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SUMMARY

An investigation has been carried out on the effect of
supporting metal carbonyl compiexes in a highly dispersed state
on an "inert" carrier. A study of the catalytic activity of these
complexes in the heterogeneous phase has also been carried out.
The metal carbonyls which have been examined are 033(CO)]2 and
Rez(CO)]O, both of which retain their molecular structure when
supported on silica, and the tetranuclear mixed-metal carbonyl
RhZCoz(CO)]2 which has been found to be less stable when supported,
undergoing the loss of bridging carbonyl groups. Whereas the former
carbonyls are very stable on exposure to air, the latter complex

shows a tendency to decompose to the metals after only a short time.

By the use of various techniques including T.V.A., T.G.A., infra-
red analysis and electron microscopy it has been found possible to
monitor the change in structure and loss of carbon monoxide which
occurs when the supported complex is thermally activated in vacuo.
Hence the supported complex may be characterised at various stages

in the activation process.

From the studies which have been carried out using the three
supported complexes it has been found that a prerequisite for
catalytic activity as measured by the hydrogenation and isomerisation
of the n-butenes, is the Toss of at least some of the carbonyl ligands

on the complex.

In the case of Os3(C0)12 supported on silica, the active forms
of the catalyst examined are (a) 033(C0)9 and (b) a very high.
dispersion of osmium atoms, obtained after the loss of all carbonyls

from the complex, in which there may or may not be cluster retention.



Comparisons between this latter catalyst and a more conventional
supported osmium catalyst prepared by impregnation of osmium

chloride followed by reduction at 320°C have been studied.

The Toss of carbon monoxide from ReZ(CO)]0 takes place in a
one-stepvprocess. Thg catalyst obtained by activation in vacuo to
250°C is believed to consist of highly dispersed rhenium atoms in
the iero va]eht state. The catalyst is found to be active for the
~isomerisation of the n-butenes although rather less active for

hydrogenation.

Activation in vacuo at 100°C of supported RhZCoz(CO)]2 results
in the loss of carbonyl grdups from the comp]ex,'and the resulting
supported species is active for the hydrogenation and isomerisation
of the n-butenes. This may be interpreted in terms of expcsure of

sites capable of co-ordinating olefin molecules in a reactive form.

From investigations of the kinetics and energetics of the
reactions of but-l-ene with hydrogen and deuterium over the three
supported carbonyls in a static system, and from the product distri-
butions of these reactions, the following conclusions have been

reached ;-

(1) Hydrogenation and isomerisation proceed independently in

the reaction carried out over supported 053(00),‘2 after the loss of
~three carbonyl groups. Whilst isomerisation proceeds via inter- or
intramolecular hydrogen transfer with the formation of a

1-methyl1-II -allyl intermediate, hydrogenation and olefin exchange

occur by a Langmuir-Hinshelwood reaction with different rate-determining

steps. Similar mechanisms exist on the catalyst formed after the loss

of all carbony] groups, the only difference being in the comparative



rates of each process.

(2) The rate of hydrogenation is relatively slow compared with the
rate of isomerisation over the supported rhenium catalyst formed
from Rez(CO)]O. These reactions are thought to proceed independ-
ently, although isomerisation may be explained equally satisfactorily
by an alkyl reversal process or an inter- or intra-molecular

hydrogen transfer mechanism. 0lefin exchange may be rationalised in
terms of a mechanism involving the dissociative adsorption of a

vinylic species.

3) Hydrogenation, isomerisation and olefin eXChange all proceed
via the formation of a "half-hydrogenated" butyl radical when the
reaction is carried out over the catalytic species formed from the

thermal treatment of Rh2C02(C0)12/Si02.
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CHAPTER 1

INTRODUCTION

1.1 - General Introduction.

A catalyst is a substance which increases the rate of attain-
ment of equilibrium of a system, with only a slight modification of
the free energy of the process. Ideally, the catalyst should undergo
no net‘change in the course of reaction, although in real systems

this rarely occurs and the catalyst deactivates with time.

In heterogeneous catalysis, reaction takes place at the phase
boundary between gases or liquids and solids, whereas in homogeneous
catalysis the reactants and the catalytic species exist in the same

phase.

1.2 Heterogeneously Catalysed Hydrogenation of Alkenes.

1.2.1 Introduction.

0f all the catalytic reactions, those undergone by unsaturated
hydrocarbons are among the most frequently studied. Alkenes,
dienes, alkynes, aromatics and =licyclic compounds are all
extremely useful in providing information concerning the various
processes which occur on catalyst surfaces. The mechanisms of these
-reactions are, however, still the subject of great controversy,

~despite the extensive studies which have already been carried out.

A study of the kinetics of a catalysed hydrogenation reaction
is only of limited value for the elucidation of the mechanism. This
may be of use in determining values for adsorption coefficients and
hence the relative surface coverages of the reactants, but it gives

us very 1ittle information about the actual processes which take



place between the adsorption of the reactants and the appearance

of the products. Analysis of the products of reaction with hydrogen
of the higher alkenes, together with mass spectrometric examination
of the deuteration reaction show that the processes undergone by an
unsaturated hydrocarbon when it reacts at the surface of a metal can

be categorised as follows:-

(1) Hydrogenation of the double-bond.

(2) Cis/trans isomerisation.

(3) Double bond migration.

(4) Olefin exchange i.e. the replacement of H by D in the parent

Otefin.

(5) Hydrogen exchange i.e. the formation of HD and 02 in the gas
phase.

“An understanding of each of these processes is of prime importance

in the,specificatiqn of precise mechanisms for alkene hydrogenation.

1.2.2 Possible Reaction Mechanisms.

It is now generally accepted that in the hydrogenation of
alkenes, direct addition of a hydrogen molecule across the double
bond does not occur. This conclusion is based upon the observation
that when reactions are carried out using unsaturated hydrocarbons
and equilibrated and non-equilibrated hydrogen deuterium mixtures,
the deuteroalkane distributions are identical (1, 2). A more likely
mechanism is that first postulated by Horiuti and Polanyi (3, 4, 5),
who suggested that the reaction proceeds by the formation of a
"half-hydrogenated state“ that is, an adsorbed alkyl radical, as a
relatively stable intermediate. The further addition of a hydrogen

atom to the adsorbed alkyl radical produces the alkane, which once
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formed, is released into the gas phase. Thus the process of.hydro-
genation may be represented as in Figure 1.1. The only way in which
the processes which occur concurrently with hydrogenation may be
rationalised is to consider that the formation of the half-hydro-
genated state is reversible. Therefore for olefin exchange, we can
write

' -D 1 -H — i

K K
% 3 ¥ 3 ¥

and for double bond migration

RCH,CH==CHR" —. RCHZ(';HCHZR':_% RCH=FCHCH,R'
* K * K4 %

and cis/trans isomerisation

Rac=c—R' L R R’ H o R

—_—
T TR i ‘;H kg R T
*

¥ 1
The proportion of products formed by exchange, isomerisation
and hydrogenation will be totally dependent upon the relative
values of k], k3 and k4, together with the rate constants k2 for
the addition of "hydrogen" to the half-hydrogenated state and kd

for desorption of the alkene.

An alternative mechanism, first postulated by Rooney and Webb
(6) can be applied to C3 and higher alkenes. This mechanism can
account for isomerisation and exchange in alkenes, but it is
unlikely that hydrogenation occurs via this mechanism. There is
-evidence for this theory from the work on supported rhodium
catalysts by McNab and Webb (7). The proposal was that olefin

exchange and isomerisation could occur through the formation of an
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adsorbed n-allylic infermediate (Figure 1.2).

Two extremely important limitations arise as a consequence of
this mechanism, which should make it possible to differentiate

between it and the mechanism involving the half-hydrogenated state:-

(i) since in the m-allylic intermediate, free rotation is
not possible, cis-trans isomerisation can only occur by this
mechanism provided it is preceded by double bond migration

(Figure 1.2).

(ii) complete exchange is not possible by the hydrogen
abstraction-addition mechanism. This contrasts with the addition-
abstraction mechanism where all the hydrogen atoms are exchange-

able.

