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SBOARY

The object of this investigation was to study the self
poisoning of the exchange reactions of hydrocarbons with deuterium on
platinum and nickel catalysts, The exchange of methane, propane, butane,
and neopentane has been studied on various platinum catalysts; and the
exchange of cyclopentsne and cyclochexane has been studied on evaporated
nickel {ilns,

The mass spectral data for the hydrocarbons, with the exception
of propane, were analysed by statistical methods using a general computer
program, In the case of the isotopic propanes, where the variation between
the fragmentation patterns of propsme and perdeuteropropene made it
impossible to correct the mass spectral data accurately by statistical
methods, mutgnaml”duhgtumhrmmmﬁ
for the variation of the fragmentation patterns of the isotopic molecules
with deuterium content.

The surface areas of evaporated platinum films were calculated
from krypton adsorption measurements at 779K by application of the B,ET,
equation and the 'Point D' method; and an excellent correspondence was
observed between the areas calculated by the two methods, Presintering
a £ilm at 2500C for 1 hr, in vacuo decreased the apparent surface area
relative to that of an unsintered film by a factor of Lab6s

On the unsintered platinum films propane, butane, and neopentane
exchanged readily at temperatures greater than 30°C, Presintering the
filmas at 250°C for 1 hr, in vacuo, however, necessitated reaction temperatures
in excess of B0OC to propagate the exchange of butane and neopentane,
Methane, in contrast to the %%ioouln, was much more Aifficult to exchange;
resction only occurring at temperatures greater than 180°C on both the
unsintered and sintered films, The specific activities of the unsintered
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All the molecules studied on the platinum catalysts undervant
extensive multiple exchange, The product distributions for the exchange
of propane, butane, and methane showed that all the possible isotopic
species were produced initially, whereas those for neopentane usually
did not contain isotopic species with more than three dusterium atoms,
It is suggested that the exchange of propane and butane is propagated by
the interconversion between %=, xp= and ¥ =gllylic intermediates,
whereas that for methane and neopentane occcurs by the interconversion
between = and weadsorbed intermediates,

The exchange of cyclopentane and cyclohexane on unsintered nickel
films occurred readily below 0°C, cyclopentane being the more reasctive
molecule, Presintering the films at temperatures greater than 270°C,
however, required temperatures in excess of 200°C to propagate the
enhqngo of eyclopentane, At temperatures less than room tupcratun on
the unsintered films only helf of the hydrogen atoms in cyclopentane and
cyolohexane were readily exchangesble initially, and it is suggested
that exchenge cecurs by the interconversion between k- and ¥seadsorbed
intermediates, For the exchange of cyclopentane and cyclohexane on the
unsintered films at higher temperatures, and for the exchange of
cyclopentane on the sintered films all the possible isotopic species
were produced initially, indicating that a 7-sllylic intermediate was
participating in the mechenism of exchenge, The exchange of both
molecules on the nickel films was extensively self poisoned, deviation
from the Arrhenius equation occourring with the activation energy tending
to negative values; and it is thought that this self poiscning was
ocourring by the formation of w/j- and, or widg-pdsorbed intermediates
on the sites catalytically active for the exchange reaction.
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films for the exchange of propane, butane, and neopentane were similar,
as were the specific activities of the sintered films for the exchange
of butane and neopentane, No evidence was obtained to indicate that the
primary hydrogen atoms in propane and butane were substantially less
reactive than the secondary hydrogen atoms; and the activity of both
types of films for the exchange reactions could be correlated with the
hydrocarbun primary carbon-hydrogen bond dissociation energies.
Presintering the films reduced their activity for the exchange of
methane, butane, and neopentane to a greater extent than could be
accounted for by the decrease in the spparent surfsce area, indicating
that the proportion of the surface which was catalytically active varied
slightly with the hydrocarbon studied, The exchange of neopentane was
also studied on platinum Y-alumina eand on tvo samples of a platiaum-
silica catalyst which had been reduced at different temperatures, The
platinum=silica catalysts were less active than the platinum Y-alumina
catalyst which had an activity similar to that of a sintered film,

The apparent first order rate plots obtained fur the exchange
of the hydrocarbons on the unsintered platinum films were slightly
retardedly curved, This curvature was ascribed to progressive sintering,
and not to self poisoning of the films during the reaction, because the
exchange reactions on the sintered films and on the supported catalysts
obeyed the kinetic eguation, and because the presorption of saturated
hydrocarbons at 105°C for 1 hr, on unsintered films produced enly a very
slight reduction in the activity of the films for the subseguent exchange
reaction of neopentane, The presorption of neopentane or a neopentane-

deuterium mixture at temperatures greater than 200°C on sintered filums
substantislly reduced the activity of the films for the exchange of

neopentane, indicating that irreversibly adsorbed species could be

formed at high temperature,
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The influence of catalytic agents upon resctions has been
imown for a very long time, for example, the alchemists in the middle
ages produced ether by the action of sulphuric acid on alechol, There
was, however, very little understanding of how, or why, catalysts
acted, This understanding of the fundamental nature of a catalyst
had to await the development of chemistry as an exact science,

the Sibept of shbtulyeis s fives Jibebhiesd by Berzettus (1)
to group together the results obtained by a nuwber of other workers
(30 54 saly cumslavel; howver, Ahe sncants of the predante
produced by the catalyst, and not their rate of formation, leading
him to suggeast that the catalyst acted by a kind of chemical affinity
which produced increased yields of material, It is ncw known that a
catalyst dces not incorease the yield of a reaction but that it increases
the rate of approach to the thermodynamically possible equilibrium
position, The resction rate as a measure of catalytic sctivity was
£arat tutoetioed by Ostwald (&) shi aefined o catalyet s "sny subatsnee
which alters the velccity of a chemical reaction without sppearing in
the end product of the reaction".

Nere soventlys Hinsholneed (%) has statied Wed. o sstalyst
offers the possibility of an alternative snd more speedy reasction
route, and that a catalysed reaction can usually be explained in terms
of normal chemical reactions between the catalyst and substrate, to
give intermediates, which eventually break down to yleld products and
regeneration of the catalyst. Thus in order tc understand how a
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catalyst functions, it is necemsary to kmow the nature of the
intersediates formed between the catalyst and substrate, the reactions
in which they are produced and those they undergo in yielding the
products,; and also the reascns why the kinetic mechaniss introduced

by the catslyst gives a faster rate than is possible in its sbsence,
This pattern of formation and resctish of intermedistes is common to
aT) Satalyned séadtions, bub thevd 43 howevir, o goosh diversity:of
kinetic mechanisss snd rather than try to find cne mim--mm
i or catalytic Behaviour, it is easier to coaaﬂor catdyud rmtiul

: ‘hvaummenmmbdudihhkw

“if not in detail.

cgltd‘yaea resctions can be classified broadly into three
(a) Heterogeneously catalysed resctions,
(b) Homogenecusly catalysed reacticns,
(¢) Catslysed chain reactions. :
.‘!‘h.'-ark in this thesia bo'i-sng concerned exclusively with the first of

the above classnes,

" 1.2, Hsterogenecusly Catalysed feagtions

A heterogeneously catalysed reaction is one in which the
catalyst and the substrate sre in different phases, the most widely
»pfucublo case being that between a a0lid catalyst and a gasecus
reactants For catalyais tea teke place there must be an interaction of
some kind between the cetalyst and the substrate, The firat hypothesis
proposed was that the gas molecules were brought iato a chemically
active state by mechsnical iqpm with the solid surface, However,

the consideration of catalyst specificity, as shown by Dabatier (10),
ruled out immediately this simple hypotnesis, It was shown by
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Langmudr 1119 that metal surfaces could sdsorb gases and it was
reasonable to suppose that these adsorbed species could participate

in chemical reactions, The simplest supposition to make vas that the
increased concentration in the adsorbed layer could bring about the
increased velocity of reaction by virtue of s purely mass action

effect, The clearest proof of the inadeguacy cf this theory is afforded
by the study of those reacticns in which the samse substance can undergo
transformation in alternative ways. Thus alcohol vapour can be decomposed
acoording to the feollowing scheme,

Czli +«BO 1
L e & 2

C!!BCIiO * B2 11

Reaction I may be brought sbout over aluimina at 3009C, while copper

at the seme temperature favours reaction 11, Although the mass

action theory is inadeguate, the concept of adsorption developed by
Longmulr, snd the equstions e derived ‘') relating the amowmt of

gas adsorbed to the pressure in the gas phase have proved oI greai
value in the interpretation of the kinetics of many catalytic reactions,

1eJs Adsorption

It is now a well established fact that catalytic reactions
invelve the sdsorption of at least cne of the reactents upon the
catalyst surface, and experimental studies made of adsorption phenomena
have established that there are two main ways by which a molecule can
be held cn a catalyst surfaces These types of adsorption are referved
to as physical adsorption and chemdisorpticn.
thysical Adsorption: Here the moleoules are held to the surface by
Van der Vasls forces, comparable to those holding a liguid together,



-y
Since these forces are weak they are probahly not very important from
a catalytic viewpoint exeeit in very special cases (15 ).

The heat of physical adsorption is similar in magnitude to the
heat of condensation of the gas being adsorbed; and the rates of
adsorption and desorption are rapid, provided the surface is accessible,
and the processes readily reversible, From this viewpoint, physical
adsorption, although not catalytically important, can be very useful
for obtaining values for certain surface properties of the catalyst by
measuring the amounts of gas adsorbed under certain conditions. The
most important of these are the measurement of the surface areas of
catalysts by the method of Bruneuer, Eumett and Teller (16): 4na the
determination of the pore sisze distribution of supported or solid
catalysts (17'19).

Chemisorption: This type of adsorption consists essentially in the
formation of a chemical compound at the surface of the catalysts The
bunds for;ud between the reactant and the solid surface being similar
to those that occur in chemical compounds. Adsorption of the molecule
results, therefore, in an exchange or sharing of electrons between
the adsorbate snd the adsorbent, ¥hen the molecule is adsorbed on
the surface somwe degrees of freedom are lost, resulting in a decreasze
in entropy. GSince chend.sqrpuon is = spontaneous process the Gibbs

free energy must be negative and utilization of the equation
AG = AE =« TAS

shows that the heat of chemisorption must be negative, Chemisorption
is therefore an exothermic process with a heat of adsorption usually
in the range 80-200 k J sade™ , and chemisorbed species are thought

to be a prerequisite of catalytie reactions, The rates of adsorption

are very fast with small activation energies, a value of 2,0 k J mole™"
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having been reported for the adsorption of mitrogen on tungsten (29)
Chemisorption may, however, be sn activated process and is known in
two distinet types, One is the adsorption of nitrogen on iron
catalysts (21, 22), where slow adsorption oceurring on the bare surface
has been ascribed to the difficulty of dissociating the nitrogen-
nitrogen bond; and the second refers to the further slow uptake of
gas vhich sometimes follows fast initial chemisorption,

The velocity of slow chemisorptions often obey the Elovich

equation (23)

9 3
;{ e ae wy U P P

vhere v is the volume of gas adsorbed, t is the time, ﬁtﬂd\aﬁ
constants. |

It has been shown that surfaces do show slow adsorption at
relatively high coverages, Thus Rideal ond Trapnell (2u) reported a
slow adsorption of oxygen on tungsten after the cccurrence of an
instantanecus process, The Elovich equation also applies quite well
to these slow processes which sometimes follow fast initial
chemisorptions, thus on iron and nickel films the kinetics of the
uptake of hydrogen and carbon monoxide have been shown to be
Elovichian in nature (25°28), Enriich (29°32) nas shown that the
oecurrence of weakly chemisorbed surface structures are the precursors
of strongly bonded structures on tungsten and Taylor and Thoa (33)
suggested that if the value of ® in eguation 1.1 was characteristie
of the nature of the sites involved in the adsorption, then the
abrupt changes in the slope given by the plot of the integrated
Elovieh equation for some systems, indicated a changeover from one
kind of site to another at a certain stage of the adsorptiom, Thus, ;

the results of Maxted and Fvans (3u) for the adsorption of hydrogen
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o alean Fletinim, ind st ilakhm sodeonis with hodrades Sshiass
wiifol showel Brasks in the Elovich Slok, oould be siplaihed oa this
basis, ‘
It is, however, posaible that wore than cne mi'rm -

adsorbate su'uetura influences the kﬂ.mtio- of admptim Pnr
N riasie Bl of nk, 0% regorted :u.t studies of the iafra red
hapoctra of carbon wonoxide Mm o anm showed Ol'ﬂm. |
for two mim& As the oonupiuormodth. Mmm |
monoxide molecule, mhmmwwaupumatm. ‘
-'cnma.euto.tmnmum mmumm
atom, ‘I‘ho more impertent as,ects of chemisorption have been Jiscussed
"u.rwu-bycm;mawmpnu(m ‘ |

. The afiount of u.amaumu-m.uummum
dmm.mmmnea treatment proposed byx.mir(”) gave

the oq\utien

1+ an

" where © is the fraction of the surface covered by adsorbed mclecules,
p is ‘hﬁ g,n‘ pressure and a is a constant related to the heat of

. adsorption, ‘
Langmuir's egustion assumed that there were no lateral Mtwmm
between the adsorbed wzolecules, and so d;en not aceount for the faoct
that the heat of adsarytion deereases with coverage, Lsotherms that
have been :h{rivod to take account of this phenomencn include those
of Brunauer, lamett and verrer 1% sreunation (37 e

Tempkin ()b/. '

B
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fehe The Mechanism of Catalytic jesctions

Chemisorption of at least one of the reactant molscules is a
prerequisite to any hetercgenecus calalytic reaction, Two main
mechanisms have been suggested to explain the combination of the
reactanta at the xuta].‘aurfaoe. For saturated hydrocsrbons, it is
generally agreed that adsorption of the hydrocarbom om the surface
necessitstes the Aissocistion of at least cne of tlu carbon=-hy rogen
 bends, nhcreuAmuturatqd hydrocarbons may be chemiscrbed either
dissociatively - asscciatively, There are, however, two well
established mechanisms by vhich disscelatively chemlsorbed species
may reset. Ome is the Langmir-finshelwood mechanisd, where all the
Pesied are Snendabibel | s Artes

l

D, @ D Onfiget- W o Colm-qd - B
; gt O IR | —
* * * * *

and the other, is the Lley-iideal wechanism where tne of the reacting
suecies is wasecus or physically ad-orhod.ﬂl.e..
DF Cw'.1

D
i ' —__"l
& * *

4D

4

Detailed arguments have been jput forward in mpport of each of these
mechanisas rer the exchange of hydrogen and douterwu, but there is
no clear evidence that one of these sechsnisms Operates to the total
exclusion of the other, | Sl

It might be assused thet a catalytic reaction oceurs over

the vhole of the available surface. DIvidence that this is not true,

a continuous 1line denotes a cheminorbed species, and a dotted
line a physicslly adsorbed species,
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has been found from a study of the hydrogenation of ethylene on nickel
rilas (3%), whe preportion of the satalytic surface that is sctive
for catalysis iz a function of the catalyst and the reaction that is
being catalysed, Ividence for the presence of highly active sites has
been presented by Kemball (40) for the exchange of alkyl bengencs with
deuterium, Heating a nickel film to 200°C, or presorbing carbon monoxide
on it, inhibited the exchange of the ring hydrogens to = much larger
extent than the hydrogens in the substituent alkyl groups.

Yor a catalytic reaction five rate determining steps may be
possible:

(1) The diffusion of reactant moclecules to the surface,

(2) Chemisorption on the surfece.

(3) The surface reaction,

(4) Desorption from the surface.

