPERATURE REACTION OF SULPHUR
TETRAFLUORIDE WITH CALCINED CATALYSTS.

A sample of the calcined material (0.5g) was loaded into a Monel
metal bomb in the dry box.The bomb was transferred to a Monel
vacuum line and degassed by pumping. An aliquot of sulphur
tetrafluoride (3mmol) (99% pure, Fluorochem.) was condensed onto
the calcined material and allowed to react at room temperature for 2h.
The volatile material was removed and examined by infrared analysis,
and the contents of the bomb were pumped for 5min§ to remove any
remaining volatile material. This process was repeatéd twice, to give

a total of 9mmol SF,.

2.4.3 ROOM TEMPERATURE REACTION OF
SF,-FLUORINATED CATALYSTS WITH
1,1,1-TRICHLOROETHANE.

An aliquot of unstabilized 1,1,1,-trichloroethane (3mmol) was
condensed onto the fluorinated material in a Monel metal bomb and
allowed to rea