1.2.3 Hydrogenation of n-Butenes.

The reaction of the n-butenes with hydrogen is, mechanistically
speaking, an extremely important system to observe as it allows a
very deep insight into the surface processes taking place. The
disadvantage in carrying out reactions of ethylene or propylene is
that there is no method whereby the process of adsorbed alkene
forming the half-hydrogenated state and then undergoing an alky!l
reversal can be observed. This is feasible when the reaction of
butene with hydrogen is observed, since there is the possibility
that in undergoing an olefin - alkyl - olefin cycle the original

alkene will re-appear as an isomerised product;

— + -H —
H,C CHCHZCH?’-—% C,Hylads) ?HH3CCHTCHCH3
¥ ' #*
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Twigg (8) was one of the earliest pioneers in n-butene
hydrogenation when he observed that for the reaction of but-1-ene
over nickel wire in the temperature range 76 - 126°C hydrogenation
and double bond migration occurred. Both reactions followed the

same kinetics, namely,

5 0.5

rate o< pH:' Pi-g

whilst the activation energies were 10.5kJ mo]e-] for hydrogen-

ation and 24.7kJ mole”!

for double bond migration. Subsequent

studies of the reaction of n-butenes with hydrogen and deuterium

over a nickel wire catalyst (9) showed that the rates of hydro-
~genation were in the order but-1-ene > cis-but-2-ene > trans-but-2-ene.
The kinetics for hydrogenation and double-bond migration were found

tb be similar to those calculated by Twigg when szfb Pi.g < 100 torr,

but with large excesses of hydrogen the rate was independent of

hydrogen pressure and proportional to the but-1-ene pressure.

The reactions of the n-butenes witﬁ hydrogén and deuterium
carried out over supported Group VIII metals have been extensively
studied (10, 11, 12, 13, 14, 15). Typical results show that in the
hydrogenation of butenes over palladium, ruthenium and rhodium
- catalysts, the butenes attain their thermodynamic proportions (16)
in the course of the reaction. Platinrum and iridium (10, 14),
however, show 1little tendency to promote the isomerisation reactions.
Osmium (11) exhibits behaviour intermediate between ruthenium and
platinum. A series of hydroisomerisation activities may be drawn

up for the reaction carried out at 100°C: -

Ni ~Rh >Pd >Ru>0s 2Pt Ir



In general, the kinetic studies carried out using the above
mentioned metals show the rate of hydrogenation to be first order
with respect to initial hydrogen pressure and zero order or slightly
negative with respect to initial butene pressure. Data available
for double-bond migration and cis-trans isomerisation tends to be
more varied. Comparison of the activation energies for hydrogen-
ation and double-bond migration shows that the values are quite
different in many cases. This,.however, does not necessarily
point to a different overall mechanism for each process, but merely

different rate determining steps (11).

The reactions of the g;butenes'wfth deuterium have been

| studied over alumina supported platinum, iridium (10) and palladium
(12). Examination of the deuterium distribution for palladium shows
that alkene exchange is small, both in the reactant butene and the
isomerised products. A hydrogen transfer process was proposed on
this basis, together with the observation that the amount of

hydrogen exchange 1is negligible.

It wdu]d appear from the similarities between reactions of
ethylene, propylene and the n-butenes over Group VIII metals that
there must be one basic unifying theory to explain the mechanisms
of the three reactions. The isomerisation of the n-butenes cannot
be explained in terms of the abstraction-addition mechanism (Figure 1.2)
“since this would involve the formation of a m-allylic 1ntermediate'
which could not apply with ethylene and propylene. A more logical
explanation would be that isomerisation occurs via an addition-

abstraction mechanism.

Further studies of the isomerisation of n-butenes were carried



out over silica supported rhodium catalysts (7). By systematic
mercury poisoning of the catalyst, it was conciuded that hydrogenation
and isomerisation occurred independently of each other. Hydrogenation
and exchange were thought to occur on the metal surface, whilst
isomerisation took place as a result of migration of adsorbed

but-1-ene to the support.

Extensive studies have also been carried out on the reactions
of n-butenes over various catalysts in the absence of hydrogen
(17, 18, 19, 20, 21). Wells and co-workers (17, 18, 19) have shown
that isomerisation occurs in the absence of hydrogen over cobalt
wire and cobalt alumina catalysts and have suggested that the reaction
occurs via an abstraction-addition mechanism. But-T-ene isomerisation
in the absence of molecular hydrogen was also observed over alumina
supported nickel, ruthenium, rhodium, osmium and platinum (19)
iridium (17, 19) and palladium (19, 20). The observations Were
interpreted in terms of a hydrogen addition-abstraction process
(Figure 1.1), where the alumina support was thought to be the source
of hydrogen initially (17, 19). Unsupported osmium, iridium and
platinum powders were found to be inactive for isomerisation, whilst

platinum black was active (21).

The reactions of the n-butenes have also been extensively
'studied over evaporated iron (23) and nickel (24) films. Deuteration
studies carried out over iron films revealed that the rate of exchange
for but-2-ene to but-T-ene isomerisation (B + o isomerisation) was
twenty times faster than for but-l-ene to but-2-ene (a -+ B isomerisation).
Another cobservation was that the rate of exchange in the isomerisation
-of ¢is-to trans-but-2-ene and vice versa was negligible in comparison

with exchange by 8 + o isomerisation. In contrast, the rates of



isomerisation of cis-and trans-but-2-ene were similar to that for

o > B isomerisation. On the basis of these observations it was
proposed that o » 8 isomerisation, but-1-ene exchange and cis-trans
isomerisation occurred by different mechanisms. But-l-ene exchange

was suggested to occur via a dissociatively adsorbed vinylic species.

— -H -
HZC,——CHCHZCH3 ——-EPHZC-EFHZCH3
Vo
HZC::CDCHZCH3

o + B isomerisation was thought to involve an intramolecular hydrogen
transfer mechanism, in which there was the formation of an inter-
mediate, containing a bridged hydrogen atom between the o and y
~carbon atoms, similar to that suggested by other workers (22) for
the deuteration of cyclohexene. An addition-abstraction mechanism
was postulated for cis-trans isomerisation. Also suggested was a

~ direct process for cis-trans isomerisation, which was independent

of C-H breaking and formation. Similar results were obtained with
nickel films (24), where a microwave spectroscopic examination of
the exchanged but-1-ene has confirmed the preferential formation of

adsorbed but-2-enyl in the vinylic dissociation of but-1-ene.

In all of the foregoing theories regarding the mechanism whereby
~isomerisation and hydrogenation of the n-butenes occur, the basic
assumption has been that the hydrocarbon, and usually the hydrogen as
well, are adsorbed directly upon the metal. This has led to
problems, in that the proposals put forward to explain the reaction,

although Targe in number, have lacked a basic unifying theory.



Observations which have not been explained fully by the existing

literature include the following;

1)

2)

3)

4)

5)

Reproducible catalytic activity does not result from standard

catalyst pretreatment.

Nature of metal surface has Tittle effect on catalytic activity
for ethylene hydrogenation, be it a fiim or a dispersed

catalyst (25).

Hydrogenation is not a structure sensitive reaction e.g. the
catalytic activity for cyclopropane hydrogenation is the same

over a wide range of dispersions (26).

Self-hydrogenation of alkenes occurs on catalytically active
metals, and results in the surface being covered with

retained hydrogen deficient carbonaceous residues. (27, 28, 29, 30).

The Tack of correlation between geometric and electronic features

of metals and their catalytic activity.

These diverse features of alkene hydrogenation have recently

been unified by a proposal of Thomson and Webb (31), who suggest

that the metal is only of secondary importance in the hydrogenation

reaction. On the basis of radiochemical evidence (133, 134, 135, 136)

they suggest the initial formation of a permanently retained hydrogen

deficient hydrocarbon species M - CXHyL on the catalyst surface.

Hydrogenation then occurs by a hydrogen transfer between this

adsorbed species and an adsorbed alkene, rather than the direct

addition of hydrogen to an associatively adsorbed hydrocarbon. This

new approach looks to be far more promising in solving the hitherto

unexplained problems concerned with alkene hydrogenation and

isomerisation.
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1.3 Homogeneous Catalytic Reactions of Unsaturated Hydrocarbons.

1.3.1 Introduction.

Whereas homogeneous catalysis is a relatively recent field of
study in comparison with heterogeneous systems, great advances have
been made in the last twenty years and it is now better understood
than heterogeneous catalysis is after a much longer time. This
can be attributed to the relative ease of detection and isolation of
intermediates and to the high reproducibility which is obtainable

in the homogeneous system.