(5) The diffusion of the products away from the surface,

then studying the kineties of a catalytic resction, it is
important to know which of the above steps is the one which controls
the overall rate of the reasction. For the catalysts studied in this
work it was highly improbable that steps (1) snd (5) were rate
determinings If a resction is diffusicn controlled, the rate of
reaction is only very slightly dependent upon the temperature, and as
the rates of exchange reported in this work gave good straight Arrhenius
plots, it was concluded that diffusion controlled processes were not
playing any significant part in the reactions studied, The methods for
deciding which of the other steps is rate determining are usually based
on cther kinetds datas A typlosl approsch is thet of Fusser and Dmett ')
who found that the rete of exchange of “ONp with 0N, agreed well with
the rate of formation of ammonia from nitrogen and hydrogen, thus
concluding that chemisorption of the nitrogen was the rete determining

step.
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The exaet mechenism of the surface reaction is very difficult
to determine, since the nature, properties and concentrations of the
various chemical species cennot easily be derived from an examination
of the kinetics of a catalytic reaction, Only the direct techniques
such &8 L 84Re, IR, and other types of spectroscopy are capable of
giving direct information on the nature of surface speciscs, and even
here the results are often difficult to interpret, MNuch interesting
information concerning the bonding of molecules, and of hydrocarbons in
particular, may be obtained by the use of 'tracer' elements or deuterium.
Thus, Anderson et al, (u2) used 13C tracer methods to determine the mechanism
of the isomerization of alipbatic hydrocarbons on platinum and palladium
films, 2nd Kusmmer and Emmett i used radicactive alcohols to elucidate
the mechanism of Fischer-Tropsch syntheses, The major use of a 'tracer'
element to elucidate the mechanism of a catalytic reaction has been that
of exchanging the hydrogen atoms in hydrocarbons with deuterium, and
following the deuterium incorporation by mass specirometry. These
chemical 'reactions' are of a very special type as both reactants amnd
products ere the same chemically, only differing in mass. The
literature in this field has been excellently summarized in & number
of reviews (4h=18)

.

The exchange reactions of hydrocarbons with deuterium can be
separated into two main categories, viz, processes which give stepwise
replacement of rydrogen by deuterium and those which lead to multiple
exchange, Both of these processes can occur together although they
will be treated separately.

In a stepwize exchange reaction, only 2 single hydrogen atom
is replaced by a deuterium atom in each molecule which reacts on the
catalyst surface, The initial product distribution will only contain

the monodeutero species, and species containing more than one deuterium



atom can only be formed by successive reactions of the reactant on the
catalyst surface, The adsorbed intermediate which is responsible for
simple exchange must, therefore, be a comparstively stable entity on

the catalyst surface, with a very small probability of undergoing further
reaction involving the introcduction of a seecond deuterium atom.

In the multiple exchange reaction, mére them one deuterium
atom is introduced into the molecule on each interaction with the
surface, and the initial product distribution will contain species
having more than one deuterium atom.

Ye may consider as an example the exchange of ethane with
deuterium on evaporated metal films, It was found (49) that on filas
of tungsten and molybdenum ethane tended to exchange only ome hydrogen
atom per visit to the surface, whereas on pallsdium and rhodium all six
hydrogen atoms were exchenged initially, Two mechanisms were proposed
for the reaction; the formation of an adsorbed ethyl radical was
postulated on the former two metals, while on the latter the exchange
was achieved by the interconversion between an adsorbed ethyl radical
and an adscrbed ethylenc speciess Various other adsorbed intemmediates
have been postulated to account for the exchange of hydrocarbons. Thus
a A bond, similar to that in ferrocene, mpropom(so)umldn
the exchange of the hydrogen atoms in polymethyleyclopentanes, and
an o=-) adsorbed intermediate has been proposed to explain the exchange
of necpentane on tungsten and rhedium filas (3'),

The deuterium exchange technique, does not give an absolute
proof of the mechanism of the catalytic reaction, but by assuming that
the hydrocarbon may form certain types of adsorbed intermediates, and
drawing an analogy with previous results, the catalytic mechanism may
be inferred but not rigorously proved.
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The geometrical properties of reactant molecules and the crystal
habit of contact cataulysts can play a very important role in catalytic
reactions., Catalytic activity may be favoured if the reacting species
interacts with the surface in such a way that its atoms have a particularly
favourable fit relative to the array of the atoms in the solid surface,
This epproach has been applied essentially to hydrogenation reactions,
and the relationship between stersochemical considerations and the mechanism
of olefin hydrogenation has been reviewsd by Siegsl \’2) and by Bond and
wells (93),

It was clear, however, that the operation of a geometric effect
alone cculd not explain all the observed phenomenaz, The development of
the more general electronic factor in a precise manner had to await
advances in the theory of the solid stete, For most reactions,
transition metals have a far higher activity than non-transition metals,
and this must be associated with the vacant d-orbitals of the former .
The percentage d-character has been used as a correlation of the heats of
adsorption of ethylene and hydrogen on evaporated films by Beeck (’5).
Alloys offer & very convenient method of continually varying the
paroentige S-3and sharsater oF & satalywt, and remite (36057) oisina
using them show a definite correlation between the percentage d~-bond
character of the catalyst and catalytic activity,

The concept of electronic factors in metal catalysts has,
however, resently been eriticised (°0), and the esphasis placed,
instead, upon the relation between the energetics of surface snd bulk
compounds, It has been found (%) that the aetivity of metals for the
decomposition of formic acid could be related to the heat of formation
of the metal formates by a 'volcano-sheped' curve, The interpretation
proposed was that, when the heat of formation is low (e.g. gold), the
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rate is low because of the low concentration of adsorbed species; but
when the heat of formation is high (e.g. nickel) the rate is low because
the adsorbed species are too strongly helds A maximum rate may, therefore,
be expected when the heat of formation is such as jJust to give a fully
coversd surface,

It can be seen that both the electronic factor and the chemical
factor have their proponents. It would, however, seem likely that no
catalytic reaction can be described completely as being due to either one
factor or the other, but probably as a combination of boths The factor
which is predominant will probably depend upon the system. For a complete
description of the catalytic system, one would need to treat the
interaction between the chemisorbed species and the surface by a molecular
orbital approach.

1.6. ZIhe Use of Notals as Catelysts

Yor a metal to be of use ag an effeotive catalyst, it must
present to the gas phase as large & surface area as possible, The
metal to be used can be in & number of forms; sponges and skeletal
metals, such as Raney nickel, are not, however, used very much because
of the difficulty in obtaining a non-contaminated metal surface. A lot
of attention has, therefore, been paid to methods of preparing metals in
a state of high surface purity. Of these, the one which has the widest
industrial application is the metal supported catalyst. MNetal supported
catalysts are usually prepared by impregnating a support, such as silica,
with a solution of the metal salt, drying it, and then reducing the selt
to the metal at high temperature, Although exchange reactions have been

carried out on metal supported catalysts (60'62). it

would be falir to say
that they have been mainly used for the study of hydrogenation-

ashydrogenstien (53-67), hytrogenclyeis (68T, ssomerisation (72-TH),



13 &

or aromatisstion (75) resctions. The main difficulty in studying
reaction mechanisms on these catalysts has been in deciding whieh
mechanistic steps may be attributed to the metal and which to the
wppert 19,

Netals can be prepared in a state of high surface purity and
surface area by evaporating them from 2 thin wire onto a substrate, by
resiptance heating, The use of these evaporated metals as catalytic
systens dates from the work of Besck et al, in 1941 (77}, The methoa
used is that a thin wire of the metal is sealsd into & 'pyrex' glass
container, the container being outgassed by external heating while
dissolved species are removed from the wire by resistance heating.
After attaining a sufficient state of purity, the vessel is brought
to some convenient temperature and the current passing through the
wire is increased until atoms evaporate frem its surface and condense
on the walls,

lietal films prepared by this technique are porous in structure
as can be seen from the fact that their apparent surface area is several
times greater than the geometric area, The films themselves consist of
large crystallites, the non-coherence of which is shown, in for example
the case of nickel (77), by the fact that the elestrical conductivity
of the film is much less than that of the bulk metal, Films prepared
by deposition in vacuo tend to be uncriented. 1t was originally claimed,
however, that if the evaporation of nickel was carried out in a vessel
conteining an inert gas at a pressure of about 0.1 Kin~2, the filn was
preferentially orissted (77, This has since been dlsproved (70, san
it appears that the degree of orientation is not affected by this
procedure, Films may however be prepared in en orientated form by
deposition upon a suitable substrate and these oriented orystal planes
have been shown to have importent eatalytic preperties *2), The metal



o ik =

films used in this work were not deliberately oriented; it was
possible, however, that sintering at high temperature, which caused a
consequent decrease in surface area, also oriented the films to a small

As has been mentioned previocusly in this thesis, for a catalyst
to be effective, chemisorption of at least one of the reactants upon the
catalytic surface is necessary, "hen a hydroecarbon is adsorbed upon
the catalyst surface a mumber of 'adsorption phases' are possible:

(1) Reversible esdsorption of the hydrocarben by dissociation

of the carbon=hydrogen bonds.

(2) Irreversible adsorption of the hydrocarbon by dissociation
of the carbon-hydrogen bonds but without dissociation
of the carbon-cexbon bends. '

(3) Irreversible adsorption of the hydrocarbon with dissccistion
of the carbon-carbon bonds.

For any catelyst, and dependent upon the temperature, reaction of the
hydrocarbon with hydrogen or deuterium mey involve either all or some
of these 'adsorption phases', If we consider an idealized case, as the
reasction temperature is increased a gradual change in the nature of the
adsorbed species ooccurs, viz, phase 1 progressively going to phase 2 and
then to phase 3.

Humerous investigations have been carried out upon the
exzchenge of hydrocarbons with deuterium with adherence to apparent
firat order kinotish (phase 1) STPH00) - oy chon the hydaecsnsiing of
saturated hydrocarbons (phase 3) (&1 ’“3). Very little attention has
been focussed, however, upon the intermediate stage (phase 2), where
the gradual formation of irreversibly adsorbed species causes
breskdown of the apparent first order kinoties. One of the clearest
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exemples of this 'self poisoning' of an exchange reaction is shown by
the exadangs of p-bexane with dewteriun on rhodiae rilss () wuq s
hulnncrsuol(&’) that self poisoning of exchange reactions should
occur more widely than has been apparent from the literature,

According to the results obtained with polymethyl
eyolopentanes (2°), platinus is quite sctive as a ocatalyst for forming
oy ~diadsorbed intermedistes, Anderson and ivery (*2) showed that the
hydrocracking of saturated hydrocarbons om platinum films was brought
sbout by the formation of an ua)y =triadsorbed intermediate, If we
consider the exchange of neopentane with deuterium on & platinum film,
then for neopentane to exchange all twelve hydrogen atoms by a
multiple exchange mechanism it must form an cy-diadsorbed intermediate.
The guestion in which we were interested was:- If the neopentane starts
to exchange by an oy intermediate, will this be reversibly edsorbed or
will it form the ucy intermediate postulated by Anderson and Avery, end
hence self poison the resction? For this reeson it wes decided to study
the exchange reactions of the lower aliphatic hydrocarbons on platinum
films, and if they began to self polson, to try and find out scme
information about the nature of the adsorbed species responsible for
self poisoning by presorbing hydrocerbons upon the film, and determmining
their effect upon the rate of exchange and the product distribution of
the subsequent exchange reaction,

Metal films are very active catalysts but do not really bear
very much resemblance to the catalysts used industrislly. Industrial
supported catalysts have been fired at a high temperature and thus the
metal erystallites can be regarded as being in a stable configuration.
The metal film crystallites, however, are only stable below the
temperature at which they were deposited, and hence at temperatures
greater than the deposition temperature may be regarded as being in a
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state of flux, More kmowledge was required about the ways in which
films differ from supported catalysts, For this reasocn it was decided
to study the exchange of neopentane with deuterium on both platinum
films and platinum supported catalysts, to see how they compared with
respect to the rates of exchange, and the nature of the exchange resction
taking place.

When the exchange of ethane with deuterium was studied on
ndekel filns (*9) gome very strenge cbservetions were noted, After
some initial aotivity, on increasing the temperature activity ceased,
but started sgain on increasing the temperature, It seemed, therefore,
that some type of self poisoning phenomenon was occurring, and it was
hoped to study this in the same way that it was to be studied on
platinum,
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2.1. Intgoggoti.gn
The apparstus used in tihis investigation can be divided

essentially inte three parts:

() 4 gas handling system which enabled mixtures of pure
gases snd liquid vepours of definite compositionm and pressure to be
prepared,

(b) A resction vessel in which clean eveporcted metal film
csatalysts could be prepared, The same reaction vessel system was also
used for the recctions on supported catalysts,

(e) 4n Assoccisted Rlectricel Industries Ltd, ¥ 5,10 mass
spectrometer which was joined to the resction veasel by a fime capillary
leak, enabling continuous anelysis of the composition of the gas aixture
in the reaction vessel to be made,

Each of these parts is deseribed in detail later.

Simulteneously with this research the spparatus was used to
study the self poisoning of the butsne-deuterium exchange reaction on
Snghten svipeested flas (5) . g s ealiings ind aalf peisening of
ssturated hydrocarbens with deuterium on molybdenum and cobalt evaporated
films (36) o Using the seme gas handling system and mass spectrometer
but a different reaction vessel, investigantions on the exgchange of clefins
with deuterium oxide snd the hydrogen-deuterium exchange reaction on cation
exchanged meleculcr sieves were oarrded out (87).

2.2 The Ges Hendling System
A diasgrammatic representation of the gas handling system is

shown in Figure 2,1 It consisted oif a genersl purpose vacuum system



'z "o14

SNLYYVddY

| - M LEOD
ROTARY K
GAUGE
PUMP DIFFUSION
PUMP
L

) ), CAPILLARY LEAK
]
S o
T0 MslO
§ V2
N
I G
R
I v
N N REACTION
N N VESSEL
§ N
\
MANOMETER

s 3 |
ROTARY
B S PUMP




constructed throughout of ‘Pyrex' glass, A4All the ground glass stopcocks
and joints were lubricated with 'Apiezen L' high vacuum gresse, It could
be evacuated to a pressure of 0,667 mim > using en electrically heated
single stage mercury diffusion pump 'i', backed by a two stage 'Speedivac'
rotary pump 'P', Mercury was excluded from the gas line by means of the
liquid nitrogen trap 'H', and the pressure measured by the licLeod gauge
4, volume 56,3 ml,

The ges han@ling system provided permanent fecilities for the
purification and storage of hydrogen, deuterium, and the hydrocarbon gases in
the bulbs 'R' attached to the apperatus, Bulbs to store other gases could
be attached at 'D' by means of ground glass joints, The liquid
hydrocarbons used were stored in tubes fitted with stopcocks and were
atteched to the apperatus at 'D' by means of ground glass joints, The
system also provided a means of purifying these compounds by repeated
distillation between the traps 'C' and 'S',

243« ZXhe Reaction Vessel and Capillery Leak
The reaction vessel was constructed from "Pyrex' glass and is

shown in Figure 2,2, The removable pertion consisted of a cylindrieal
vessel 35 mm, in diameter and 0413 m, in length, and was joined to the
apparatus by means of a B24 ground glass joint which fitted inte a water
cooled socket, and permitted easy removal between experiments, Two 0,5 mm,
dismeter tungsten rods encased in glass, were sealed through the top of
the joint and carried internal mild steel connectors, to which the wires
used in the evaporation of the metal films were attached, Later this
reaction vessel aystem was replaced by one containing 2 mm, diameter
tungsten rods :nd = greaseless water cooled socket, The detachsble
resction vessel was cleaned thoroughly with chromic acid, washed well
with distilled weter, snd dried before mounting it on the apparatus.
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The reaction vessel system could be evacuated to a pressure of
04133 min > by use of @ mercury diffusion pump, and s rotary pump similer
to those used to evacuate the gas handling system, Mercury was excluded
from the reaction vessel by the liquid nitrogen trap 'X', and the
pressure neasured by the 'McLeod gauge 'L', bulb volume 0,2855 1,
Pressures of the order of 041 “-2 were very easily attained,

The reaction vessel was heated by one of two eleectric
furnaces:

{(a) 4An eluminium block furnace,

(v) 4 eclose fitting furnace coustructed from en iron tube
55 mme in diameter, and 0,2 my in length, wound with resistance wire
and overwound at the top and bottom to minimise temperature gradieats,
This furnace was capable of very rapid heating, and the temperature could
be raised 50°C end stabilized within five minutes,

- The temperature of the furnace was kept at a constant velue using e
Fielden Zlectrenics Ltd, 'Sikini' Temperature Contpeller (Type TeB7)
which was accurate to ¥ 0,5°C, The aotual tempersture of the resction
vessel was measured by a chromel-slumel (T{=Tz) thermocouple, the ends
of which hed been spotwelded in an argon atmosphere, The thermocouple
was calibrated against a platinum resistance thermometer (Type 11433
No. CT 729577) using & Swiths Difference Bridge; the potentiel produced
by the thermocouple being messured on a Sangsmo "eston millivelt meter
(model 582 No, 5B17247). The equations used for the cealculation of the
tempercture are shown below, and some of the results obtained are
shown in Teble 2.1.

The resistance Pp of the platinum resistance thermometer at
tempersture T°C is given by;

RyRg
100

P,

,-wo
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where Eg and ., have the values 23,976 ohms and 33,391 ohms
respectively;
the teaperature T9C is given by;

T = 5598,962 + 53448962 (10300,83 = 5,972 5"3)%
all the temperatures were measured with the thermocouple cold junction
at 0%,

TAHLE 2.1,

THERMOCQUFLE CALIBRATION

Tog Millivelts

Ske 79 2,20

99.22 3,89
125419 he92
161,01 | 6e22
215 7 8,22
275498 10451
Hle23 11464
Sihe 19 1315
3924 15,28
521460 20,18

Temperatures below 09 were obtained using slurries of low
melting organic compounds, These wereprepared by the addition of
liguid nitrogen to s suiteble organic solvent contained in a dewar
flask, By adding the correct amount of liquid nitrogen a slush of
constant temperature was cbtained, The solvents used and tleir melting
points are given in Table 2,2, The temperature of the slurries was



measured using the negative portion of the thermocouple calibration graph,
the values for which agreed with those given in the '‘ubber Handbook',

TABLE 2,2,

CONST ANT TEMPERATURE BATHS

Solvent 1%
Acetone =35
Ethyl acetate -84
cwm -6l
‘Chlorobenzene -45
Carbon Tetrachloride -23

A fine capillary leak, similar in design to one used by
Hier (88), was attached to the top of the reaction vessel opposite the
inlet tube, and led directly into the ionization chamber of tho nass
spectrometer, The leak itself was about 0,15 m in length and was
constructed by collapsing a piece of 'pyrex' tubing into a fine capillary,
and then drawing it out, Fieces of this capillary were then broken off
until the rate of leakage into s volume of 20 mls was 2,67 Km™> & (..
in 20 mins, with a pressure difference of 101,325 kiim - across the
capillary, When in use the pressures on either side of the leak were
approximately ke MNu"2 and 0,27 mlim ° respectively, and under these
conditions, the rate of leakage of the reaction mixture into the mass
spectrometer was approximstely 37.hr~'. As the resotions were not
usually followed for more than 3 hrs,, the leak enabled analysis of the
gas mixture to be made at any time, without appreciasble alteration of the
pressure in the reaction vessel. Also, by eliminating manipulation
aifficulties, it emabled reasonably fast reactions to be followed,

The leak and the glass tubing connecting it to the mass spectrometer



were heated continually, by means of an electrical heating tape to
minimize sdsorption of the reactants on the walls,

The importance of lesk design has been discussed by various
s AP s hetide. Reuvties So SiCh Sodk O M. Sape
used, in which viscous flow ocours over its entire length, Since the
pressure is low at the ion chasber side of the leak, flow will be
molecular in this region, and will be viscous on the reaction vessel
gide, with an intermediate region over wmhich a change from viscous to
molecular flow will occur, There will thus be a tendency for the heavier
molecules to concentrate on the high yressure side of the leak and to
diffuse back into the reaction vessel, The capillary tube, however,
increases the velocity of flow of gas at the entrance to the leak, and
effectively prevents back diffusion, This increased mass flow, combined
with the similarity of the masses in an isotopically exchanged mixture,
means that the gas entering the mass spectrometer will be representative
of that in the reaction vessel, When the ges enters the mass spectrometer,
however, some frectionation occurs, due to the mass spectrometer pumping
system removing the molecular species at a speed inversely proportional
to the sguare root of their mass, As the masses of the molecular species
involved in the exchange reactions were similar, it was assumed that
effects due to their mass were minimal,

The arrangement used consfituted a static reaction system,
80 that the same bulk of gas was in contact with the catalyst surface
throughout the duration of the experiment, Nixing of the gases was
caused by convection and diffusion, It is unlikely that diffusion to
and from the surface was rate determining, or that any appreciable time
lag existed between the molecules leaving the surface, and their
appearance in the mass spectrometer, This was shown by the very rapid
response of the instrument to reactions occurring on the catalyste



Also, since the rate of diffusion is proportional to the square root of
the sbsclute temperature, if a process is diffusion controlled this will
be shown by the slight temperature dependence of the rate of reaction
compared to that for a surface process. It may be concluded, however,
that since the rates of reaction obtained in this work obeyed the
Arrhenius equation, diffusion to and from the catalyst surface was not
important,

2.4e _The Xass Spectrometer

The Asscciated Electrical Industries Ltd, K310 mass
spectrometer used for the analysis of the reaction mixtures was a
general purpose 180° sector instrument, suitable for the analysis of
gases and volatile liquids, A diagrammatic representation of the
instrument is shown in Figure 2,3 The gas was leaked into the ion
source 'C', by the capillary leak described above, where it was ionized
by electrons produced by the electrically heated rhenium filament 'F°',
The ions were then accelerated through the slit 'S,', into the uniform
magnetic field, by a varisble accelerating potential. Egquation 2,1,
shows that with a constant accelerating voltage and a constant magnetic
field the ions follow semicircular paths the radii R of which vary with
the m/e ratio of the ion,

w, = BHEYY 241s

where H is the magnetic field strength and V is the accelerating voltage.
By variation of either the magnetic field or the sccelerating voltage all
the ions of one m/é ratio could be focussed through the alpha slit 'Sp'
and the collector slit '33' onto the collector plate '1°,

The ion current was preamplified using an electrometer head
type MB1403 with an input resistance of 10" ohms and a time constent of
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1 s.. The signal was then further amplified by a 'plug in unit' and
recorded as a trace on a 'Junvie' pen recorder, A sensitivity range
changing device of 1000 to 1 in seven ranges cn the amplifier, allowed
each peak to be measured and recorded at its maximum sensitivity,

Initially the instrument sss operated using a fixed magnetic’
field strength of 1830 G, provided by a permanent magnet, the ions being
focussed onto the collector by a variable accelerating vcltage of LO to
2000 V d,¢, Later the permanent magnet was replaced by an electromagnet
of varisble field strength O to 9 kG, Four fixed accelerating voltages
of 2KV, 1 kV, 500V, and 250 V allowed four mass ranges to be scanned,
the automatic scanning time being variable from 100 to 5000 s . Using
the electromagnet modified instrument and smaller slits 'S84', 'S,' and
'S3', the unit mass resclution of the instrument was increased from 80
to 300,

The ion chamber of the mass spectrometer could be evacuated
to a pressure of 1,3 xNu~> using a Wetrovac 033 water cooled diffusion
pump backed by a Metrcvaec GDR1 rotary pump, an orvifice plate situated at
'0% reducing the pumping speed to 1 1s=1, 0il from the dirfusion pump
was prevented from rsaching the ion chember by a liguid nitrogen trap.
The pressure inside the ionization chamber was measured by a Metrovac
VCe3A ionization gauge using a gsuge head 'A' style No, 298092, The mass
spectrometer cold trap required replenishing every twelve hours, If the
instrument was to be left unattended for longer than this period, the ion
gauge was turned off, the electrometer head and the voltage supplies
to the source were disconnected, and the tube heated by the band heaters

provided, to prevent diffusion pump oil contamineting the source,

25 Volupe Calibrations
A buldb of volume 143,31 ml at 23°C, determined by ealibration
with water, was attached to the gas handling system at 'D', in Figure 2.1.,



-2

by means of a ground glass joint, The apparatus was then evacuated
and the bulb filled with air to a pressure measured on the manometer,
The tap to the bulb was closed, the remainder of the spparatus was
evacuated snd, then, by successive expansions into the various parts
of the apparatus, the corresponding volumes were cbtained at 239 and
at 0°%C, Those necessary for the caleculation of partial pressures are

given below,
Reaction Vessel 'G' at 235% 201,82 ml
Reaction Vessel 'G' at 0% 211,33 ml
lce Trap '"F* at 0C 90,17 ml
Nixing Bulb 'E' at 23 578,22 md
Dosing Volume 'V', at 23%C 60,68 md

Knowing the pressures of the reactants in the dosing volume 'V', and
the mixing volume 'E', the pressure of the gas, and hence the number of

molecules in the resction vessel ecould be calculated at any temperature,

2.6, Ireparstion and Furificahdon of Materials

Before attempting to purify any of the gases used in this
work, the apparatus was evacuated until a 'sticking' vacuum was obtained
on the Mcleod gauge, The storage bulbs were then flamed repeatedly, while
under evacuation, to desorb any impurities from the glass walls,
Hydrogen and Deuterium: Hydrogen and deuterium were cbtained in lecture
bottles from the Matheson Co, (99.98% 'pure') and were admitted to the
storage bulbs at 'A' by means of the mercury bubblers 'B' (Figure 2.1.).
The "hydrogen"* was then purified by diffusion through the electrically
hested palladium thimbles 'J', Before collection was conmenced the
apparatus was flushed with "hydrogen" and the flaming of the bulbs
repeated, The gas line was then isolated from the pumps, nud the

* In this section "hydregen" is used as the generic term for hydrogen
or deuterium,
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traps 'S' and 'C' surrounded by liquid nitrogen; these traps served
to prevent mercury vapour reaching the hot palladium thimbles where it
caused rapid deterioration and leaksge and, secondly, to condense out
any remaining impurities in the "hydrogen”, The palladium thimble was
then heated and the pure "hydrogen" collected in a twoe litre bulb,
Diffusion was generally carried out ovu;:&ght. the “hydrogen" being
generated at approximately 2 kMu 2 hr™'s After a suitable quantity of
"hydrogen" had been collected the palladium thimble was turned off{ and
the buld isolated from the rest of the apparatus, The jurity of the
"hydrogen" was then measured mass spectrometrically, it always being
air free and having an atom purity greater than 987, the impurity, if
any, always being the other "hydrogen" isotope,

Deuterium gas was always available in eylinders, but could
be generated, if required, by the electrolysis of deuterium oxide, the
Setails for shich may be found alssshere 70,

Liguids end Gases: The gascs used were stored in bulbs attached to the
apparatus., The liguids were held in tubes attached to the apparatus
by eone and socket joints, They were thoroughly degassed by repeating
a oycle of freezing, pumping, and thawing the sample several times,
The liquids were stored at liquid nitrogen temperature to prevent the
1liquid vepour dissclving in, and eating away the stopcock grease and
hence contaminating the liguid with grease,

The sources and methods of purifying the various gases and
liguids used are given in the appropriate sections dealing with their
reactions,

2.7+ The Ereparation of the Metal Catalysts
The platinumesilica and platinum on Y-alumina catalysts

are described in Part II section 3.1.
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The tecimique of using evaporated metal films in the study of
oatalytio resctions is well established ¢ 77* 9) ana, rrovidea that
sdequate precautions have been taken, they provide a reproducible,
clean metal surface, Full details of their preparation are given in
Table 2,3, Nickel was prepered by direct evaporation from a filament
of the metal, but because the platinum tended to melt before its vapour
pressure was high enough to cause evaporation it was supported on
tungsten, Due to the thickness of the tungsten wire, used as a support,
and the large temperature difference between their evaporation temperatures,
it was extremely unlikely that evaporation of the support occurred
simlteneously with the evaporation of the platinum, With both
metals, to clean the surface, s light preliminary film was thrown and
discarded, If this was not done the first film from these wires was
not as active as subseguent ones, Only one film could be thrown from
a platinum wire as later ones were very light and irreproducible, ¥ith
nickel more than one film could be thrown from cach wire, though in the
case where the exchange reaction was carried out on heavy films the wires
were evaporated until they burnt out,

28, Exgerimental Frocedure

The gas line was pumped and the reaction vessel baked at
4509C overnight, whilst under continual evacuation by their separate
pumping systems. After evacuation 'sticking' vacuums were registered
on the respective lcleod gauges, An ice bath was then placed around
the trap at 'F' (Pigure 2.1,). While the filament was being outgassed
with the reaction vessel at 4509C, a reaction mixture was prepared in
the mixing bulb 'E' by admitting the hydrocarbon first and pumping the
excess away; the deuterium was then admitted by slowly opening the tap
to the mixing bulb until the desired pressure was attained, always
keeping a pressure head across the tap to prevent any back diffusion of



TABLE 2,3.

THE PREPARATION OF SCME EVAFORATED FILMS

Lk Source of supply and Nethod of 0““'“‘:‘ ""‘P’"“:‘" “""f("“‘)
quadity i curren curren' or
(a) (a) 10 mg, film
Flatinum |Johnson, Matthey & Co, Ltd, 0s30 m of Ou1 mm dia. 6e 5 Te7 20
speéctroscopically Pt wire wound on 0,15
standardised of O3 mm V wire
Nickel ® Os15 m of 0.5 mm dia. Le7 be b 10
Ni wire
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the hydrocarbon, The mixtures were always prepared to the nearest
Oy4 mm with the aid of a burette reader. Af'ter outgassing the wire
the furnace was removed and the resction vessel closed off from the
pumps, While the reasction vessel was cooling down, the mass
spectrometer filament was turned on and allowed to stabilize, After
checking to see that the mass spectrometer was operating satisfactorily
the reaction vessel was surrounded by an ice bath and the film prepared,
For a nommal exchange experiment the reaction mixture was admitted to
the film either at 0°C or at temperatures below zero if the reaction
occurred at low temperatures, The reaction vessel was then brought
rapidly to the desired temperature by means of the low melting slurries,
or the close fitting electric fumace, Normally cnly one reaction was
carried out on each film, the film weight being determined by weighing
the filament Before and after evaporation,

The procedure described above was used when films were used
as the catalyst, For the solid catalysts, however, an activation treatwent
had to be used, This was epylied at the stage in the procedure described
above, where prcvlculy the filament was being outgassed and the film
thrown, For the platinumesilica catalysts, after outgassing at 1409
overnight, the catalyst was heated at 80°C for 1 hr, in 10,0 kim™2 of
deuterium, The reaction vessel was then pumped for 5 mins, at 80°C,
and a further £.0 Kin™2 of deuterium admitted to the reaction vessel at
80°%C, After heating st this temperature for 1 hr,, the reaction vessel
was pumped for 10 mins, end the reaction mixture adwitted to the catalyst
at reaction temperature, For the platinum supported on ¥-alumina
catalyst the activation treatment used was that described by Hightower
and Kemball (mo
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CHAPTER IIT

RXOHANGE KRACTIONS AND ANALYSIS

3¢1e Introduction

The satisfactory quantitative analysis of chemical mixtures
by mass spectrometry requires certain conditions to be satisfied,
These have been described by Beynon (”):

(1) The mass spectrum of any component must be unaffected by the
presence of another component,

(2) The mass spectrum of a mixture must be a linear suplosition
of the spectra of the various components,

(3) “he i:n beam intensity for any component must be proportional
to the partial ressure of that component in the reaction vessel,

(4) The meass s ectrum, vhich is characteristic of any particular
molecule, must romaip stable over a reasonably long period,

(5) The sensitivity of the mass spectrometer must remain reasonably
constant., In this work, changes in absoclute sensitivity were not very
important as the percentages of isotopic species present were calculated
from their sum at a particular time,

(6) For exchange resctions all the above parametersmust be
independent of the weight of the molecule.