As a result of the progress which has been made in recent years,
homogeneous catalysis has been the subject of extensive reviews
(32, 33, 34, 35, 36, 37). Examples of reactions of interest include:
the hydrogenation of alkenes catalysed by complexes of Rh (38), Ru (39),
Co (40) and Pt (41, 42, 43); the isomerisation of alkenes catalysed
by complexes of Rh (44, 45), Pt (41, 42, 43, 48), Co (47) and Pd
(45, 46); the dimerisation of ethylene and polymerisation of dienes
catalysed by complexes of Rh (49, 50); the hydration of acety?ene‘
catalysed by Ruc13(51); the oxidation of alkenes by PdC]2 (52).

Metal complexes which are active as homogeneous catalysts are
generally those whose ligands are somewhat labile and readily
replaced by substrate molecules. Also important are complexes
whose central atoms have fewer electrons than the closed shell 8
or 18 electrons, for examplie the 16 valence electron square planar
d8 complexes, such as Rh151(PPh3)3 » which, although it is stable,

is capabie of taking up additioral iigand molecules.

The metal complex may have a number of properties which
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increases its versatility in the catalysis of various reactions.

These include:-

1) The ability to stabilise through co-ordination, a great variety
of ligands e.g. hydrides (53) and alkyl groups (44) in the form

of still reactive intermediate complexes.

2) The property of having more than one stable configuration
differing in co-ordination or oxidation number, which means
that it has the ability to promote re-arrangements e.g. in the

isomerisation of-alkenes, described in section 1.3.3

3) . The ability to orientate the reactants in its co-ordination
shell to make the reaction sterically favoured. An example
of this type of network is in the cyclo-oligomerisation of

buta-1:3-diene to cyclodecatriene (54).

1.3.2 Homogeneous Hydrogenation Reactions

Just as the group VIII metals may activate molecular hydrogen
heterogeneously, so the essential feature in homogeneous hydro-
genation is the activation of hydrogen (53). Although the precise
- manner in which molecular hydrogen is attacked by active catalyst species
~is not known, it is generally thought that a complex containing a
hydride ligand is formed. Three types of hydrogen activation have

been distinguished:-

n = Mite
M™+ H, ——= M H, (a)

2 MY + H, ——=12 " p

2“—

MM X +4

n
) M H + HX
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Type (a) is the most commonly encountered of the three and is termed
an insertion process. In this case there is the oxidative addition
'of both hydrogen atoms to the same central metal atom. The out-
standing example where this type of activation operates is in the
hydrogenation of terminal alkenes in the presence'of tristriphenyl-
phosphine rhodium (I) chloride (38). In this reaction (Figure 1.3)
initial loss of a Ph3P ligand is followed by the insertion of
hydrogen to form an isolable five co-ordinate dihydride species.
Co-ordination of this species with the reactant alkene results in
the formation of the alkane in addition to regenerating the catalyst.
The possibility that the alkene complex is formed first is ruled out
on the grounds that this complex, which may be isolated, does not
react on treatment with hydrogen to form the alkane. Another
interesting point is that eth&]ene does not undergo hydrogenation
very readily, possibly due to it being very strongly co-ordinated

in the complex. A similar mode of activation may occur with

Ir (I) C1 (CO)(PPh,), (55).

" Type (b) is known as activation by homolytic fission and
invo]ves the splitting of the hydrogen molecule into two neutral
atoms which co-ordinate to different central metal atoms.

Oxidation of the metal atom again occurs in the course of this type
“of addition. An illustration of this is the pentacyano cobalt (II)
ion-catalysed hydrogenation of butadiene to butene (59), where it

is proposed that the following equiliibrium is established;

20 (11) (CN)2™ + H,z==2Co (111) H{CN)Y
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Type (c) is the only non-oxidative addition of hydrogen to the
complex and is termed heterolytic fission. This activation probably

3-

occurs in the presence of Ru(III) C]G (56):-

3-

Ru(III) 107 + H,== Ru(III, HCTZ™ + HY + 1

Such a mechanism is postulated for the hydrogenation of fumaric

acid catalysed by Ruthenium (II) chloride (39).

1.3.3 Homogeneous Isomerisation Reactions.

Two mechanisms have been proposed for the isomerisation of
alkenes by transition metal complexes. First, the addition of a
preformed metal hydride to a co-ordinated alkene with.the formation
of an alkyl intermediate has been suggested. This is followed by
reformation of a metal hydride-alkene complex accompanied by double

bond migration as shown below.

RCH,CH=CH, —> RCH
: !

MH M HM

CHCH3 —> RCHZfCHCH

2 3

An alternative mechanism has been proposed in which isomerisation
occurs via a m-allyl intermediate, foliowed by the addition of the

hydride at a carbon atom different from its original location.
/CH\
RCHZCH':_lCH2 —> RHC" "~ CH2 —> RCH=CHCH

M MH M

3

1.3.4 Comparison of Homogeneous and Heterogeneous Catalysis.

Comparisons between homogeneous and heterogeneous catalysis

are well documented in the Titerature (58, 60, 61, 62, 63). There
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are several close similarities which exist between the two systems.

Thus, for example,

(i) the most active catalysts are confined, in both cases,

largely to the Group VIII elements.

(ii) 1in general the same reactions can be catalysed both

heterogeneously and homogeneously.

(iii) similar intermediates appear to exist, although in hetero-
geneous catalysis these have proved very difficult to
isolate. Thus, for example, the following species,
well known in homogeneous catalysis, are thought to

have their counterparts in heterogeneous catalysis.

CH, | ’ID
L, M- i L M- R

CH2

(iv) the bond involved in the intermediate complex formation
B for homogeneous catalysis is envisaged as being that

suggested by Chatt (64) and confirmed by the X-ray
crystallographic analysis of Zeiée's salt
K*( Pt Cl, (CyH,) ). H,0. Thus the metal alkene bond
consists of two components: A metal alkene o-bond by
donation of electrons from a bonding w-orbital of the
alkene to a suitable hybrid orbital (e.qg. dspz) of the
metal, followed by w-bond formation through back donation
from the filled d orbitals of the metal to the empty

antibonding ¥ - orbitals of the alkene. A similar
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bonding is postulated (6) for the chemisorption of

alkenes in heterogeneous systems.

(v) similar types of hydrogen activation occur in both cases.

Contrasts which exist must also be considered. The most-

important of these factors are:-

(i) heterogeneous catalysts tend to be rather unspecific in
nature, raising the question as to how many types of
acti?e sites exist on the catalyst surface. Homogeneous
reactions, however, are usually restricted to one site and

tend to be very specific.

(i1) whilst the steric and electronic nature of the catalyst
is well understood in homogeneous systems, these features
are still the subject of great controversy in the hetero-

~ geneous system.

~

* Intermediate complexes such as

C1 CH

\e\\z
Pto---
/ \

a1’ ocH,

are well characterised and allow predictions to be made on how the
catalytic activity may be altered by varying the complex ligands.

Similar predictions are not possible in the heterogeneous system.

1.3.5 "Heterogenizing" Homogeneous Catalysts

On the industrial scale, heterogeneous catalysts are preferred

to homogeneous catalysts for a number of reasons. These include
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ease of separation of the catalyst from reaction products; use of
flow methods, so that the system can be recycled if the yield of
product is Tow; use of elevated temperatures. Ideally therefore
the requirement must be to combine the above mentioned advantages

of heterogeneoﬁs systems with the ability of homogeneous systems to
be selective (65, 66). Attempts have been carried out at combining
the convenience of a solid catalyst with the superior selectivity
and efficiency in the use of metal atoms in homogeneous catalysts.
Acres and Co—wofkers (67) have supported a solution of rhodium
trichloride in ethylene glycol on silocel. The resulting supported
solution was active in the isomerisatién of pent-1-ene to cis and
trans-pent-2-ene, but the salt was feadi]y reduced to rhodium

metal with use. The hydrogenation of ethylene to ethane was

| “successfully carried out by Hayes (68) on alumina supported ethylene
platinous chloride (CZH4‘ PtC]z)Z. Reduction of the salt to the
metal did not occur, provided the ratio of ethylene to hydrogen in
the feaction mixture was greater than unity, but exposure to
hydrogen alone did result in the reduction. This was attributed to
the hydrogenation of the m-adsorbed ethylene occurring in the

absence of a o-di-adsorbed intermediate.