Conditions 1,2,7, and 5 have been shown by other workers to
be satisfied. Condition 4 was shown to be satisfied by the reproducibility
of the mass spectra from experiment to experiment, Condition 6, however,
is not always satisfied and parameters such as the extent of fragmentation
can be different for non exchanged and fully exchanged species, This
aspect will be dealt with in greater detail later,



The experimentally  roduced mass spectral data could not be
used directly to compute the percentages of the isotopic species. It
was ['irst necessary to subject thé observed mass spectra to e preliminary
treatment, and then to apply corrections to account for background in

~ the mass spectrometer, the occurrence of natural isotopes, and
fragmentation of the molecules caused by eioetron impact in the ion
source, The treatment of, and oorreoti@ to, the data were appylied in

the following order,

Freliminary Treatment: A typical mass spectrum is shown in Figure 3.1,
It can be seen that this conaists‘ of a number of peaks of varying
intensity, which, rovided the ions are nll singly charged, are ‘
separated by one mass unit, A kinetic run at a fixed temperature
consisted .of a number of the;e spectral scans takcn_ at definite time
iﬁtervals. The preliminary trestment involved measuring the height of
each of the ynki, to the nearest millimetre, and converting them to a
common senaitivity, The peak height corresponding to each mass was then
plotted against the time at which the scan was taken, no allowance being
made for the faet that within esch scan the peaks were separated by
 def'inite time intervals, Smooth curves were then drawn through the
points for each M, to eliminate small variations of the mass speotrometer
sengitivity and alsc any minor fluctuaticns due to the recorder, To
analyse the data kinetically, six % s Rtnea wprs sl asvodiat regular
time intervals, and the pesk heighf f‘of each mags correspchding to a
particular time read from the graph, the heights at any time being
interpolated to allow for the fact that the masses were separated by a
finite tive interval, |

Background: Dackground was always present in the mass spectrometer and

was due to two causes:
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(a) Residual gas in the mass spectrometer ion chamber,

(b) Inherent background.

The background spectrum due to the residual gas was produced by
ionization of the air molecules and water vapour always present in the
ion chauwber, and the carbon monoxide given off by the filament,
Corrections for this were applied by taking a background scan during
the catalyst preparation, and after tbo reaction mixture had' been pumped
away upon completion of the reaction, The two mkpom\d scans were then
averaged and subtracted off the puk- to vhich tha,y ooutribuhd in the
hydrocarbon mass speetrum,

The inherent backyround was much more difficult to determine,
1t was produced by hydrocarbon species frﬁ- previous experiments which
had been adsorbed on the walls of the ion oﬁmbor and the glass walls of
the inlet tube, Leakage of the reaction products intoc the mass
spectroneter cinaod_ desorption of these species, whose mass spectra
contributed to the nﬁn spectra of the reaction wMu This
inherent background could be measured hy' leaksge of the reaction
mixture into the mass spectrometer af a temperature at which the
hydrocarbon would not react over the patnlylt. any peaks pfeunt in
the mass spectrum corresponding to deutersted molecules would thus
be .dué-. to this inherent background, Afttr mnuraioht it was
allowed for in the normal way. |
Natural lsotopes: ‘any of the elements as they occur in nature
contain snall smeunts of heavy isotopes, Oarbom and hydrogen are
found in two isotopic forms, '2C and 170, and 'Hand D respsctively,
thus the muss spectra of hydrocarbons will contain peaks at mass
numbers greater thsn that of the Mt molecule due to the presence
of these heavier isotopes, Since in mhmg‘ ’rmtiom the rates

are measured by the increase in the peaks at higher masses as the
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hydrogens in the hydrocarbon are replaced by deuterium, in order to
obtain an acourate measure of the amount of exchange it is necessary

to take into account the contributions to these pesks from the '°C and D
originally present in the hyirocarbon, Since naturally oecurring carbon
and hydrogen contsin 1,0817 '°C and 0,0167 D respeotively, the heights
of the peaks at M + 1 and M + 2 for a hydrocarbon of mass i can be
caloulated relative to the yeak height Fi at mass i by suitable use of
the isotopic abundences given above, For a hydrocarbon Cnllm

oo BLtd . é,(.h&) . M}m e
B 98,919 99. 984

and 100 el - 55 -‘B‘-ﬂ. (..hﬂl 2,, R("'") (M 23«0_ Sl
P 2 98,919 2 99,984

The values of these factors will vary with the isotopic content of the
molecules since as the hydrogens are replaced by deuterium the probability
of the presence of naturally occurring deuterium decreases, Thus for any
isotopic species CnfimexDx the values of the corrections are obtained by
substituting m=x for m in the sbove eguations,

Correcting for isotopes thus entailed the subtraction of these
isotopic contributions due to peaks at low masses, This was done on a
systematic basis starting with the lowest masses and working upwards to
the higher masses using the corrected heights at every mass to caloulate
the contributions to the higher masses,
Fragwentation Corrections: Vhen the hydrocarbon molecules leak into
the ion source, they are subjected to impact from the electrons produced
by the filament, On colliding with the hydrocarbon molecules, an electron
can transfer its energy end cause transitions between the electronic
energy levels of the molecule. 1f the energy of the electron is greater
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than the ionization potential of the molecule, positive ions may be

produced in accordance with the FranckeCondon principle, As the energy

of the electron besm is not homogeneous, higher energy .eloctrm may

produce further dissociation of the molecule by breakage of the carbon-
hydrogen bondss A typical mass spectrum of a hydrocarbon of mess M will
thus show peaks at masses lei, M2, K3 ete, due to this secondary processs
In order to determine the isotopic content of the partially exchanged
hydrocarbon molecules the contributions of these isotopic fragments to
isotopes at lower masses must be taken into account,

To reduce these contributions to as small a value as possible,
the mass spectromecter was operated at low electron voltages, However,
because the sensitivity decreased with decreasing electron energy, a
compromise had to be reached between sensitivity and extent of fragmentation,
The values of the electrun energy normally used were from 13=25&V depending
upon the hydrocarbon,

For the majority of the hydrocarbons used in this work, the
cracking or fragmentation pattern of the hydrocarbon was assumed to be
independent of either the isotopic substitution or the position of isotopic
substitution in the molecule, The {ragmentation corrections could then
be oulctilgted on a‘atatntical basiss This was normally caloulated by
camputer, the programs being given in a'hter section; en ﬂlﬁtnﬁu
of how this was done by hand calculstion is given below, To calculate
the corrections on a statistical basis the fragsmcntation pattern of the
1ight hydrocarbon was determined before dnb experiment, this was necessary
becanse the fragmentation pattern varied from day to day. |

1f the pesk heights for the masses at -1, ¥=2, etc of a
hydrocarbon of mass ), after correction for naturally occurring hotopci.
are described by Fil-1, Fi-2 eto,, then the fragmentation factors 4§ may
be defined by i
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- W 3,3,

Taking butane as our model, and applying statistical reasoning to the
molecule CLHSDU the fragmentation scheme shown in Table 3,1, may be
derived .,

TABLE 3.1,

CALCULATION Oy THE PRAGMENTATION SCHEME FOR Ckﬂsbk

Number of Mass lethod of Probability of loss
Units lost loss taking place
1 H 6/10 14
2 D L/10 £,
HH (8/10°5/9) 1,
3 HD or DA 2(6/10e4/9) £,
HHE (6/1005/941/8) 24
L oD (L/10:3/9) £,
HED, HDH, DHH K 6/1005/9+4/8) £
5 EDD, DDH, DHD K6/1004/9° ¥/8) £

HHHD, HHDH, HDHH 7
W 6/1005/901/801/ ) 1,

DHHH
HHEHH (6/1005/904/8e 3/ 10 2/6) 1
o DLD (4/1023/9+2/8) £

HHDD, DDHE, DHDH, .
6(5/10°5/9U/8e ¥ 7) £,
HDDH, HDHD, DHHD
IHIHD, combinations 5(6/10°5/ 921/ 8e 3/ Te 1/ 6) £

FHHHHH (6/100 5/ 9+ 1/ B+ 3/ 742/ 601/5) £

_F
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If this procedure is carried out for each of the deuterated
species, the fragmentation scheme given in Table 3.2, may be drawn up,
By substitution of the numerical values of fi into Table 32, the actual
numerical values for the corrections may be calculated,

The fraguentation corrections were made by a process similar
to that used far the isotope corrections but starting instead with the
highest mass, The resultant peak heights after correction were then
~ used to caleulate the isotopic distributions and phi value of the
hydrocarbon entering the mass spectrometer st the time the scan was
taken,

The methods used for the mass spectrometric analysis of the
isotopic propesnes, which due to the large differences between the
fragmentation patterns of C fleuﬂ C3Pg could not be calculated
statistically, .will be discussed fully later,

hmomhugonmtimmahydrmwm
deuterium, two kinds of equilibria will be established at equilibrium:

(a) An equilibrium distribution between the total amount of
deuterium in the gas phase hydrogen and the total amount of deuterium
in the hydrocarbon,

(b) An equilibrium between the relative amounts of the
different isotopic species of hydrocarbon present,

If the hydrogen and the deuterium have an equal probability of being
found in the hydrocarbon, at equilibrium the "hydrogen"” will be
randomly distridbuted between the hydrocarbon molecules, and the value
of § at equilibrium (vhere § is the average nusber of deuterium atoms
in 100 molecules of hydrocarbon) can be calculated by purely statistical

ressoning, Thus for a hydrocarbon Cpfim
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¢oC.g - 100“'1&.%.*1!9!&!}.!4}&!1 g Soke

(no, of deuterium atoms + no,
of hydrogen atoms)

Thus if the ratio of deuterium molecules to hydrccarbon molecules
initially gresent in the gas mixture was P:1, then . . is given by
equation 3.5,

boo gy = 100 (&) - . 3050
2p+m
Experimentally it is found that _ is slightly greater tham §_ ..
This is due to the fact that the carbonedeuterium and the carbone
hydrogen bonds do not have the same bond strengths, the deuterium
prefering to be incorporated into the "hydrocarbon" rather than into
the gas phase "hyirogen"”,

Values obtained for the second type of equilibrium are fairly
close to those expected for a random distribution of the hydrogen and
deuterium atoms smong the various isotopic hydrocarbon species, Thus
the values of the equilibrium constants for the reactions

K
1
Cofim + Cn¥igep Dp — nlig.qD

A Jebe
Colig.qD + Cnlfip.y Dy ~——= nfip.p Dy

Et\‘.‘. ¥

can be calculated from a combination of terms in the appropriate
binomial expansion snd may be expressed in general terms as

4\2
i = --(-5-)-—- ‘ SeTe

(2

where the symbol {:\ represents the number of ways of selecting i objects
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from a group of m identical objects, The interconversion equilibrium
cﬁphntn caloulnted in this way were in good agreement with those
derived experimentally,

3ehe Deterwination of Fate Constants
The rate of incorporation of deuterium into the hydrocarbon
can be determined from the parameter §, defined by equation 3,8,

b-zzq e

‘where di is the ypercentage of the isotopic species containing i deuterium
atoms at time t, As has been mentioned in the previous section, the
calculated value of §_ gtis usually less than the experimental value.

ir e derive a parameter a from equation 3.9,

¢w / dLo st - a 3‘90

exp.
then for any experiment using a specific hydrocarbon

0. = a¢°¢“o gy 3. 10,

Frovided all the hydrogen atoms in the hydrogarbon are egually susceptible
to exchange, and isotope effects upon the rate of reaction are ignored,
the course of the exchenge reaction will be given by the first order
eguation

S T . X
% ¢ (1 ) 3s 1%

o

where k ¢ is the rate constant eguivalent to the number of deuterium
atoms enf.oring 100 molecules of hydrocarbon in unit time, snd 0_ is
the equilibriua value of { defined by equation 3 10,
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Integration of equation 3,11 yields the first order equation

A o Ragt . N 3012,
¢ 24 303 $oo

Failure to obey this equation may be due to a number of factors which,
as they are of fundasental importance to the results in this thesis,
will be &mud more fully later, The rate of disappearance of the
light hydrocarbon is given by the empirical equation 3, 13 analogous to
equation 3,12,

-0z ‘ndoe) . ¥ ¥y 505 (1004, ) 3013
(100-4,__)

vhere d, is the percentage of the 'light’' hydrocarbon at time t and
dg. . and 100 are the equilibrium and initial percentages of this species
reaspectively, Iif the ratio of deuterium to hydrocarbon used is large,
do_. will be negligible and eguation 3,13, simplies to
elogdy = kg t - B 3o 1l
2303

Equation 3.14. is the one that has been used exclusively in this work,
The velue of the parameter M defined by

M = k¢/ko L"go

is o very important quantity because it represents the mean number of
deuterium atoms enterins the hydrocerbon molecule in the initial stages
of the reaction,

5e5e Linetics
The rate conatants calculated from eguations 3,12 and 3,14 are

congtant only for the course of an exchange reaction with a single mixture
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of reacting gases, They are pressure dependent and vary as the
relative pressures of the gases in the reaction mixture are altered,
The true pressure dependencies of the reaction can thus only be
Aetermined by carrying out the reaction with a seriea of different
reaction mixtures, |

The reason for this apperent first order kinetic behaviour of
an exchange resction can be seen from a consideration of the processes
~oceurring during the reaction, OUn admission of the reaction mixture to
‘ﬁ' catalyst, two things happen:

(2) "he surface concentrations of the adsorbed species bduild
up to their eguilibrium values and remain constant,

(b) The exchange reaction commences and eventually leads to
equilibrium between all the species in the system,
irocess (a) will be rapid but (b) camnot go to completion until all the
uas phase has been adsorbed and desorbed and hence throughout most of
the time required for the exchange reaction there will be eguilibrium
concentrationa of the different types of adscrbed species, The only
thinr vhich reduces the rate of exchange from its initial value is the
approach of the isotopic content of the "hydrogen" and "hydrocarbon” to
their equilibrium values and this as can be seen from equation 3,11,
leads to apparent first order kinetics,

3460

The mess spectral data for the hydrocarbons (excluding propane)
were analysed on a statistical basis, as described in Jection 3.2. by
means of a computer, The flow chart showing the .i.pi followed by
the computer is given in Figure 3,2,, and the general program, which
was written in Atles Autocode and run on an English Electrie KDF9

computer, is givem in Appendix 1,
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SHAFTER T

INTRODUCTICN

The diversity of the reactions which organic molecules undergo
in the presence of platinum catalysts have been the subject of many
extensive investigations, The published literature reports studies of
the catalytie Tission of the C-halogen dend (76~9%) 0.0 vona {9?) s
S 0o Dend SIO0). it of e éshangy: Sacntisns of anbisn VUV ol

alethy) ether $102)

with deuterium, The majority of the investigations
have, however, been concerned with the exchange reactions of hydrocarbons
with deuterium \77* 1930 108) o porvy water (1°%), nyarogenation=
dehydrogenation reactions (71, 106, 107). and hydmmnaa and

isomerization reactions (108-110) N

Although self poisoning has been reported for the exchange
of Kylivossbons with deutesian on other stals \OV . oo Fir a8 ia Muow,
the literature does not contain any report on the self poisoning of
exchange reactions on platinum catalysts, As has been mentioned previously,
the classic work by Anderson and Avery #2) showed that the hydroorasking
and isomerization of saturated hydrocarbons on platinum films at high
temperature, proceeded by the formation of an oayetriadsorbed
intermediate, GUince platinum is known to be capeble of propagating the
multiple exchange process past a quaternary cerbon atom via an oy~diadsorbed
intermediate (50) , and because the high isomerization activity relative
to the hydrccrscking activity is due to the ready formation of this
aay =triadsorbed intermediate, it was hoped that the self poisoning of
the exchange resction might be exhibited by the use of neopentane, which
ean only exchange all twelve hydrogen atoms initially by the interconversion
betveen o-and oy- adsorbed intermediates, It will be shown that at lowish
temperatures (20 to 180°C) no discernible self poisoning of the exchange
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reaction was observed for the exchange of propane, butane or neopentane
with deuterium; but presorbing neopentane or a neopentane-deuterium
mixture at high temperature on a presintered film did reduce the activity
of the film for the subsequent exchange reaction of neopentane with
deuterium,

Une of the most surprising features found in this work was
the very large reduction in activity that was cbserved when the exchange
of butane and neopentane was carried out on presintered films, This
decrease in activity, which was not accompanied by any fundamental
change in the reaction mechanism, could not be completely explained by
a decrease in the apparent surface area of the {ilm upon sintering.