The hydrogenatioh and isomerisation of the n-butenes over
silica supported complexes have been studied (69, 70). Work carried
out by Misono (69) showed a series of supported complexes of Pd(II),
Pt(II), Ni(II) and Cu(II) with acetonylacetonate and dimethylglyoxime
to be active in but-1-ene isomerisation. Catalytic activity was
found to decrease in the order Pd(II) > Pt(II) > Ni(Ii) > Cu(IIl),
irrespective of the chelating ligand. It was suggested'that some

co-ordinated intermediate was involved in the isomerisation reaction.
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Robertson and Webb (70) have prepared a silica supported catalyst
from Ru3(C0)]2. The complex appeared to retain its structure on its
support, and, on activation, underwent decomposition in a series of
well defined stages. In the temperature range studied, the active
catalyst for hydrogenation and hydroisomerisation was envisagéd as
being Ru3(CO)5. Tentative structures for the active surface were
postulated as shown below. :
* ¥
S Yat 0 Moo

OC\RU// u\O O~

H'ON o/ —di— HONU H/ i
' l - . | )
—Si— “Ru —Si— “Ru

| /1N | / I\

OC 0 CO oC O CO
—5f— : —Si—

| |
The experimental results were consistent with a mechanism in which

hydrogenation occurred by the attack of molecular hydrogen on a
m-butene-metal complex, whilst isomerisation involved a hydrogen
abstraction-addition mechanism with the formation of a 1-methyl
m-allyl intermediate. Thus a reaction scheme could be postulated
(Figure 1.4) similar to that proposed for homogeneous reactions
(46, 56). In this particular system the supported complex was
extremely highly dispersed, allowing a close comparison with the

homogeneous system to be made.

Disproportionation of propylene to butene and ethylene over a
catalyst derived from alumina supported Mo(CO)6 has been investigated
by Kemball and co-workers (71). Infra-red analysis of the activated

compliex, along with mass spectrometric considerations, led them to
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believe that the active species in disproportionation was Mo(CO)X
(pfopylene)ﬁ_xwhere x was suspected to be 3 or 4. Other workers
(72) cited molybdenum in a higher oxidation state as being respons-

ible for the catalysis.

1.4 Catalysis by Alloys and Bimetallic Clusters.

Historically, bimetallic catalysts have been of interest in
the development of ideas related to an electronic factor in
catalysis by metals (73, 74). Of all the metals, only those of
Group VIII, which, according to Pauling's theory (75), are said to
have incomplete d-bands, show appreciable activity in adsorption
and catalysis. In tontrast, a group 1B metal such as copper, having a
_filled d-band, is deéided]y inactive. According to the original
view of Mott and Jones (76) an alloy of a group VIII metal with a
groﬁp 1B metal is characterised by a d-band which is filled to a
, greater'extent than that of the pure group VIII metal. In the case
of é nickel-copper a11oy, the substitution of copper atoms for nickel
afoms in the metal lattice adds extra electrons to the lattice. The
extra e]éctrons~introduced with the copper enter the d-band until it
is filled. By varying the composition of the alloy, one can alter
the degree of filling of the d-band with electrons and observe the
effect on catalytic activity. It was_expected that abrupt changes
in catalytic behaviour would be observed at an alloy composition
corresponding to the complete filling of the d-band, the presence of
d-band vacancies having been suggested as being a necessary pre-
requisite for catalytic activity (77). Consideration'of a gold-

palladium alloy, for example, would lead us to expect a change in
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activity at a composition of 60 atom % gold, when the d-band of
palladium would be filled. Couper and Eley (78) found in their
studies of ortho-para hydrogen conversion on palladium-gold alloys
" that a plot of activation energy against percentage gold content
showed very close agreement with the theore£ical calculation.

Other studies of formic acid decomposition (79), and the oxidation
of carbon monoxide (80) over the same alloys show the expected
sharp change in activation energy at approximately 60 atom percent
~gold. In general, however, there is Tittle evidence to support the
theory that a filled d-band can drastically affect the catalyst
activity. The activation energy, for example, for acetylene hydro-
genation over nickel-copper alloy powders (81) passes through a
maximum at 80% copper, whilst for the hydrogenation of ethylene (82)
and the hydrogenation of but- 2-yne over palladium-gold wires (83),
the activation energy appears to be almost invariant with alloy

composition.

Although progress in the use of alloys to elucidate the electronic
factor in metal catalysis has been slow, interest in metal catalysis
systems has not declined. In fact there has been a great revival
of interest in the field in recent years, for reasons other than a
renewed probing into the electronic factor alone (84, 85). These
include (i) the realisation that bimetallic systems may exhibit
major selectivity effects in catalysis, that is, markedly different
behaviour towards different types of reactions (86, 87, 88, 89, 90)
and (ii) the development of the idea of highly dispersed bimetallic

systems known as "bimetallic cluster" catalysts (87).

The selectivity exerted by bimetallic catalysts is exemplified

in recent studies using nickel-copper ailoys, fcr the hydrogenolysis

of ethane to methane and the dehydrogenation of cyclohexane to
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benzene (86). In the case of ethane hydrogenolysis, the catalytic
activity decreased markediy and continuously with the addition of
copper to nickel over the whole range of alloy composition, although
much of this decline in activity was observed on addition of the
first few percent of copper. With cyclohexane dehydrogenation,
however, the catalytic activity increased initially with addition
of small amounts of copper and then remained insensitive to alloy
composition over a wide range, finally decreasing sharply at
compositions approaching pure copper. It seems that the effect of
copper on the cata]yt{c activity of nickel is strongly dependent

on the nature of the reaction.

In an alloy of an inactive metal with a highly active metal,
there is the possibility that the hydrogenolysis activity of the
catalyst is dependent on the existence of sites comprising
"multiplets" of active metal sites, as suggested by the work of
Balandin (91). In the same context the term "ensemble" has been
adopted by others (89, 92). In terms of a geometrical interpretation,
a build up of concentration of the inactive metal may be instrumental
in decreasing the activity of the catalyst manyfold. According to this
view, the only function of the surface copper atoms in nickel-copper
catalysts is to dilute the nickel atoms and thus limit the number
of "multiplet" nickel atom sites. However, the possibility that
electronic interactions between copper and nickel atoms may affect
the catalysis cannot be ignored (93). In general the addition of
a group 1B metal to a group VIII metal effects the decrease in hydro-
~genolysis activity markedly but has a much smailer effect on such
reactions as dehydrogenation, hydrogenation and isomerisation of

hydrocarbons (86, 87, 88, 89, 90).
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"Bimetallic Cluster" catalysts are formed by the impregnation
of.a carrier with an aqueous solution of salts of the two metals
of interest. This is then dried and treated with a stream of
hydrogen at an elevated temperature to reduce the metal salts.
Such methods lead to the question as to whether the clusters of the
highly dispersed system contain atoms of both metals or each
cluster contains exclusively one metal. On purely statistical
grounds it would be expected that each individual cluster would
contain atoms of both metals. This expectation is verified by experi-
ments, even for cases in which components exhibit very Tow miscibility
in the bulk (86). Verification of the existence of highly dispersed
bimetallic clusters is complicated by the limitations involved in
obtaining structural information, since the metal crystallites or
clusters may be in the size range 10 to 20 ﬁ where examination by
techniques such as electron microscopy and X-ray 1ine broadening

are of limited applicability.

Direct experimental verification of bimetallic clusters in such
highly dispersed systems is difficult but catalytic reaction can
serve as a sensitive probe to obtain evidence of interaction
between the atoms of the two metallic compcnents. Expe#imental]y,
the hydrogenolysis of ethane is an interesting reaction in deter-
mining the effect of percentage composition on catalytic activity.
 Consideration of the bimetallic cluster containing copper and ruthenium
for this reaction shows that incorporation of copper into the ruthenium
metal decreases the hydrogenolysis activity by three orders of
magnitude. The influence of dispersion upon the relationship between
hydrogenolysis activity and catalyst composition is also very interesting

(87). Comparison of the effect of copper increase in (i) 1% metal
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dispersion and (ii) 50% metal dispersion shows that for (i) the
addition of only 1 -~ 2% copper of the total ruthenium content decreases
the activity 1000 fold whilst the same inhibiting factor in (ii)
requires the presence of one atom of copper for every ruthenium atom.
This indicates that the copper in the ruthenium-copper aggregate is
confined to the surface, which is consistent with the very low
miscibility of these two metals in the bulk state. Thus for a highly
dispersed system, a bimetallic cluster may have a surface composition
far outside the range of those possible in a bulk solid solution of

the two metals.

1.5 Supported Rhenium Catalysts

The oxidation state of rhenium on various supports has been the
subject of great controversy in recent years. It is now generally
accepted that the method of impregnation and degree of dispersion
has a profound influence on the oxidation state. Some workers have
presented evidence that the rhenium is present as a highly dispersed
oxide on an alumina surface at typical reforming conditions (94),
whilst others have élaimed that rhenium can be reduced to the
metallic state (95). The data which supports reduction to the metallic
state has been obtained on catalysts containing much higher rhenium
concentrations then exist in the commercial catalyst, therefore it may
well be that the rhenium concentration has an important bearing on
its reducibility (96). Sinfelt and co-workers (97) found that a 10%
rhenium on silica cata]yﬁt could be prepared by impregnation with
perrhenic acid followed by reduction under a constant flow of Hydrogen

at 500°C.

For rhenium supported on y-alumina Yao (98) suggested that

rhenium existed on the surface in two forms:-
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a) A two dimensional dispersed phase which interacted strongly
with the alumina support and as a result could only be reduced to
the zero valent state by hydrogen at > 500°C. Subsequent oxidation
of the dispersed phase at 500°C only occurred to the non-volatile,
tetravelent Re4+ instead of Re7+. This stable Re4+ oxidation state
may be responsible for the prevention of rhenium loss in the
‘oxidative regeneration of rhenium containing, y-alumina supported
reforming catalysts or during other uses in an oxidising environ-

ment.

b) A three dimensional crystalline phase which could undergo

7+ by treatment with

oxidation or reduction between Re® and Re
hydrogen at 350°¢. High temperature reducing conditions resulted
_jn the slow aggregation of the zero valent dispersed phase into the

three dimensional metallic crystallites.

It has been proposed by Boe]hodvver(99), however, that in the
catalyst prepared by impregnating alumina with Re207,a considerable
amount of the Re7+ could be reduced to the metal at 500°C to form
metal crystals. Subsequent oxidation by oxygen at 550°C resulted
in the rhenium atoms being spread over the surface, reforming a

monolayer of Re207.

Other workers (100) have proposed that for catalyst samples of
10 - 20% Re207/y-A1203 rhenium does not exist in the form of
Re207 particles on the support surface. Using differential thermal
analysis,'x-ray diffraction and Mossbauer spectroscopy, it has been
concluded that a strong interaction between the rhenium and the
support took place after impregnation and drying. They proposed

that the rhenium was present as a tightly bonded surface compound



- 24 -

that was thermally stable in air up to 900°C.

The reactions of alkenes over supported rhenium catalysts are
well documented in the Titerature and include disproportionation
(100, 101, 102), isomerisation (102), metathesis (99) and hydro-

genation (104), whilst ReZ(CO) has been shown to be an initiator

10
of free radical polymerisation and block copolymerisation (105).
Examination of Re207/A1203 showed it to be active for but-1-ene
disproportionation (102), where‘rhenium was found to be present in the
+7 oxidation state. Reduction to the +4 state resulted in a loss

of activity for olefin disproportionation and the appearance of
activity for the isomerisation of but-1-ene to but-2-ene. The
adsorption and disproportionation of ethylene (101) over Re207 was

. found to be dependent upon the okidation state of rhenium, the support

used and the rhenium oxide content of the catalyst.

The reaction of ethylene with hydrogen or deuterium has been
studied in the temperature range 25 - 100°C over a 17% rhenium/silica
catalyst (104). Complete reduction of the perrhenate to rhenium
was adjudged to have been achieved by use of flowing hydrogen at
500°C for 12 hours, whilst the specific activity for the reaction was
found to be Tower by several orders of magnitude than for Group VIII
metals. Mechanistically, the behaviour of rhenium closely resembled
that of ruthenium and osmium, but differed significantly from the

third row elements iridium and platinum.

The catalytic properties of supported rhenium for ethane
hydrogenolysis has been investigated (97) for comparison with Group
VIII metals. Consideration of the rhenium activity, together with

the activities of the Group VIII metals of the same period revealed
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a pattern for the variation of catalytic activity, which was
similar to the variation in percentage d - character of the metallic

bond, reaching a maximum at osmium

Probably the most importaht function of rhenium in catalysis
nowadays is as an additive in platinum/alumina catalysts. The
catalyst generally contains rhenium in an amount comparable to the
amount of platinum present. The major advantage of rhenfum in the
catalyst is the'improﬁed maintenance of activity, which makes it
possible to obtain longer reforming cycles or to operéte at Tower
pressures to take advantage of higher formate yields. It has been
shown (106), that the difficulty involved in the reduction of
rhenium to the metal does not exist when the bimetallic cluster is
. coimpregnated on alumina. Platinum and rhenium are both reduced
to the metallic state, the reduction of the rhenium compound being
stronbly catalysed by p]atinum. It has also been found (107) that,

for such a bimetallic supported catalyst,
a) platinum and rhenium form alloys;

b) the percentage dispersion of the platinum plus rhenium metal
phase is almost independent.of the percentage platinum versus
platinum plus rhenium composition for a large range of

compositions, when the support is y-alumina;

c) the surface composition of the (Pt + Re) alloy metal phase
seems to differ by at most a 1ittle from the overall compos-
ition. The activity (107) of this supported bimetallic catalyst
has been examined to ascertain whether its activity in various
. reactions is simply the sum of activities of platinum and

rhenium, or whether more complicated features are observed.
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It was found that the curves of activity as a function of the
composition of the catalyst exhibited one or two maxima

in benzene hydrogenation, benzene-deuterium exchange, cyclo-
pentane and butane hydrogenolysis, whilst the rate of 1, 1, 3-
trimethyl cyclohexane dehydrogenation decreased as the

percentage of rhenium increased.

1.6 Metal Clusters

Whilst comparisons with homogeneous catalysis are having some
degree of success in characterising species chemisorbed on metal
surfaces, recent studies into the reactions involving metal clusters
could prove to be extremely important in solving the mechanistic
problems. The properties of this class of compounds are comparable
in terms of structural, stereochemical and thermodynamic consider-
~ ations, with those of a metal surface where there is extensive

chemisorption of molecules, radicals or atoms (108).

Systematic evaluation of metal cluster chemistry is essential
to the further development of the cluster-metal surface analogy.
One of the most interesting of all metal clusters is 053(C0)]2. This
cluster consists of an osmium triad, each osmium atom having four
carbonyl ligands attached to it (109). This is a particularly stable
complex as compared with its iron and ruthenium analogues. A feature
of 053((30)]2 less encountered with Fe?’(COh2 and Ru3(CO)]2, is the
tendency of certain electrophilic reagents, particularly halogens,
to break exactly one of the three bonds in the metal triéngle, SO
that a chain of three metal atoms linked by the necessary two metal
bonds will be produced (110). Decomposition stﬁdies of Ru3(CO)]2 and

053((30)]2 (111) have shown that Ru3(CO)]2 decomposes to ruthenium
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metal and carbon monoxide, whilst 053(00)]2 sublimes completely
before decomposition, condensation of the vapour being observed

on the quarz furnace tube.