Although the texture of, and the nature of chemisorbed
molecules on, the surface of platinum supported catalysts have been

well characterized (114-116)

s little attempt has been made, however,
to correlate the activity of platinum filme with that of platinum
supported catalysts, The exchange of neopentane with deuterium was,
therefore, carried out on some supported catslysts to determine how
the activity and mechanistic charascteristics of the exchange reaction
on these catalysts compared with those on the films,

if one looks at the broad spectrum of reactions, involving
hydrocarbons, wiich cean be catalysed by platinum, is each type of
resction a separate entity yroceeding through its own specialized
intermediates; or are they all related in some manner via an underlying
mechanism, the particular faecet of vhich is predominant being determined
by the experimental conditions? Why does platinum appear to differ in
its catalytic properties from the other metals in Group VIII of the
periodic table? It is hoped to answer these questions, as well as
explaining why platinum acts in the way it doea towards the hydrocarbons
studied in this work.
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CHAFTER 11

EXPERIMENT AL

2e1s Surface Aress
The surface areas of the platinum films were measured by two

(a) Arypton adsorption at «196°C, This method gave the
surface area of the platinum which was available for physical adsorption,
(b) Hydrogen-deuterium exchange at 0°C, This method gave the

surface area of the platinum which was capable of chemisorbing hydrogen,
and thus an indication of the catalytically active area.

Krypton adsorption: The apparatus used to study the adsorption of
krypton on the films is shown in Pigure 2,1, It consisted of a general
purpose gas line and a reaction vessel system identical to that shown in
Figore 2,2, (Part 1). The apparatus was built and used by ¥r, G.B.B. Soott
to study the surface areas of, and the decomposition of alecchols on,
titanium films,

The volumes needed for the caloulation of the results were
measured at 239 using helium gas and the results extrapolated to zero
pressure, The following values were found:

The volume of the reaction vessel 188,0 ml
v The volume bounded by taps Ty=Ty 3642 ml
v The volume bounded by the tap I's and the Maleod

gauge cut off 7480 ml
v The McLeod gauge bulb volume 68,9 ml
v The total gas volume (v, +V, e vh) 112,9 ml
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With tqpnTz, Tsmd'r7 olosodmatm!’1-ﬂ'5 open the gas
line and resction vessel were evacuated, while the reaction vessel was
being outgassed, After outgassing the wire, tap T'4 was closed end the
film prepared at 0°; tupurjnnd'r,‘mothnelom.nd%hﬁopn.
The reaction vessel was then surrounded by liquid nitrogen and a dose
of krypton admitted to Vg, The krypton pressure was measured by raising
the mercury in the McLeod gauge to the standard mark 'C' on the closed
capillary limb "A', The height of the mercury level in limb 'B' from
the standard mark 'C' was then read and the mercury level lowerad to
Just below the Mcleod gauge cut-off, T4 was then opened and the kryptom
expended into the reaction vessel where some was adsorbed on the film,
After equilibration T4 was closed and the residual pressure in V, measured
as before. A further dose of krypton was then admitted to Vi, the pressure
read, and the gas expanded into V; by opening T4, After equilibration T,
mm.mmmm.ummmnm.m.m
of times, After completion of the adsorption isotherm the film was
varmed to 0°C, the krypton was pumped off and the adsorption isotherm
remeasured.

The surface area of the sintered platinum film was determined
by presintering the film at 250°C in vasue for 1 hr, cooling to =196%C
and measuring the adsorption isctherm as previously describeds

Due to the large temperature difference between the reaction
vessel (=1969C) and the gas line (239C), when T, is opened, the thermal
tunopirtﬁmcﬁ‘ootdntcndto-hﬂnpmeinmmm
vessel less than would be expected on the basis of the ges laws, Since
tmmntvuhdw“iwmuﬂmﬂ-wm.ufutwf
dlodngferitmhtordndbyuiuhdh.vhiohdmaﬁdm
on the glass, Using a blank resction vessel, the apparatus was
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evacuated and Ty closeds The reaction vessel was then surrounded by
liquid nitrogen, and some helium admitted to V,, The pressure was read,
T, opened, and the equilibrium pressure read,
The equations used for the caloulation of the results are
given below, all heights being in mm, and pressures in units of Nu"2,
The relation between the height H of the meroury in the
capillary "B' and the Pressure P is given by

P = 0,0303997 H, 2e1s

hmnl.if?hthewprumomtnmainvvthutb
volume V of gas in V. is given by

V s Vg (37-1)<-—L— . 10°2 K1 at W.TP,, 220
296 1.,01332

letting V, (273)/(296)(1,01332) 41072 be denoted by A, then A has the

velue 1,041 #1mN"1, and hence the volume of gas contained in V,

corresponding to any pressure P is given by
Vml (..T'P.) = 1.“‘ ® ‘r’ P, 203.

If Py is the helium pressure before equilibration and ¥y is the helium
pressure after equilibration, then the volumes of helium before and

after equilibration are given by

Vs

Vo = 1,04 By, 1077 ml (N.TLR.)

= 1,041 By o 1077 md (N.T.P.)

and the volume of helium Vg contained in the reaction vessel is given
by
- 1.“‘ (PB - Pc) . 10'5 .1 ('oroyo).
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Defining f as the volume of gas contained in the reaction vessel per unit
pressure then

t = Vo/% ml =2 N*1,
and £ = 44041 (By = Bo)/Fy o 10" ul w? N=1,

umfcmoﬂlnﬂumumP.Qhwlnofmvnth
in the resction vessel during krypton adsorption is given by

Vp = 16041 (By = Bg) BB o 1073 ml (NeToRu), 20 b

The equations used for caleulating the volumes of krypton adsorbed on
the film are given below,

Par the first dose of krypton the volume of ges in Vg is
denoted by Vp, For the second and subsequent doses the volume of gas
in V, is denoted by Vy. After expamsion into V, (the resction vessel)
the volume of gas remaining in V, is denoted by Vi, and finally the
volume of krypton adsorbed is demoted by V,

VM = Vf1 - ('M + '31) 2.50
"2 = (VQ1 - v:g) - ('Id +Vip + vnz) 2,8,
'13 = ('T1 . vxz - V‘J) - ('L" - sz + Vw £ 'R)) 2:7

Thus from a$mowledge of the initial and equilibrium pressures
and using equations 2,1, = 2,7., the volumes of krypton adsorbed on the
film for different values of the eguilibrium pressure may be calculated,

The surface areas of the films may be calculated from the
adscrption data by two methodss:

(a) By plotting the adsorption isctherm, and using the
"Point B" as a measure of the monolayer volume.



Pont B

e == = = -

P
‘/Po —

or (8) By wildining Shé Butmancy, inohs: st Fansas 9/

eguation

Pe/(Po - P.) V= 1/'.‘: . (%:%). P./Po 248,
where v, is the monolayer volume of krypton and Py is the saturation
vapour pressure of krypton at =196°C,

Inspection of equation 2,8, shows that a plot of Pg/(Fy = Fg)v against
Po/Po should be a straight line, the monolayer volume being obtained
from a combination of the intercept I and the slope S,

v, ul (N.T.P) = ‘Hes 249

The surface area A may then be calculated from

A = =20023 495 v nt, 2410,
22, 414

ge: In the present work an attempt was made to

measure the surface area of the platinum films by a variation on the
method reported by Hall and Lutinski (117} por supported satalystse
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Basically this method consisted of covering the surface of the metal
with chemisorbed deuterium snd then exchanging it with hydrogen, The
resultant mixture of isotopic hydrogens being analysed mass spectrometrically,
using 70 V as the ioniming potential,

Before the experiment the mass spectrometer was calibrated
for hydrogen and deuterium as the sensitivity fluctuated from day to
daye. After baking out, the resction vessel was surrounded by an ice
bath and the background mass spectrum measured, A known pressure of
hydrogen was then expanded into the resction vessel, and the peaks at
mmz.)wkumdmmyummmnlmtuﬁttd
ﬁththpmtupothplm«thodmm The gas
mmtummumnmm-mmm
Further doses of hydrogen were then expanded into the reastion vessel
and the procedure repeated, This calibration was then repeated using
deuterium instead of hydrogen,

The reaction vessel was rebaked, and the film prepared at 09,
Deuterium was then admitted to the film at 0°C, the gas phase pumped off,
adtbmﬁddu‘hrm.nw‘iﬁhﬂmﬁw. The
hydrogen deuteride produced being neasured mass spectrometrically.

The £ilm was then flushed with deuterium to remove all traces of
mmuwmm.maum.dwmm
The film was then sintered in vacuo at 250°C for 1 hr. snd the area
measured as described above,

As & basis for caloulating the surfece area it was assumed
that all the chemisorbed deuterium was produced as hydrogen deuteride
after exchange with the hydrogen, From the calibration greph the
number of chemisorbed deuterium atoms could be calculated, and by
assuming that each deuterium atom occupled en area of 0,08 nm” the
area of the film could be calculateds
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2.2, Mass Spectrometric Analyses

The electron potentials used to ionize the molecules, along
with some typical fragmentation patterns mre given in Table 2,1, The
potentials used provided adequately large peaks and only a moderate
amount of fragmentation of the molecules,

TABLE 2.1s

FRAGMENTATION PATTERNS OF TEE KOLECULES

Lonizing 2

Molecule Potvtntm £ t, | f5 | £, | f5 | T
Methane 20 0,546 |0,0196 | © 0 - -
I ropene 17 14135 [0, 1695 |0, 393 | 0,036 |0, 1665 |04 0524
Perdeuteropropane | 17 00 784 |04 1015 |04 2385 |0, 064 |04 127 |0s 0224
Butane 30 04198 (0,078 |0.0782 |04 0129 | 040374 | O 00U
Neopentane 20 0. 0b4 JO.MB 0 0 0 0

* The f factors have been described by equation 3¢3s, (Part I),

The isotopically substituted methanes, and butanes vere determined,
assuming statistical loss of hydrogen and deuterium atoms under electron
impect, as described in Part I, seotion 3.2, The isotopic neopentanes
could not be analysed in tesms of substituted neopentyl molecules
because, under electron impact, neopentane guantitatively loses a
mmmm.twsmmﬁ_dnolmtoﬂ.wm
potential, The isotopically substituted neopentanes were therefore
analysed as the tertebutyl ions, though still assuming statistical loss
of both hydrogen and deuterium atoms,
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With an ethylene~ethane mixture, the ethane fragnents
contribute to the peaks due to ethylene, Anglysis of the gas mixture
truthahy&vgmﬁmdothylmmphﬁmmmmbudn
the mass 30 peak for ethane, and the mass 26 peak for ethylene,
Thnnifmmlpoctruoftheoﬂvlmmthmwmuwtm
thdcwrwbyaim%eormmtomljomdaktom 26,
and the ethane fragmentation pattern is similarly desoribed by b’_, then
after natural isotope corrections have been applied

nttintthmtofﬁhmmtnumbyao.
and the amount of ethylene present is given by "h"obh'

However, since the sensitivity of the mass spectrometer is not the same
for both ethylene and ethane, in order to calculate the actual percentage
of the ethane and ethylene present, these sensitivity factors must be
introduced,

If 133,322 Nm > of Cjig in the reaction vessel give a peak
height ot mass 30 of C mm,

and 133,322 N of CJfi, in the resstion vessel give a peak
height at mass 26 of D mm,

Then the sensitivity factor ¢ is given by

¢ =%

... -ntulczﬂs present in the reaction vessel at time ¢

= a
o

mﬂthlczﬂkpnmtuﬁ(a - .B)
LC§6 = 100 .Jtl +G(n-cbk)3

o 7 OJH, = 100 G(a -8 bk)/t‘i + G(a -a b")J




The isotopic propanes could not be analysad statistically due to the
large differences between the mass spedtra of propene and
perdeuteropropane, The various schemes devised, and the results obtained,
from them are described in section 3.2,

2.3 Chemicals
Hydrogen and Deuterium: The preparation and purification of these gases
have already been deseribed in Part I, section 2,6,

lethene, Bthane and Ethylene: These gases were obtained in cylinders
from the Matheson Co, Ine,, and were "C,F," grade pure, Before use
they were frosen in liquid nitrogen and degassed by repeated pumping,
thawing, freesing, pumping cycles, They were then fractionated on the
apparatus, the middle fractions being stored in bulbs attached to the
gas line,

Eropane and Butane: Fropsne and butane were obtained in cylinders from
the FPhillips Petroleum Co, and were of "research grade” purity, Before
use they were frosen in liquid nitrogen and degassed before being stored
in bulbs on the gas line,

Neopentane: Neopentane was a standard sample obtained from the Department
of Scientific and Industrisl Research, Chemical Research Laboratory
(99,987 "pure”), Before use it was degassed and stored in a bulb,

2.4 Exocedure
The standard reaction mixture conaisted of 0,67 kim~2 and

6.7 Kim™2 of hydrocarbon and deuterium respectively in the mixing volume
whick, after expansion, gave pressures of O.45 and 45 Mim=2 in the
reaction vessel at 0°C, The reaction mixture was normally prepared
mmpnoammnhubmm-u«mmmu
equilibrate for 30 mins to ensure adequate mixing of the gases, The
gas mixture was normally admitted to the film at 0°C and the



temperature then raised rapidly to that at which the reaction began to
occure

In experiments involving presorption the procedure was to
admit the material to be presorbed as described above for a reactant,
While it was remaining in contact with the film at the desired temperature
the excess was removed from the mixing volume and the subsequent reaction
mixture prepared, The removal of the presorbate was achieved by pumping
for 10 mins at the prescrption temperature, The admission of the reaction
mixture was then accomplished in the usual way,

In experiments using the solid catalysts, the gas mixture was
prepared vhile the catalyst was being stabilized at the reaction
temperature, After stabilization the gas mixture was admitted at this

temperature,
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CHAFTER III
RESULTS

et Surfage Areasof the Catalysts

The platinumesilica catalysts used were obtained from
Dr, R,L, Moss at the Warren Springs Laboratory, Stevenage, Dr, Moss
also kindly supplied the catalyst characteristics and these have been
summariged in Table 3,1,

TABLE 3.1,

FLATINUM = SITICA CATALYSTS

10,0% Flatinum on Davison grade 70 silica, Surface Area 215 meg~1

Rate C
Reduction Proportion |Flatinum M?
pe gize nm at
Catalyst |temperature "‘; of platinum area meg~! 2o
p (111)(200)(220)| * & "o Yot nd}:oszr
568/ AE/ 140 140 740 65 Te5| 077 ko8l 1he 6

568/AF/500 500 10,0 9.5 10,0 0.89 3403 1.6

The platinum on y-alumina wes a sample of a commercial
platforming catalyst supplied by Universal Matthey Products Ltd,; the
catalyst consisting of 0,375 platinum on y~alumina with fluorine promoter,
The characteristics of this catalyst have been described by Hightower and
Keaball (9#). They did not, however, give the actual platinum surface
area of the catalyst, and so by utilizing their results, an estimate of
the available platinum area was made in the following manner,
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Catalyst contains 0, 375 platinum

2

« o 12 of catalyst contains 0s375 1072 g of platimum
41 g mole of platinum = 1951 g

¢ ¢ 1 g platinum contains 6,023, 10°°  atoms
1951
.

o+ 1 g catalyst contains 640230, 375)s 10 atoms of platinum
195.1

If one assumes that the area of a spherical atom when it is
projected onto a plane is the same as that of a square the dimensions
of which are given by the dismeter of the atom, then since the Pt-Ft
bond length is 0,275 nm, the area of one platinum atom is approximately
given by 0,275, 10-18u2,

. o 1 g catalyst = % (00 375)(00275) 2 1.1)m? of platimm
.

= 049631 m? of platinum,

and this value was used to convert the experimentally determined rates
into absolute units,

Erypton Adsorption: The results obtained for the adsorption of krypton
on sn unsintered platinum film are given in Table 3,2, and the adsorption
isotherms and B.E.T, plots are shown in Figures 3.1, and 3,2, respectively,
Isotherm 1I was obtained DY evacuating the krypton from the film at 0%,
recooling to =196%C and then measuring the adsorption of lkrypton upeon
the film, Figure 3,1, shows that the adsorption of the krypton was not
reproducible, The reasons for this will be discussed fully later, but

it indicated that the krypton might be diffusing between the platinum
crystallites,
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TABLE 3¢2¢

ADSORFTION OF KRYFTON ON AN UNSINTERED PLATINUM FILM

Po = 0y3906 Kinr2

|
Isothern| *osg"® © Py g rose h(l’a-*’.)v 1

Pg Nu™2 | V3,102 ml md =1 ”
1 51456 34678 340 (38649 | 042796 | 050094
78430 10,70 LeGbh  |37949 | 0,609 |0.0274
620 2 20023 Le93 |370s4 | 14108 | 0,0518

87484 33420 5027 |3575 | 1.76 | 0,085
L 51456 5468 1eh7 38649 | 0,655 | 0.009
39418 bolst 254 368619 1,440 | 0,0274
ke 99 9427 284 381433 1.922 | 0,0518

55016 20413 3017 |370.47| 24935 | 0s085

For the sintered film, the reaction vessel was warmed to 0%
and the krypton pumped off, The temperature was then raised to 250°C
and the film sintered, while under evacuation, at this temperature for
1 hr, The results obtained for the adsarption of krypton are given in
Table 33, and the isotherm and B.E.T. plots are shown in Figures JsJs
and 3eks respectively.

. The figures show that in the range of relative pressure used,
the adsorption of krypton on platinum gave isotherms with a very
pronounced plateau, It was thus possible to measure the momolayer
volumes accurately from both the B,T.T, plots, and the 'point B' values
obtained from the adsorption isotherms, The results obtained are given
in Table 3,4, which shows the excellent correspondence between the areas
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TABLE 3,3

ADSORFTION OF KRYPTON ON A SINTERED FLATINUM FILM

e R g o g2 | Ko
III | 27450 1492 1,036 | 388,68 0,2691 |0,0049
36487 84 36 2,109 | 382,24 14037 |0,0214
2k 98 11449 2188 | 379.11| 1,385 | 0,029
28,81 14,73 2283 | 37587| 1717 | 040377
e 32 16451 2,347 | 3The09| 14880 | 040423

calculated by the two methods, These areas could not, however, be used
directly to convert the experimental rates into absolute units,

1t

was first of all necessary to correct the areas cbtained for the

adsorption of the krypton upon the glass surfaces of the gas handling
system, This blank area was determined by measuring the geometriec

surface area of the glass and then multiplying it by a 'roughness'

factor of 147, The blank area of 0s0794 m? obtained was then subtracted
from the experimental areas to give the film areas shown in Table 345.,
vhich also includes the results obtained by other workers,

TABLE

Jekie

SURFACE AREAS OF THE FILMS

Tyve of | Foint B B.E.T, Point B|B.E.T.

Isotherm ri.{-?‘nnd monolayer vol,| monolayer vol,| surf surfac
Vppe 102 ml V102 ml | area m?area

1 unsintered Lo E5 503 0e2541 |0.2634

11 unsintered 275 3e28 Qe 1431 |0s1721

IIX sintered 2,02 2,28 0, 1059 |0, 1154
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TABLE 345

CORRECTED SURFACE AREAS OF THE FLATINUM FILIS

BoE.Te
Isothern | Type of film mrf:;c area

1 unsintered 0. 1840
11 unsintered 0, 0927
11X sintered 0e OO

unsintered 0.1989( 116)
unsintered 0. 1000¢ 119)

unsintered 0, 42000 120)

The surface aress obtained by solution of the B.E.T, equation
were considered to be more accurate than those obtained from the
'Point B' values, and so the areas of isotherms I and III contained in
Table 305, were used to convert the experimental rates into their
absolute values,
Hydrogen-deuterium exchange: The results obtained for the calibration
of the mass spectrameter for hydrogen and deuteriwn are given in Table 3.6.,
and have been plotted in Figure Js5s No attempt was made to measure the
calibration line for hydrogen deuteride.

The results that were obtained for the calibration of the
mass spectrometer are subject to an error in the pressure measurements,
Due to the construction of the gas line, the calibration doses of hydrogen
and deuterium had to be expanded from the dosing volume (60 ml) to a final
volume of 880 ml, The pressure of the gas in the dosing volume was read
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TABLE 3,6,

CALIBRATION OF THE MASS SPECTROMETER

Pressure of hydrogen|iHydrogen peak | Pressure of deuterium Deuterium pesk
in reaction veasel height in reaction vessel height
Nu®2 n N2 m
38Be13 24575 43466 24200
32458 2375 28,00 14420
32458 2.275 23420 1,200
28,80 1775 20,00 0,920
25020 1475 1hie 67 0s 750
11.20 0s975
8.40 0375

to an accuracy of & 153 Nn‘z, and since the pressure varied from

133 to 540 Nu~2 calculation showed that the error in reading the

pressure varied from approximately & 207 o 3 5forespectively. Thus,
assuming that the gas expansion from the dosing volume to the reaction
vessel can be carried out accurately, the pressure of the gas in the
reaction vessel will be subject to an error varying from & 20 for the
lowest pressure used, to + 5 for the highest pressure, The above
argument assumes that there was no error in the volume measurements,
orh‘tthonmnomommuth-mmthoaunﬂhofm

gas :ine during the expansions, This latter assumption is very unlikely
and adsorption of the gas would, therefore, reduce the pressure from that
calculated, The error in the volume calibrations has been estimated to
be + 53 thmthototdomrmthcmofthowinmmm
vessel has been estimated to vary from + 25 for the lowest pressure used

to + 10 for the highest pressure, These error ranges have been shown



on the calibration graphe

The calibration curve for hydrogen deuteride was assumed to
lie equidistent between the calibration curves for hydrogen and deuterium,
The validity of this assumption can be shown as follows,
If one takes a mixture of hydrogen and deuterium and exchanges it over
a catalyst, at equilibrium the interconversion equilibrium equation
predicts that

ol el .
EANLY

Due to the isotope effect, if one uses equimolar guantities of hydrogen
and deuterium X X 4 For the purpose of this argument it is assumed
that K = 3,9, From Figure 3.5, at a pressure of 26,7 N2

[1,] = 0t80m; [D,] = 0,135 m

and substitution of these values gives [HD] = 0,151 m, compared with
the value ocbtained from the graph of [H0] = 0,1525 me This supports
the assumption that the sensitivity of the mass spectrometer for
hydrogen deuteride would lie equidistant between the sensitivities for
hydrogen and deuteriume

The surfece areas obtained by this method are given in
Table 3.7« It is apparent that they are much lower than those obtained
by the adsorption of krypton, This isdue to the fact that this method
gives the area which is available for the chemisorption of deuterium,
which mey not necessarily be the same as that available for the physical
adsorption of krypton.

No attempt was made to estimate the error in the surface areas
obtained by this method, It might be thought that one should use these
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TABLE 3,7

BURFACE AREAS OF FLATINUK FILUS

Peak height of hydrogen
- e deuteride produced | UX1898 8FeA |, orage
mn
unsintered 500 0. 0385
570 00 Olididy 0, 0428
620 0, 0454
sintered 430 0, 0284
370 0,0266 0. 0262
250 00257

surface areas to convert the experimental rates into their absolute
values, This was not done for a number of reasons:

(a) The large error inherent in the pressure measurements,

(b) The gases used may not have been 1007 atom pure,

(e) The amount of hydrogen deuteride produced was very
small, the accuracy of its measurement depending upon how accurately
the background hydrogen deuteride could be measured.

e 2e

As has been mentioned in Part I section J3.J., for the
satisfactory analysis of a mixture of isotopic molecules, several
eriteria must be obeyed:

(a) The product distribution cbtained after the correction
of an equilibrium mixture should be the sawe as that calculated from
the appropriate binomial expansions
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(v) The interconversion equilibria must be cbeyed, In
general this is not quite true, lowever, the correlation between the
observed and caloulated interconversion equilibrium constants becomes
better with inoreasing size of the paralfinic hydrocarbon, Thus the
constants hold for hexane, but not for methane, It was assumed that
in the case of propane, the correlation would be exact,

(e) After correction of the mass spectrum for natural isotopes
and fragmentation the pesks at masses less than that of the parent
molecule should dissppear, es they can only arise from contributions
due to the fragmentation of the molecules at higher masses.

Table 3.8, shows the effect of correcting the mass spectrum
of an equilibrium mixture of isotopic propanes by a statistical treatment,
This indicates that the contributions of the pesks at higher masses to
those at lower masses, due to fragmentatioh, have been overestimated;
indicating the inaccuracy of using the same set of fragmentation factors
for both the carbonehydrogen and carbon deuterium bond dissociationse

TABLE 3.8,

EQUILIBRIUM DISTRIBUTION OF ISOTOFIC FROPANES
UPILIZING A STATISTICAL TREATMENT

Deuterfum Content d.ea.,con,%dsc,‘dsas[q dg

ixperimental Peak heights 12 |47 | 135 | 2% | %5 |27 | 992|923 336,0
Peek helghts after isotople and
fregmentation corrections w32 2| =0,7|=3. L2 |=68,2(=25,1 | 35,7 (0,72 | 156.1 5083 3155

Percentzge of isotopic specles «0,21 |2 |=1,55 |22 [0,04 |9,61 | 336 37.57 19,43

Binomial distribution with
¢ = 699,93 o | o | 0,05 |05 3,05 11.uiz7 Wbzt
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It is known '2') that the carbon-deuterius bond strength is
approximately 107 greater than that of the carbonehydrogen bonds Thus
under electron impact in the mass spectrometer there will be a tendency
for the C<ll bonds to be dissociated more easily than the C<D bonds. The
presence of deuterium atoms in the molecule also has an enhancing effect
upon the relative probability of losing hydrogen end deuterium atows
under electron impact, Thus as the number of deuterium atoms in the
molecule increases, the easier it becomes to dissociate hydrogen atoms
and conversely more difficult to dissociate deuterium atoms. These
effects are apparent in the differences between the fragmentation
patterns of O i and C,Dg (83), and vecause the extent of fragmentation
was large even for low electron energies, this variation between the
mass spectra of OJHB and G,Dg made it impossible to calculate the
fragmentation corrections quantitatively by the statistical treatment
used for the other hydrocarbons in this work,

To obtain an equivalent set of fragmentation factors
describing carbon-deuterium bond dissociations, perdeuteropropane was
prepered by repeated eachange of propene with deuterium over a tungsten
£ilm at 100°C, Table 3,9, shows the result obtained from this
experiment, The perdeuteropropane prepared contained approximately

TABLE 3.9,

MASS SPECTRUM OF PERDEUTEROFROPANE AFTER
ISOTOPIC CORRECTICN

Deuterium contont | duy |das [dez [dey [dg (4 |dp [ds |d, |d5 |dg {4 | dg

Peak height 9.5 | 112 |51.9 | 2.4 | 6,2|2.8| 17,7 | hels | 21,6 | 1,1 108 | 2,2 |196,9
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1 of G,D.,B. The contributions that this would make to the d¢, 4,,
‘2 end do peaks would be negligible and so the fragmentation factors
for C3Dg were calculated directly from the data in Table 3,9, The
fragmentation factors for 03!8 and C,De are shown in Table 3,10, Due
to the very large variation between these two sets of factora it was

Electron |lMolecule | fp 4 2 f 3 fh f5 fg

voltage V.| X [Cyng® [Csk* |CiRg’ |CaMs® |Cam |Catst |eatc
17 Csla 1,000 |1,1350 | 0,1655 | 0,33 | 0,0361 | 0,1665 | 0,032,
17 CjDa 1,000 | 0,781 | 0,1015 | 0,2385 | 0,064 | 0,127 0,022k

not surprising that overcorrection of the mass spectral data occurred
when the results were calculated on a statistical basis, It was
therefore necessary to evaluate a correction scheme which tock into
account the different probabilities of losing hydrogen and deuterium
atoms from the deuterated molecules,

Two methods of measuring absolutely the fragmentation scheme
were considered, It would be possible to correct the mass spectrum of
an isotopic mixture if the mass spectrum of each of the deuterated
species was known, Theoretically, each of the deuterated propanes
could be prepered and their mass spectrs measured, The difficulty
with this is that the mass spectrum not only varies with deuterium
content but also with the substitution position of the deuterium atoms
in the molecule, Thuthemsnpwtnnorcnjcnzcﬂg)mldmh
expected to be the same as that of CHDCDCHz, Effects of this
nature would make the preparative and analyticel problems almost
insuperable,
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It may be readily shown that if one uses a high resolution mass
spectrometer, it would be possible to determine the parent ion content
of the isotopic mixture absolutely, If the heights of the parent ions
as determined by high resolution mass spectrometry, for example an
M8903, are described by aj for i = 0 to 8; and if the mass spectrum
obtained from the low resclution ¥510 used in this work is similarly
described by by for i = O to 8, where i is the deuterium content of the
molecule; then after natural isotope correction by and bg will be
fragment pure, By normalizing the two sets of spectra so that bg = ag
the following scheme may be devised,

ag=bg
€ £
e 28"7t1 -
‘5"'5"7’27“6‘1‘
G U 48"7’57“6‘ 6"5" g
.35-.7:“ ~agf 5 -.51' af,"
8y=b,=agf -.;5 -a‘r -asf} a.‘zh a3f1}
8, 1“7'6 “6‘ "‘kf s "‘2‘ 1
= ~egfg "6’6 "5'5 o 5 ¥ "3 3 "2"2 "1'1

QtO. »

1

LB refers to the fragmentation factor for the loss of A nmass

unites from a molecule containing B deuterium atoms,

where f

By using five mass spectral scans, for different extents of exchange,
the various f,” factors may be caloulated, Both of these methods of
analysing the data were not considered further due to the very involved
nature of the work, and so a method of analysis using a general computer

program was looked for,
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ir fm, rmm. refer to the probability of losing one
hydrogen and two hydrogens atoms ete. from the completely protonated
species; and fm and tz) etc, refer to the probability of removing
one deuterium atom and tvwo deuterium atoms ete, from the perdeuteropropane,
then the first improvement applied to the purely statistical approach
was to replace the fm, rm etc, terms by t‘ID’ fa) ete, in cases where
the particular fragmentation being corrected for involved only carbone
deuterium bond dissociation, For mixed fragmentation, i,e., fragmentation
involving the lose of both hydrogen and deuterium atoms, the "1ight'
hydrocarbon factors were still used. The results of applying this

treatment to the experimental data of Table 3.8, are shown in Table 3411,

TABLE 3,11,
i PRODUCT D TON OBTAINED BY S ITUTION OF
' ' FACTORS FOR DEUTERI IN THE STATISTIC
Deuterium content of molecule Hﬁ‘gkl}“d,k d.
Peak height after correétion *18,9 |=35,6 =63, 7| 31,1 (0,27 24.8| 312, 3|620,9 |606,8 [315.5
Percentage of isotopic species 1,86 |=3,33(1,63|0,01 | 1,30( 16,34 | 32,48 | 31,74 [16,50
Binomial distribution with $=63%,27 0,00/ 0,01(0,12|0,94 h.fl 14,80|29,43 | 33,44 16,63

Assuming that the hydrogen only and deuterium only fragmentations have
been adequately corrvected for, the persistently low value for a,. as

shown in Table 3 11. suggested that there was an overcorrection for

the fragmentation invelving the loss of one hydrogen atom and one deuterium
atom from 05D7u. 1t would appear from these results that, for systems
like propane where considerable fraguentation ocours, the mixed

fragmentation corrections are sensitive to the type of fragmentation
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factors used; so incorporation of the 'heavy' propane factors into
the mixed fragmentation correction terms appeared necessary,

Genlt and Xenbald (%) sn tnete shuly of 416 eaodenge of
propane with deuterium on palladium films devised a method of analysing
the isotopic mixtures, They assumed:

(a) That the sensitivities of the parent peaks of the nine
isomers C }HB to Cbl)e were equal,

(b) That the chance of fregmentation of each carbon-hydrogen
or carbonedeuterium bond was independent of the nature of the other bonds
in the molecule,

(¢) That the formation of each fragment ion could be
described by a successive dissociation of carbon-hydrogen bonds,
selected on a statistical basis and multiplied by factors for the
chance of each individual dissociation.

Let n A J be the height of the peak corresponding to the fragment ion
c ’nmn;_- relative to the height of the parent ion C )’P{' Let the

fragnentation pattern of C JDB be described by

O LI
mrinpnmtathcmtofmithmtwmnm

factors [31 apply to the fragmentation of C,Be. Then the general expression
for the relative height of any fragment ion is given by

." - " Ry 4 m terms n terms
x

e XKmen+1

and this expression was used to caloulate and hence to eliminate the
contributions of fragment ions to the mass spectra of mixtures of
isotopic propanes, The effect of this treatment upon an eguilibrium



- 68 -

mass spectrum is shown in Teble 3,12, Comparison of Table 3,12, with
Table 3,11, shows that the values of the corrected peak heights for
ds-da are unchanged, because they are not dependent on mixed
fragmentation corrections: The do to dh corrected peak heights are,
however, dependent upon these mixed corrections and show increased

values over the previous methods useds

Deuterium content of the molecule | doy |d [ &) | Gp | d3 | @y (d5 |dg | | dg

Peak heights after correction «6,73|=38,1|«48,8 56,4/ 7.0 |30,5 313, 3|620,9 606,8 315.5
Percentage of isotopic species «1,95| =2,50 2,99/ 0,36(1,56 16,01 | 31,82| 31,10(16,17

Binamial distribution with

¢ = 631,26 0,0 | ©,010,15( 1,155,537 16,08 30,07 32, 14| 15,03

- .