The ability of the osmium cluster to break C-H and C-C bonds
is an extremely striking property which enhances the feasibility
of a comparison with metal surfaces. The reaction of 053(C0)12 with
ethylene (112, 113, 114) has resulted in the product of elementary
composition 053(CO)902H4. The two isomers which have been suggestéd

are shown in Figure 1.5

Structure 1.5(b) was originally thought fo be correct by
analogy with the products of reaction of 0:;3(00)12 with cyclic
monoalkenes (115), but N.M.R. considerations (128) in addition
to X-ray crystallographic analysis (114) have tended to favour structure
1.5(3). The M-H positions have not been unequivocally established but
the hydrogen atoms are non-equivalent, although they become equivalent
at high temperatures by an intramolecular exchange reaction (112, 11¢).
The basic reaction of ethylene is effectively a dissociative
"chemisorption" analogous to the well known dissociative ethylene
adsorption on metal surfaces (117). This result, as noted by Deeming
(112) raises the question as to whether the dissociative adsorption of
- ethylene on metal surfaces occurs by the loss of two hydrogen atoms
from a single carbon atom equivalent to structure 1.5(a) or the loss
of a one hydrogen from each carbon atom as has been universally
assumed and which agrees with structure 1.5(b). 'Both types of

*®
species &f:CEZCHZ and H?ing may exist on metal surfaces.
“ ] ErR



Figure 15

Possible Isomers of 053(CO)9C2H4
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The hydrogenation of 053(C0)9C2H4 in refluxing n-heptane
has led to the formation of H3'Os(CCH3)(CO)9 (118), the structure
of which has been established by nematic phase 'H N.M.R. spectro-

scopy and X-ray powder analysis, /MQ

(CO)308=1E0s(CO),
A LA
~0sg”
(CO)3
whilst the protonation of 053(C0)9C2H4 by CF3C02H in SO2 yielded

055(C0) gH, (C=CH,)) T(112) H, +
,CI?}C\

(CO)BS{S /%S(CO)?)
(CO)3

Similar triosmium cluster derivatives have been prepared from
the reaction of unsaturated hydrocarbons with HZOSS(CO)IO'
(119, 120, 121, 122, 123, 124). The reaction of acetylene and
substituted acetylenes leads to the formation of HOs3(CH::CHR)(CO)]O

(CO),
/ " AN
/H\
(C0)30s7==0s(CO)y
C 7y
C
“R
in which there has been a transfer of a bridging hydrogen atom to
the organic molecule. Conversion of this structure to

053(C0)9C H, can be achieved by heating with loss of CO and transfer

of a hydrogen atom back to the metal. This hydrogen transfer process
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from the bridging position to the organic molecule is a common
feature in triosmium cluster chemistry, having been observed

with alkynes (121), alkenes (122) and dienes (123, 124), and

has recently been shown to promote the facile catalysis of alkene

isomerisation (120).

Recent work has shown that metal c]uéters are active in the
catalysis of many reactions. Examples of interest include:
the cyclization of aéety]ene and buta-1:3-diene by Ni4(CNR)7
(125); the polymerisation of allene by Ni(CNR)7 (125); Fischer-
Tropsch synthesis by several clusters including Ir4(CO)]2, RhG(CO)]6
and Rh4(CO)]2 (126); the hydrogen reduction of carbon monoxide to
a]kanes by 053((20)]2 and Ir4(C0)]2(127). In these reactions there

was no evidence to suggest that cluster fragmentation had occurred.
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CHAPTER 2

THE AIMS OF THE PRESENT WORK

The object of the present studies was to investigate the

feasibility of supporting metal carbonyls on a silica support,

and of using such complexes or their derivatives as catalysts for

alkene hydrogenation and isomerisation. The main reasons for

undertaking such studies are:-

The potentiality of using supported metal and mixed metal
carbonyls for the preparation of supported metal catalysts
containing extremely small metal particles. Such methods
also present thé possibility of supporting Rhenium in the
zero valent state using supported ReZ(CO)l0 as starting

material.

The factors which determine the activity of heterogeneous
catalysts are unclear. Discussion of the mechanisms of
reactions of unsaturated hydrocarbons catalysed by metals is
severely restricted by a lack of knowledge of the nature of
the catalytically active form of the adsorbed species and the
nature of the active site on the catalyst surface. Since the
concept of homogeneous catalysis is better understood in terms
of isolating reaction intermediates, reproducibility,
selectivity and other factors, it is logical to support
heterogeneously a group of compounds which have been known to
be homogeneous catalysts and hence compare the catalytic

“~behaviour of the two systems.
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Currently, simple models of surfaces based upon metal clusters
are being employed in the 1nterpretatibn of chemisorption and
catalytic processes. This makes the study of metal complexes

such as 053(C0)12 and ha(ioz(CD)]2 of interest and importance.

The immediate aims of the research were as follows:-

a)

b)

d)

To characterise the supported metal carbonyls before, during
and after activation and to determine the conditions necessary

for catalytic activity.

To study the kinetics of the hydrogenation and isomerisation

reactions.

To determine the distribution of the reaction products in the

reactions of n-butenes with both hydrogen and deuterium.

To examine the possibility of "support effects" in the

systems under investigation.

To elucidate mechanisms for hydrogenation, isomerisation and

olefin exthange in these catalytic systems.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

3.1.1 Preparation of Mixed Metal Carbonyls.

Dirhodiumdicobalt dodecacarbonyl was prepared in a two stage
reactioh as follows:-
Pulverised rhodium trichloride trihydrate (Johnson Matthey Ltd.)
was treated with a continuous flow of carbon monoxide over a
period of several hours at a temperature of 100°C. Orange crystals
were obtained, some of which sublimed onto the walls of the reaction
tube, and the remainder of which was extracted from unreacted
rhodium trichioride with n-hexane. Recrysta11isétion of the

orange product resulted in pure ha(CO)4C1é (129).

2 (RhC13. 3H20) + 60 > Rh,(C0),C1, + 6H,0 + 2C0C1,

The infra-red aﬁd mass}spectra of the recrystallised product agreed
with those in the literature (129). Further reaction of Rh,(C0),CT,
with COZ(CO)B (Fluka Chemicals) under nitrogen at room temperature
yielded dicobaltdirhodium dddecacarbony] after three days (130).

The solution was fi]téred and the solid product was extracted with
n-hexane until the extract was colourless. Cooling of the combined
washings to-709C gave the brown crystalline product.

Infra-red analysis:-

‘Table 3.1

5 (C0) (em™ 1)
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Table 3.1

D (C0) (em™))

Literature This Work
2074w 2073w
2064s 2064s
2059s 2059s
2038m 2040m
2030m 2030@
1920w 1920w
1910sh 1910sh
1885s 1885s
1871s 1870s

1855w - 1855w

\ Elemental analysis showed:-

C =22.8%; Co = 16.5% (required C = 21.8%; Co = 17.8%)

Mass spectrometric analysis proved very difficult owing to the
instability of the mixed metal carbonyl. Introduction of the sampie
to the chamber resulted in a continuous evolution of carbon monoxide.

The product was stored under nitrogen due to its instability in air.

Attempts were also made to prepare mixed iron-ruthenium carbonyls
as carried out by Knight et al. (131) to ascertain their catalytic
activity when supported on silica. Triruthenium dodecacarbonyl was
- refluxed with iron pentacarbonyl over a period of 20 hours.

Subséquent separation of the products, namely Ru3(CO)12 (yellow),
Fé Ruz(CO)]2 (red) and FeZRu(CO)]2 (purple) could be achieved by

eluant. This separation, however, could only be effected by a co.rser

grade silica than the "Aerosil" type which was desired as support.
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As a result of the difficulty involved in eluting the products from
the column and then supporting them on "Aerosil" silica, the
preparation of catalysts of these mixed iron - ruthenium compounds

proved unsuccessful.

3.1.2 Catalyst Preparation.

Silica Supported Triosmium Dodecacarbonyl (053gC02]2)and

Dirhenium Decacarbonyl (Reo(CO)]OL.

2% W/W of triosmium dodecacarbonyl and 2% W/W dirhenium
decacarbonyl on ?Aerosi]" silica were prepared in the following
manner. 1g of "Aerosil" silica was pre-dried at 500°C in vacuo
and then suspended in 25 ml of spectroscopic grade dichloromethane
‘under a steady stream of dry nitrogen. 0.02g of 033((10)]2
(Johnson, Matthey and Co. Ltd.) or of Rez(CO)]O (Fluka Chemicals)
was dissolved in 10 ml of sclvent and the resulting solution was
added with constant stirring to the silica suspension, which was then
stirred constantly and evaporated to dryness in the dry nitrogen stream.
The residue, which was a free flowing powder, was stored under dry

nitrogen until required.

Silica Supported Dicobaltdirhodium Dodecacarbonyl (thggz(CO)]zl

2% W/W of dicobaltdirhodium dodecacarbonyl supported on "Aerosil"
silica was prepared as follows: 0.02g of haCoZ(CO)]2 was dissolved
in 10 ml of spectroscopic grade n-hexane and the resulting solution
was added, with constant stirring, to a silica suspension prepared
in the same manner as described above for the rhenium carbonyl
catalyst. The resulting suspension was evaporated to dryness under

a steady flow of dry nitrogen to yieid a free flowing powder.
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The catalyst was then stored under dry nitrogen until required.

Silica Supported Osmium Metal Catalyst.

2% W/W osmium on "Aerosil" silica was prepared as follows:-
an aqueous suspension of "Aerosil" silica (5g) was impregnated with
an aqueous solution containing 0.155g of osmium chloride (approx.
64% osmium). The resulting suspension was evaporated to dryness
on a steam bath and finally dried in an air oven at 120°C.  The

residue was a dark grey powder and this was stored in air.

3.1.3 Gases

Cylinder hydrogen (Air Products Ltd.) was used as supplied

without further purification.

Deuterium (Norsk Hydro, Ltd.) was 99.95% isotopically pure

and no further purification was carried out.

Chemically pure grade but-i-ene, trans - but-2-ene and cis -
but-2-ene (Matheson Co. Inc.) were found to contain no impurities

detectable by gas chromatography and were merely degassed before use.

Cylinder helium (Air Products, Ltd.) was used as the carrier in

the chromatograph.

Oxygen free nitrogen (British Oxygen Company) was used to
provide an inert atmosphere in which Thermogravimetric Analysis
could be carried out, and also as an inert atmosphere for catalyst

preparations.
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3.2 Apparatus

3.2.1 The Vacuum System

The reactions were carried out in a static vacuum system
(Figure 3.1), which was evacuated by a mercury diffusion pump P2’
backed by an o0il filled rotary pump P] producing a vacuum of 10'4'
torr or better. A1l taps and joints were lubricated with "Apiezon N"
high vacuum grease. Storage vessels SV] and SV2 for hydrogen and
butene were connected to a further vessel MV, in which a mixture
of the two reacting gases of the required composition was stored.

A reaction vessel RV of capacity Ca. 1OOcm3 was used, which was
connected to manometer M, allowing the measurement of the pressure
Change during the course of any reaction. Expansion vessel E was
‘used for the collection of the products from the reaction, whilst
condensation spiral F facilitated the separation of the hydrocarbon

products from unreacted hydrogen. Sample tube G was the means where-

by the products were transferred from the system for analysis.

3.2.2 Procedﬁre.

For each series of reactions, 20mg of catalyst, in the case
of the silica supported dicobaltdirhodium dodecacarbonyl, or 80mg

of catalyst in all other cases were used.

Pretreatment of the catalyst varied depending on the catalyst
and could be effected by surrounding the reaction vessel with an
asbestos insulated electric furnace, the current to which was
controlled by a "Variac" transformer. The temperature of the reaction

vessel was measured using a "Comark" electronic thermometer fitted

with a Cr/Al thermocouple.

To carry out a reaction, a suitable pressure of reaction mixture
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(200 torr) was admitted to the reaction vessel RV via tap R.

The rate of the reaction was monitored by determining the observed
pressure fall on the manometer at various time intervals, and the
products were removed for analysis by expansion into vessel E which
had previously been evacuated. Vessel F was now cooled by sufrounding
it with a Dewar flask containing liquid nitrogen. Evacuation of E
resulted in all of the hydrocarbon products freezing out in vessel F,
whilst all the unreacted hydrogen was pumped away. From the spiral
trap the products were condensed into a sample vessel for transfer
to the gas chromatograph. The whole system including the reaction
vessel was then evacuated over a period of about 15 minutes between

runs.

- 3.2.3 The Gas Chromatography System.

The system is shown as a block diagram in Figure 3.2.

The sample inlet system is designed to enable samples of
reaction products to be introduced to the separating system and is

shown in Figure 3.3

Procedure: The sample products from the reaction in the static
system were introduced to the sampling system by attaching the
vessel to the sample inlet and firstly evacuating that volume of
the system which had been open to the atmosphere. By suitable
manipulation of taps T] and Tz, the system could be arranged so
that the carrier gas by-passed the U-tube, whilst at the same time
the U-tube was beihg evacuated. After isolating the system from
the pumps, the required pressure of sample was admitted and taps T}
and T2 were turned 120° anti-clockwise simultaneously to allow the

carrier gas to sweep the sample in the U-tube onto the column.
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The column consisted of 12m of 6 mm 0.D. glass tubing packed
with 33% W/W dimethylsulpholane on 30-560 mesh firebrick. At an
operating temperature of 20 i_3OC and a carrier gas flow rate of
4Ocm3 min_]. the retention times were 26, 36, 44, 51 minutes for

n-butane, but-T-ene, trans-but-2-ene and cis-but-2-ene respectively.

The detector was a Gow-Mac hot wire Katharometer operated at a
filament current of 250mA. The output from the detector unit was
fed into a Servoscribe potentiometric recorder operating at 10mV
full scale deflection. A typical recorder trace for the products

of reaction is shown in Figure 3.4.

At the start of each series of analyses, a sample of a
“standard" mixture of the expected products of reaction was passed
through the column. The mixture contained a known percentage of
each of the constituents. Thus by measuring the area of each of
the peaks in the trace obtained from this known sample using a fixed-
arm planimeter, it was possible to derive a relationship between the
partial pressure of each of the constituents in the standard and the
area of each respéctive peak. The ratio of the two parameters was
termed the sensitivity coefficient and this was used to calculate
the partial pressure of each component in the unknown reaction

product mixture.

3.2.4 Mass Spectrometry Analysis.

On elution from thé chromatograph each hydrocarbon component
of the reaction product mixture was collected and analysed by mass
spectrometry. This was carried out for those reactions where

deuterium was used.
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The method of collection involved the eluant gases being
diverted so that they passed through a series of collecting traps

similar to that shown in Figure 3.5.

The two-way taps in each collector could be arranged either
to allow the gas flow to be directed through the U-tube or to
direct the flow so that it by-passed the U-tube. Each U-tube was
surrounded by a Dewar flask containing liquid nitrogen. ‘As each
~gas was eluted from the column and passed through the detector, the
responsewas registered on the recorder trace. At this instant the
two way taps in each collector in turn were arranged to allow the
gas to pass through the U-tube and condense out. Condensation

was facilitated by the presence of glass wool in the trap.

After elution of the whole sample, the carrier gas was dis-
connected from the collecting series of cold traps. Each trap was,
“after evacuation to remove the carrier gas, allowed to warm to
ambient témperature and the hydrocarbon sample was condensed into
an evacuated sample vessel and transferred to the mass spectrometer

for isotopic analysis.

Mass spectrometric analyses were carried out using an A.E.I.

M.S.20 mass spectrometer under the fo]Towing operating conditions.

Magnetic Strength 4.5 kG.
Electron Voltage 20 eV
Trap Current 50 V

Ion Repeller - 2.8 V.
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3.3 Analysis of Catalysts.

3.3.1 Infra-red Analysis of Catalyst.

Catalyst samples were examined by pressing 40 mg of a 2%
carbonyl sample in a 16 mm stainless steel die at a pressure
of 8 tons in"% for Five minutes and then transferring the disc
immediately to a Unicam S.P. 200 G grating infra-red spectro-

photometer, where a spectrum of the required region was taken.

3.3.2 Thermal Volatilisation Analysis (T.V.A.)

Basic Principles:- T.V.A. involves a continuous measurement of

the pressure exerted by the volatile products as they are released
from the heated catalyst. Dégradation is carried out under high

vacuum conditions and the volatile products are thus continuously
pumped from the heated sample. The volatiles pass to a cold trap
and the response of a pirani gauge placed between sample and trap

is recorded continuously as a function of oven temperature.
Procedure.

150 mg of a 10% sample of the catalyst was heated on the base
of a glass tube, 20 cm long and 4.5 cm diameter, constructed from a
pyrex SRB 40 socket. The trap of the tube and the greased socket
joint was cooled by a water jacket during the experiment. Heating
was carried out by using a Perkin Elmer F11 oven equipped with a
linear temperature programmer, by which the sample could be heated
Tinearly from ambient temperature to 500°C at a rate of 10°C min'1.