The lack of improvement obtained for the isotopic analysis
by using this method was disappointing, but it indicated that there
must be an effect involved in the extensive fragmentation of isotopic
propanes that had not yet been accounted for in the correction scheme,
One of the assumptions made by Gault and Kesball (%) was that the
chance of fragmentation of each carbon-hydrogen or carbon-deuterium
bond wes independent of the nature of the other bonds in the molecule,
This assumption is not quite true because as mentioned earlier the
carbonedeuteriun bond dissociation energy is 10/ greater than that of
the carbon-hydrogen bond (121). 1t therefore seemed appropriate to

develop a scheme where this effect would be taken into account.



-69-

(122)

Evans et al, developed a quantitative desoription of

the differing probabilities for the loss of hydrogen or deuterium atoms
from a molecule, in terms of the  and /" factors given below.

’ﬂ/ L probability of deuterium leaving 0’52
FProbability of an individual hydrogen leaving CH:D

e Frobability of individual hydrogen leaving 0112
Probebility of individual hydrogen leaving cﬂk

These definitions have since been modified so that the 17 factor is the
measure of the probability of removing a deuterium atom from a partially
deuterated molecule as compared to the probability of removing a hydrogen
atom from the completely protonated isomer,

The “( and /" factors defined above refer to the probability of
losing one hydrogen or deuterium atom from the monodeuterated species,
Sehissler et al. \'23), novever, painted out that as the number of
deuterium atoms in the molecule increased there was a tendency for " to
increase, It has also been found (124 125) 4104 the probability of
removing a hydrogen atom from the deutercethylemes relative to the
probability in CJi, increased progressively with the number of deuterium
atoms in the molecule; similarly the probability of removing a deuterium
atom was less than that of removing a hydrogen atenfralczlbmddocromd
with the number of hydrogen atoms in the molecule, For the ethylenes the
probability of removing a deuterium atom is 0,90 in perdeutercethylene
and is very nearly equsl to the a priori probsbility times (0.90),
(0,90)> and (0490)* in molecules canteining 1,2 and 3 hydrogen atoums,

The probability of removing one hydrogen atom is equal to the g priori
probability times 1410, (1,10)2 and (1,10)” for molecules containing
1, 2 and 3 deuterium atoms, Since the factors 1,10 and 0,90 are nearly
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reciprocal, all the factors could be represented by positive and
negative powers of the constant 1,10, The relative probsbility,
Rl,n,n of removinglhydrogen atoms and m deuterium atoms from an
ethylene molecule czuh_nbn as compared vith the probability of
removing hydrogen from Qzﬂk is given by

[1n+m(ne5)]
Bl,-,n = Aonn .
where A].,n,n is the g priori probability and K = 1,10 for ethylene,
For the propenes it was hoped that an equation of this form
could be used for analysing the isotopic mixture, By writing a computer
program utilizing

. i 4 [1nem(n=9)] 3e1e

¥here Rl, un is the relative probability of removing 1 hydrogen atoms
and m deuterium atoms from a propane molecule O’HB_nDn as compared
with the probability of removing hydrogen from GSBB and by varying the
value of K used to caloulate the equilibrium distribution from the data
in Table 3.8, it was hoped to find the best value of K which gave an
adequate snalysis of the experimental datas The results obtained are
shown in Table 3,13 Assuming that the terms allowing for loss of
hydrogen or deuterium atoms only are correct, the changing velues of
the peak heights do-d‘. with inereasing K must be due to inaccuracies
in the mixed fragmentation terms,

Amenomdys and Pottie $126) | nowever, showed that for the
deuteroethanes, the weighting factors a, for the loss of hydrogen
from a molecule containing n deuterium atoms could be expressed as a

power series

= 14095 “



TABLE 3,13,

VARIATION OF THE EQUILIBRIUM PRODUCT DISTRIBUTION

WITH PARAUETER K

L Deuteriun content of the isotopic molecules

K dy | dy | dp| dy | 4 | &y | dp | d3| d | d | dg | dy | dg

1,00 14,51 =14, 35 |=21,92 [= 3,20 [«10,20 =61, 14 |=1L, 76| 16,50  =8,93 1?5.‘1 521,34 603,03 313,10
1,01 [16,00|= 8,51 +19,80(= 1,70 |= L, 02 |=54, 56/*16,66 20,71 =0, 02 |178,49| 518,76 603,03 (313,10
1,02 [17.13]= 5,74 [#17.90(= 1,30| 0,68 =47,38|+20,25|20,03| 8,44 181,31 515,75 603,03 313,10
1.03 [18,00(= 0,77 |=16,82 |= L84 | 4,95 =40, 71 |~23,65 |19,28(16,47 [183,61| 512,29 (603,03 | 313,10
1,04 (18,80 2,00 |»15,682(= 7,92| 8,83 =34.51|~27,01 | 18,44 2k, 10 (185,41 | 508,36 603,03 313,10
1,65  [19.54] L3 |[=14,91(+10,58 | 12,35 =28, 74|30,23 | 17,47| 31, 33 |186, 76| 503,94 603,03 | 313, 10
1,06 (20,25 7.02 14,08 +12,86 | 15,55 23,3533, 37 16,3536, 18 |187,70| 199,02 603,03 | 313,10
1,07  [20,27| 9.30 =133 =14,80 | 18,45 |=18,33(=36,43 15,06 Lk, 65 |188,28 | 193,57 |603.03 (313,10
1,08 [21,48) 11,45 |+12,67 =16,43 | 21,09 (=13,64 =39, 42 |13.57|50, 7% [188,55| 487,58 603,03 | 513, 10
1,00 [22,06| 13,19 [*12,07 =17.80 | 23,50 |» 9,272, 36 |11,89 56,44 (188,57| 481,01 |603,03 313, 10
1,10 [22,61| 15,42 |=11,54 =18,92 | 25,70 (= 5,20/=445,24 [10,02 61,73 |188,40| 473,86 |603,03 (313,10
1,01 [23,14] 17,25 »11,08 +19,85 zr.nr- 1.43|=48, 10| 7.97|66,5 (188, 12| 466,09 (603,03 |313.10
1.12  |23,50| 19,63 |=11,03 (18,63 | 27,41 | 2,05(~50,94 | 5.80(70,58 [167,80|457.6 (603,03 313, 10
1,93 [23.75| 22,31 |=11,27|=16,13 | 25,89 | 5.22+53.82| 3.55|74, 82 [187.53| 48,61 603,03 [313.10
114 |23,98 24,84 «11,55 =13,77 | 24,15 | 8,09 56,81 | 1,30(78,05 (167,42 | 438,85 |603,03 |313, 10
1,15 [25,16| 27,14 (=11,84 (=11,79 | 22,86 | 10,35 =60, 87 |=0,83(80,57 187, 37| 428, 57 |603,03 (313,10
1,16 [24,30| 29,19 (=12,12 |+10,27 | 21,89 | 11,93 «66,43 |%2,69 82,26 (188, 10| k17, 14 603,03 313,10
1,17 |2hAk| 31,10 |=12,42 |= 8,93 | 21,11 | 13,28 #72,12 |=4, 09 |82,96 189,15 | 405,13 603,03 |313,10
1,18 (20,58] 32,88 12,7k = 7,80 | 20,51 | 14 L3[77.91 |mhia 76 (82,47 190,85 |32, 32 603,03 (313,10
119 [2h,73| 3.5 (+13,09 = 6.90 | 20,31 | 15,46 83,72 80,5 193,57 378,66 603,03 313,10
1,20 |20,87| 36,0 (=13,16 = 6,23 | 20,30 | 16,47(09,19 (+2,56 (77,02 (196,89 | 364,13 ]en.os 313,10




“. 19 e

and, similarly that the weighting factors b‘, for the loss of a
deuterium atom from a molecule containing m hydrogen atoms could also

be expressed as a power series

b, = 0,910 -

Since the mass spectral analysis of the deuteroet:ianes can be adequately
explained by a geometric power series, it would be interesting to look
at equation 3.1, in greater detail to see why it does not explain the
mass spectra of the deuteropropeness For an adequate analysis of the
mass spectrum, equation 3,1, must explain:

(a) The fragmentation pattern of C,ﬂao

(b) The fragmentation pattern of C}DB'

(¢) The increasel probsbility of losing hydrogen atoms and the
decreased probability of losing deuterium atoms from a partially deuterated
molecule,
Iffmndfmfor1-1to6mthfmtatimfmtonofmm
and perdeuteropropane respectively, then from equation 3.1, the
fragnentation pattern of propane is given by

B‘l,n,n ” Al,n.n‘?

Siml!l tor].-1to$ndm-oomnltm/fyntoryd-‘lt06md

sin,n
Al..’noqudl1for1-1t06a¢—nn.tmmm(n)wtholdo

For perdeuteropropane equation 3.1. becomes

Rl.n,a =M ,m,n g

m-m;l#ﬂnm.mwamm that is 1 for i=1 to 6 end
mmao’1.8mmx" for K equal to 1.455. Calculation has
shown that
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R]_..’n x Al,m,n (10#55)-'. form= 2 to 6,

therefore oriterion (b) does not hold,

It is rather difficult to decide whether criterion (e¢) is or is not
adequately satisfied by equation 3.1, If we take the case of C,I}DS,
for the loss of cne hydrogen atom equation 3,1, gives

5
Rl,n.n = JyBK = r/fﬂi Se2e

where f’h the probability of losing one hydrogen atom from CJﬂJD5o
For the loss of one deuterium atom

-l
Rl"’n = 5/8& = f#f"ﬂ 363

where fpis the probability of losing one deuterium atom mc,n,o5.
and for the loss of ane hydrogen deuteride molecule

B) pn = 2385/, S 3ebe

where fi is the mmtywmmmmmmc}a,bs.

It is likely that equation 3,2, would be obeyed since it'Has been based
upon the fragmentation factor for the lcss of a hydrogen atom from the
completely protonated isomer, Eguations 3.3, and 344, however, which
involve the loss of deuterium from the molecule are not based upon the
fragmnentation factors for the loss of deuterium atoms but upon the
fragmnentation factors for the loss of hydrogen atoms from the completely
protonated isomer, It is therefore unlikely that any of the fragmentations
involving deuterium atoms have been adeguately corrected for,

The scheme that was finally evelved for correction of the
mass spectra of the isotopic propanes may be regarded as a combination
of the methods of Rault and Kesball (®%) ana Diveler et al, ('), 1n
this final form, however, the Dibeler approach has been extended to
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include the use of deuterium fragmentation factors based upon the mass
spectrum of perdeuteropropane *, Table 3,14 column 2 shows the peak
heights for the experimental (natural isotope corrected) amounts of the
isotopic propanes 65 to dgs Using the values of the d-, and dg peaks
shown, along with the interconversion equilibrium constants, the peak
heights expected for the ds to dg compounds, af'ter allowance for
fragmentation may be calculated, These values are shown in Table 3,1l
colum 3,

In terms of fragmentation corrections

2 ag a7
%.lo. = ds.xpt. da.rw d70f1B

where rf is the fragmentation fastor for the loss of A atoms of hydrogen
or deuterium from a molecule containing B deuterium or hydrogen atoms,

TABLE 3,1k,
Deuterium = Experimental Expected value for
content peak heights | corrected peak height
dg 31550 315.50
ds 606, 84 606481
ac 95365 510, 70
ds 903,19 245, 60

’ fd7 & “emt'déo.lo.-dBf:g

1H 2
dy

substitution of the relevant values gives

7 . o.52
g = 00323

* Thanks are due to lir, E,5, Dowle who derived this section of the work,



Previous methods of analysis would have given the result as

7 . 1 4% o o,

11 1H

Thus the presence of the deuterium atoms hOJB-,H enhances the
fragmentation of the hydrogen atom by a factor of 2,279 In keeping

with the idess of Amencmiys and Fottie ' 126)
l" = (1.125)70

Table 3 15, gives the values for the fragmentation factors for the loss
of ome hydrogen atom from each of the isotopic propanes.
Sdmilarly
a7 ds
%50a1e = d5expt, = 47 f1p = % T
Dg
o A7 _ 45 oxpt = 45 cale = 46 T4 |

N,
d9

Substitution of the relevant wvalues gives

=
fm = 0,599,

Previous methods would have given the result as
ay dg
fﬂ) = % ‘1D = 0,6834,

50 the secondary fragmentation effect has h_thh case reduced the

extent of fragmentation of a deuterium atom from C ’D.,H by a factor of
0, 8776,

.. b- = (0.8776)‘

The corresponding factors for the loss of a deuterium atom from each of
the deuterated propsnes are shown in Table 3,16,



TABLE 3,15

PRAGMENTATION FACTORS FOB THE LOSS OF ONE HYDROGEN
ATOM FROM THE DEUTSRATED MOLECULXES

Peuterlif | Frageentation correction fastor g
Y- SR i
% ’ i
a 18 . r':: o (14125)7 r':'.?
4 2/8 o fl:: . (14125)® f:
L V8 . r‘:: o (1.125)° f:?q
3, 1/2 . f:ig o (10125)% ‘::
4 5/8 o t:‘g o (1125)° r‘,'é
a, &8s 104 (10125) >
a, 78 . r}:ﬁ . (1s125)" f:;
4, 8/8 & r?g . (15125)° f:ﬁ




TABLE 3,16,

FRAGMENTATION FACTORS FOR THE LOSS OF ONE DEUTERIUM
ATOL FROM THE DEUTERATED MOLECULES

Deuterium Fragmentation correction factor f;-q

number =
ag 88+ £10 » (0,8776)° £
a, UB o 5 « (0.8776)" E
&% 6/8 o £y0 + (0,6776)° -
a4 58 o £30 « (0,8776)° =
a8, W8 o £50 + (0,8TIE)h .
ay ¥8 . :‘,g o (0,8776)5 f:g
az 2/8 o r:g . (0,8776)° rf%
ay 1/8 « r;? o (0.,8776)7 f::)
dg 0 | r:f,’
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If we redefine

L Probo,bintg of ome deuteriun leavingC3D4Hl
Statistical probadility of one deuterium leaving CyiDy

£ e Probability of ome hydrogen leavingC
Statistical ty of one hydrogen leaving C3HD

then, T = 0,8776 and T = 1,125, and 7=~ /I,
Examples of sane correction terms are given below
For an isotopie propsne containing L deuterius atoms, the correction

tern for the loss of one hydrogen atom is
Tl(“‘)/&.&(ﬂ o IH,

where 7 =" L and A (1) is the appropriate Geult and Kemball expression;
similarly for the loss of one deuterium atom

T =Ll/g. B (1) .7,

where 20 = ()8l ana B (1) is the appropriate Gault and Kemball expression,
If A refers to the Gault and Kemball expression for the case under
consideration, then for the loss of x hydrogen atoms from a molecule
containing L. deuterium atoms

r.a..(zn)’.mza-(f‘)l‘.

and for the loss of y deuterium atoums
T = A (2D)7 where D = ()8

htbmnﬂubﬁhhdmulmmstmmlmmm
na»mmmmumrmummuohwwum
mm.ormmmmmamnuuummmtmwm
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The totel probability will then be the product of these separate
probabilities, Thus for a molecule containing L deuterium atoms, the
correction factor for the loss of x hydrogen atoms and y deuterium atoms
is given by

T = A (z0)* ()7,

This correction scheme was applied to the equilibrium isotopic propane
data of Table 3,8,, with the result shown in Table 3.17.