The oven temperature was recorded using a chromel-alumel thermo-

couple, fixed near the base of the tube.
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The products of degradation could pass through four equivalent
routes, each with a secondary cold trap, operating at four different
temperatures, 0, - 450, - 750, - 100% respectively. After each of
these traps was placed a pirani gauge, which measures the pressure
exerted by the volatile products which were not condensed by fhat
particular trap, and a liquid nitrogen trap. A fifth pirani gauge
was positioned after one of the Tiquid nitrogen traps. The outputs
from the five piranf gauges were fed into a multipoint recorder
via a mu]ti-éauge head unit, where they were recorded in conjunction
with the output from the oven thermocouple. Thus the volatiles from
the heated sample were fractionated according to their condensability
at each of the five temperatures and a differential condensation T.V.A.

thermogram obtained. (See Figures 3.6 and 3.7).

3.3.3 Thermogravimetric Analysis (T.G.A.).

As the Du Pont 950 thermogravimetric analyser cannot be used
under high vacuum conditions, all the T.G.A. experiments were carried

out‘in_an atmosphere of Nitrogen.

The boat éhaped platinum sample holder measured 1 x 0.5 k 0.25 cm
deep and the temperature measuring thermocouple was placed 0.1 cm from
the sample holder. The rate of gas flow was 80cm3 min~1‘and the sample
size was 5 mg. Due to low concentration of complex on the inert
silica, the scale for weight loss on the y axis was adjusted such that
full scale deflection was equivalent to only 20% weight Toss. |

1

Degradation was carried out using a heating rate of }OOC min ', the

. . 0
sample bcing heated from ambient toemperature to 500°C.

3.3.4 Electron Microscopy of the Catalyst.

To prepare the supported complex for examination, a small
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sample was ground to a fine powder and then mixed with a few drops
of water. The resulting suspension was applied to a 2.3 mm
specimen support copper grid covered with a carbon film. The sample
was left to dry for 24 hours, after which it was in a suitable state

for examination.

Catalyst samples were examined using a J.E.M. 100C Electron
Microscope, Qperated at 100 kV. Magnification of x 50,000 and
x 100,000 was achieved by the instrument itself, with a further
magnification of x 10 being achieved by the enlarger in the

photograph development process.
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CHAPTER 4

TREATMENT OF RESULTS

4.1 Rates of Hydrogenation

A plot of pressure-fall against time is a measure of hydrogen
uptake by the hydrocarbon in the course of the reaction. Thus the
gradient of a tangent to any point on the pressure-time cUrve gives
a measure of the change in reactant pressure with change in time at
that particular point in the reaction, that is, a measure of the
rate of hydrogenation. Therefore a tangent drawn to the pressure-
time curve at time zero or alternatively at the end of the induction

period gives a measure of the initial rate of hydrogenation (rh).

4,2 Initial Rates of Isomerisation.

Initial rates of isomerisation could be calculated by means of
a method first used by Twigg (8) and later developed by MacNab and
Webb (13). From this method the following equation could be derived:

ri = logyy (1-ygq,) = Togyg (¥ = ¥eq) X 2.303 (1-yq) (pg) o/ teX
where ri = initial rate of isomerisation
y = fraction of reactant butene remaining
yeq = thermodynamic equilibrium fraction of
reactant butene.
(pB)0 = initia] pressure of reactant butene
tex = time from the start of reaction until sample

was extracted from reaction vessel (extraction

time).
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4.3 Determination of Reaction Kinetics.

The determination of the dependence of the rates of hydrogenation
and isomerisation upon the initial pressures of reactants was based

on the assumption that the rates could be defined by the following

expression.
X y
ro= kpy p
H2 C4H8
where r = rate of reaction
"k = rate constant

Py = initial pressure of hydrogen
2 .

PC H = initial pressure of butene
4’8

Xy ¥ = order of reaction with respect to

hydrogen and butene respectively.

To determine the order with respect to one of the reactants,
the initial pressure of that reactant was varied whilst the pressure
of the other reactant remained constaht in a series of reactions at a
constant temperature. Orders of unity and zero could be recognised at
once from plots of rate against initial pressure, whilst non-
integral orders could be determined from a plot of log 10 (rate)

against 10910 (initial pressure).

4.4 Determination of Activation Energy (Ea).

The relationship between the rate constant and temperature for
a given reaction could be expressed in the form of the Arrhenius

equation:

~-Ea/RT
k = Ae
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By considering the more easily obtainable initial rates for
the reaction and substituting those for the rate constants, the

equation could be expressed in the related form:

ri = A] o -Ea/RT
_where ri = initial rate of reaction
Ea = activation energy
R = gas constant
T = temperature
A,A] = pre-exponential constants.

_Initial rates were measured as a function of temperature in a
series of reactions where the initial reactant pressures were
constant and the vafiation of temperature was completely random.

A plot of Tog (initial rates) against reciprocal abéo]ute temperature
resulted in a straight line of gradient 'Ea/2.303R from which a value

for Ea could be obtained.

4.5 Interpretation of Chromatography traces.

As discussed in a previous chapter it was3possib1e to relate
the area under any given peak tb a partial pressure of the product
responsible for the peak. The sum of all the individual partial
pressures of the products coming off the column agreed with the total
pressure of products swept into the column as measured by the mano-
meter in the sample inlet. Correspondingly, the percentage hydro-
genation as measured from the trace in calculating butane as a
fraction of total product mixture agreed with that measured directly
from the change in pressure in the course of the reaction carried out

in the static system.
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The data obtained from the traces also supplied the necessary
information for the calculation of initial rates of isomerisation

as described earlier.

4.6 Product Analysis by Mass Spectrometry.

The hydrocarbon products of the reaction of deuterium with

but-1-ene were analysed by mass spectrometry.

The sample was introduced to the mass spectrométer and subjected’
to an electron beam of energy 20eV. This voltage was sufficient to

cause both ionisation and fragmentation.

The intensity of the parent ion in the hydrocarbon was by far
- the most abundant and was given the value of unity whilst the
fragments C4H7+ and C4H6+ which were called f] and f2 respectively

were expressed as fractions of the intensity of the parent ion.

In calculating the distribution of deuterium in the
deuterated products of reaction, it was required to have accurate
values of f] and fz for each of the possible products of reaction.
These values were unobtainable, but it was justifiable (132) to
analyse a sample of light hydrocarbon for each possible product

under the exact same operating conditions as for the deuterated

products and use the values of f] and f2 obtained from this.

The purpose of measuring f] and f2 was that in examining the
intensity of the observed ion current for each deuterated parent ion,

a peak was being observed which consisted of twc contributicns:-

‘1) the parent ion of that particular Mre ratio.

ii) the fragments of more deuterated hydrocarbon species.
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In order to compensate for that contribution to each peak
which rose as a result of fragmentation of species of higher mass,
a series of simultaneous equations was set up, which enabled the true
parent ion ihtensities to be calculated. These equations vere
dependent upon the assumption that the f] and f2 values for the
deuterated butenes were the same as those calculated for the light
butenes. Apart from using f] and f2 values in the determination of
these equations, account also had to be taken of the statistical
probability of whether hydrogen or deuterium atoms Qere lost in the
procéss of fragmentation. The modifications made in the equations
were based solely on the percéntage of each atom in the butene, whilst
the isotope effect on bond strength was not considered. The full
series of equations used in the analysis of each hydrocarbon was

calculated and is given in full in Appendix A.

13¢. the

Since naturally occurring carbon contains 1.1% of the
observed parent ion intensities had to be modified to account for
this isotopic abundance before correction for fragmentation is
carried out. This was done by subtracting 4.4% of the ion current
intensity for the dO species from that of the d] species. 4.4%

intensity was then subtracted from the d] species, corrected for

13-carbon, to give the corrected d, species and so on.

The final deuterium distribution was determined by expressing
each of the corrected ion current intensities as a percentage of

the total intensity.

The deuterium number - the mean number of deuterjum atoms per
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molecule - could be calculated from the expression
n
D.N. = Z1d1.
i=1

where di is the fractional abundance of the species containing i

deuterium atoms.
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RESULTS SECTION

CHAPTER 5

THE REACTIONS OF BUT-1-ENE WITH HYDROGEN

ON SILICA SUPPORTED TRIOSMIUM DODECACARBONYL

5.1 Catalyst Characterisation

5.1.1 Initial Observations

The supported complex was a pale ye]lqw colour at room temper-
ature. On actiVation in vacuo this pale yellow colour initially
intensified until at a temperature of about 170°C, the complex
égai