TABLE 3417

BQUILIBRIUM PRODUCT DISTRIBUTION OF ISOTOFIC PROPANES

massbimeaecs Ay | dep | det ‘.Iﬁ @ |4 GQ‘L_:_ dg
Corrected pesk heights 40,31 22,45 [#12,96 | =1 3.47 | =3.15| =u0u 21 [15.40 (75,19 2143, 35 5167 :
Percentage of fsotopic species 0,76/ *0,19| 2,27 0.87| L2k 13,74/ 232 1279
Binemial distribution with
¢ = (Blk98 a8 oM ate 0.80| 4.17| 13.88); "‘.’l“

T = 0,8929; I = 14200

The correlation between the observed and calculated equilibrium
distributions is excellent for the isotopic propanes dy=dg. Although the
dy corrected peak is still quite negative, it does not devalue the
results greatly, since negative peaks are not included in the calculation
of the percentages of the isotopic species, Thus with respect to the
latter the dp peak is regarded as mero, which is more or less the value
given for the dp species by the binomial distribution.

The scheme which has been developed for the analysis of the
isotopic propanes is a very flexible one, In general, the values of
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1 and I" to be used are determined from the experimental equilibrium mass
spectrum after isotopic correction, If the 'equilibrium' mass spectrum
used to calculate 7 and /" is not in fact an equilibrium mixture of
isotopic propanes, then little correlation will be found between the
experimental distribution of propanes after correction, and that
calculated from the binomial expression, It also follows from the
correction scheme that 7 must be <1 and /" must be >1, The values of
4" and " also depend upon the mass spectrometric conditions but should
be constant for any series of related propane and perdeuteropropane
fragnentation patterns,

Although it has been shown that for adequate analysis of the
isotopic propanes the extended GCault and Kemball-Dibeler treatment is
necessary, in cases where the extent of fragmentation is low and the
differences between the 'light' hydrocarbon and perdeutero hydrocarbon
fragmentation patterns are small, the fully extended scheme may not be
required, Thus the analysis of a mixture of isotopic isomeric butenes
can be adequately analysed by the Gault and Kemball treatment ("27).

The computer program used for the analysis of the isotopic

propanes is given in Appendix II,

3e3 Ihe Exchange of Fropane with Deuterium

At temperatures greater than LOOC the exchange of propane
with deuterium on unsintered platinum films proceeded at a reedily
measurable rate, The rates of exchange ko and kj, which were
calculated from plots of the apparent first order equations 312, and
3e1ks , were converted into their absolute values by assuming that the
surface areas of the films, as measured by krypton sdsorption, were
independent of their weight, Figure 3.6, shows two typical rate plots
obtained for the incorporation of deuterium inte the molecule; and
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the rates of exchange and the type of rate plots obtained are summarized
in Table 3,18, All the rates quoted, apart from those for the reaction
at 76°C, were obtained from a single experiment by admitting the reaction
mixture to the film at 0° and then progressively inereasing the reaction
temperature, In the case of the reaction at 76°C, the reaction mixture
was admitted to the film at 0°C and the temperature then rapidly increased
to this temperature,

The shapes of the rate plots could be divided into two groups:

(a) That containing straight line rete plots, i.e., the reaction
obeyed apparent first order kinetics,

and (b) That containing curved rate plots, indicating that the

reaction was slowing down with time,
This retarded curvature occurred at resction temperatures of 76°C and
118%C; above and below these temperatures straight line rate plots
were obtained, This curvature, which was tentatively ascribed to
progressive sintering of the film end not to progressive self poisoning
of the surface during the reaction, will be discussed fully later,

TABLE 3,18,

EXCHANGE OF PROPANE WITH DEUTERIUM ON UNSINTERED FLATINUM FILMS

e e e ———————
Rate of reaction

an | OSSR pold s~1n"2, 10°16 e it vl aradll T T

No. temperature 2 - ¢ T
*c ko K, log(p_=9) 108 ¥g

e ‘+ s g

L » 1.596 0,284 5.61 8 ] c
18 L6, 13>16,2k | 7.43>2,68 6,05 CR cR c
14 17.5 5,23 3.30 8 8 c
172 20,87 b 311 b8 8 8 ¢
191 1m.n 8,00 1.46 8 8 ¢

1 % 55.3—>26.25 | T.84h—>L. 8 [7,05-5,68 CR CR c

* B:= strgight line apperent first order plot
CR:= ecurved rate plot; reaction slowing down
Tt Ci= constant cafbon balance
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The constancy of the carbon balance at any temperature
indicated that little progressive loss of 'propane' was occurring
either by poisoning or hydrocracking, It may also be shown that,
apart from the small quantity which was leaking into the mass spectrometer,
no 'propane’ was being lost from the system over the duration of the
experiment,
For a closed system the pressure of the propane is proporticnal to the
,..buoluto temperature; and the total carbon count determined mass
. spectrometrically is proportional to the total pressure of the isotopie
propanes in the reasction vessel, Therefore, the carbon count will be
groportional to the absolute temperature, If the amount of gas adsorbed
on the surface at the lowest temperature used in the experiment remains
constant as the temperature is increased, then any deviation of the
experimental carbon balence from that calculated on the basis of the gas
laws, must be due  to either desorption of 'propane' from the surface of
the film, or further adsorption of 'propene’ in some form upon the surface.
Figure 3.7., which was obtained by applying the sbove argument to the
data of experiment L, shows that 'propane' was desorbed from the film
surface upon increasing the reaction temperature.

The Arrhenius equation plot for the rate of disappearance of
the 'light' propane shown in Figure 3.8., also includes the results that
were Gbtained by Addy and Bond (128) for the exchange of propane with
Sesteriim on o 3 pletismepunioe sebslsite  Taay V1580 Gipu,
however, give any indication of the surface area of the platinum on the
catalyst; nor did they give any details about the volume of their
reaction vessel system, Their experimental rates were, therefore,
converted into sbsolute units by assuming a value of 210 ml for the
volume of the Pesction vessel system; and using a valus of 11,67 0§ "
for the surface area of the platinum, which was calculated by the same
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method used to estimate the surface area of the platinum on the platinum

§ =alumina catalyst, These assumptions will produce a degree of uncertainty
in the relative position of the Arrhenius equation plot for their results,
It is considered, however, that the rates will not be affected by more

than a factor of + 3.

On the unsintered films the exchange reaction did not obey
the Arrhenius equation over the complete range of temperature, The rates
of exchange ko and kp at 79% and 76°C were, since these were the initial
reaction temperatures used in the experiments, judged to be the ones least
lisble to have been affected by changes in the nature of the films, The
activation energy (Eg = 81,34 k J mole~!) and pre-exponentisl factor
(10840 A = 2907; A in mols s='m~?) were, therefore, calculated from the
line drawn through these two points, At temperatures greater than 80°C
deviation from the Arrhenius equation was observed, thespparent activation
energy tending to a negative value, Above this temperature the M values
were less than those obtained initially, ise., the rate of incorporation
of deuterium into the 'propane' was being affected to a greater extent
than the rate of disappearance of the 'light' propane,

Fram Figare 3,9, which shows the course of a typicsl reaction
with time, and Table Je19, which gives the initial product distributions
for the exchange reaction, it is apparent that all eight hydrogen atoms
were readily exchangeable and that all possible isotopic propanes were
produced in substential amounts initially, This coupled with the fact
that the M values were greater than one indicated that the molecule was
undergoing extensive multiple exchanges The initial product distributions
obtained, which showed maxima in one case at the d,, a,..uae
deuteropropanes and in the other at the d} and dg deuteropropanes, did
not vary much with temperature, although the M values did increase with
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TABLE 3419

INITIAL PRODUCT DISTRIBUTICNS FOR THE EXCHANGE

OF PROPANE WITH DEUTERIUM

ket o ‘ Percentage deuterium content M ﬂ Liﬁ
e L R e

filn 39 | 505128 508 (1445 | 38| 703174 33,0] 5.61| 5,55

f£ilm 76 | 645| 8451145 | 8.0 | 5:5(12,0(17.0 [3140| 7:05| 5.57

=50 68

| 5 Ptepumice 100 (1148 |14e6 14l [12:7 | o1 | 8,0(12,8 [16,6] = | 451
(98" ’ 150 2049 (12,513 | 8.8 | Tol| 7061147 [18a1| = | he29
: 200 1840 | 7.7 769 | 961 | Tok| 649 (1348 [2942| = | 5,02

] . 250 17,0 | 57| 702 [10s5 | B,0| 6.3 [13:332:0 = | 5,19
(129) 2 200 (17,7 | Boly| 602| 605 | 728| 947(1347|30s0| = | 5012

temperature up to 118°C,

Although these isotopic distributions agreed

Silhe weli il Mince ibdataed by Aidy st Bast \1T0). ol yeves oo

vhich they found for the monodeuteropropane was not observed for the

reaction on the films, However, when the fragmentation corrections were

sosdiet 5o AN vesite Ny the methed 4F Gait sk Bubady ON-Ges datein

product distribution for the exchange reaction at 39°C did show a large

maximum at the monodeuteropropane, It is thus possible that the correction

scheme used by Addy mﬂBmd(ma) did not provide an adequate analysis

of the data and so some doubt must be cast upon the accuracy of their

initial product distributions,




The exchange reaction of butane with deuterium was studied on

sintered and unsintered films, the weights of which varied from 7,25 to

11:50 mg,

At temperatures greater than 3% butane exchanged readily

on the unsintered films; however, presintering the films at 250°C in

vacuo for 1 hr necessitated reaction temperatures greater than 1109C to

give readily measursble rates of exchange, The nature of the rate plots

and the rates of reaction obtained are swmarized in Table 3,20,

TABLE 35,20,

THE EXCHANGE OF BUTANE WITH DEUTERIUM
ON PLATINUM FILMS

Rates of Mtq 6 Type of rate

Catalyst |Tompe "0® ¢ ‘o2, 10710 plot cbtained akp | Carbont
conditions| °C " k logyq S ‘.J g | oot
¥ (0..-9)| "0
unsintered | 38 5.00 | 1,03 VSCR VSCR |4,85| C
" 18 17.15 | 2.62 VSCR VECR 6,55 ¢©
" 61 37,87 | 5,80 | VSCR | VSCR (6,54 C
n 75 | 103.70 | 12.14 3 5 |85 C
sintered .% 16| 25eTh | 375 B 8 (69 | ¢
250% in | 120 | 796 | 6,16 8 8 |6,15| ¢
vacuo for | 148 | 21260 | 27,98 5 8§ |7.67| ©
1 br 162 | 14%.0 | 19%.22 5 B |[T.76| €
S 196 | 3558 | 76,38 8 8 k65| ©

* VSCR 1= wery slightly curved, i,e, a retarded reaction

S 1= straight line rate plot, i,e., the reaction obeyed

apparent first order kinetics

1T C i1« Carbon balance constant
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The shapes of the rate plots were similar to those that had
been obtained for the exchange of propane with deuterium, For the
exchange reaction en unsintered films a slight retarded curvature of
the plots was generally observed; but when using presintered films
this curvature was no longer apparent, the reaction obeying apparent
first order kinetics,

In all cases, for the reaction at any temperature, a constant
carbon balance was cbserved, The criterion for this constancy was based
upon thers being less than a 5 change in the total carbon count for the
isotopic butanes during the course of the reaction at any temperature,
Within this constancy limit, however, a certain degree of variability
was observed, In some cases the carbon count was found to either increase
or decrease slightly with time, and in others the behaviour was variable,
No averall trend in the behaviour of the carbon count was apparent,

Pigure 3.10, which shows the Arrhenius plots for the rate of
disappearance of the 'light' butane, also includes the results that
were obtained by Anderson and Avery (42) for the hydroeracking and
isomerization of butane on sintered platinum films, It is apparent that,
even after allowance for the decrease in the apparent surface area of the
films upon sintering, there was still a considerable difference in
activity for the exchange reaction between the two types of films; and
mtmminw«m.mtwmurum-mmm
much greater than that for the hydrocracking reaction, The Arrhenius
parameters and activity factors for the exchange reaction are given in
Table Je22e

At all temperatures on both the sintered and unsintered
films, all ten hydrogen atoms in the butane molecule were readily
exchangeable, each of the deuterated species being preduced in
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ABLE 3,22,

ARFHENIUS PARAMETERS AND ACTIVITY PACTORS

| Apparent sctivation | Preeexponential factor Activity

Catalyst energy logqoA A in factor at
kJ mole~ mols 8=im~2 78°%C
- 584 39 25,88 1,00
1I 61480 24489 0,031

substantial amounts, This behaviour is illustrated by Figure 3,11,

which shows the course of a typical reaction with time, and by

Table 3,25 which gives the initial product distributions for the exchange

reaction at different temperatures,

TABLE 3.23.

INITIAL PRODUCT DISTRIBUTIONS FOR THE EXBHANGE OF

BUTANE WITH DEUTERIUM ON FLATINUM FILMS

Catalyst and

|
Fercentage of isotopic species M=Sndn |
conditions | eo* | . ree) e %-ﬁi
used }a" a, | 4 4, |4y a‘a.,aa;ag 10
unsintered | 38 i?.t.s 15¢3| 80| 642 605 | 509|940 (1048 14e0 1760 4eB85 5498
" LB |2540| 6eki| 603 | 547 669 | T40[7e8| Ba5 | 1keO 2540 6455 6452
. L9 |18e1| 7e7| 762 502|642 (1043|843 | 6e7 1043| 2041 5¢8 | 5473
- 62 170| 740! Le3| 3¢5|4eO| 625|640 | 720|12:5| 5242 6.5 | 6450
. 69 (1347| 68| 648 | 6okl 78 (1142881043 |12, 7| 1546 508 | 5493
gintered at |116 (13,6| 4a7| he5| 168|204 | 68| ko2 | 14312:0 48,7 6.9 | Te3
250°C for 120 |18, 3| Geli| 766 | haO ko2 | baT|be5 6e9| 949| 30a4| 6415 6405
1 hr, 148 1548 540| 560 | 205 2:8| 249|2.1|11.0 1949| 34e0| 711 | 6495
unsintered /|/.5 zn..shzs.s 19,5 (100|765 | 560|3:5| 2:0| 05| 0 |267h | 27k
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For both types of film the initial product distributions were
similar in shape, and within the limitations of catalyst reproducibility
the smounts of the more highly deuterated species and the M values increased
with increasing temperature, The initial product distributions generally
showed maxima at the dq, dg and d4g deutercbutanes, In only two cases
was divergence from this pattern observed, the initial product distributions
for the reaction at 38° and 4L8°C on unsintered films showing maxima in
the former cese at the d2, d5 and dqp deuterobutenes, and in the latter
case at the d4 and d40 deutercbutanes,

The exchange reaction on the unsintered films showed some degree
of irreproducibility with respect to both the initial product distributions
and the rates of exchenge, In general the rates of exchange in these cases
were less than those plotted in Figure 3,10, When butane was presorbed
on an unsintered film at 1459C for 45 min, the subsequent exchange reaction
ghowed a small reduction in rate from that of a normal exchange reaction,
but the rates obtained were comparable to those for some of the irreproducible
‘unpoisoned' reactions, Presorbing oxygen at 145°C for 45 mins., enhanced
the rate of the subsequent exchange reaction by a factor of L5, though
in this case approximately 38° of the 'butane’ was lost over the duration
of the experiment, The initial product distributions obtained for these
irreproducible experiments were similar to those obtained for the reaction
on the unsintered films, but differed from them with respect to the amounts
of the more highly deuterated species that were produced, %The final
distribution given in Table 3,23, is an extreme exsmple of this behaviour,
where the production of the large amounts of the perdeutercbutane has been
suppressed, There appeared to be same degree of correlation between the
reduction in activity and the divergence of the initial product
distributions from normality. This irreproducibility was also observed,
but to not quite the same degree, for the reaction on the sintered films,
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Presintering a film at 145° for 45 mins, in vacuo reduced
the activity of the film for the subsequent exchange reaction by a
factor of 80, compared with a reduction in activity by a factor of
450 for a film sintered at 2509C, These values were based upon the
experimental rates of exchange because the surface area of a film
which had been sintered at 145°C was not known, No estimate of the
area could be made because, although the number of the thermodynamically
controlled defects could be caloulated, sintering of the film will be
both temperature and time dependent,

The exchange reaction of neopentane with deuterium was
studied on sintered and uhsintered evaporated films, and on platinum
supported on silica and ) - alumina, The catalysts used are described
in Table 3s2ke

TABLE Je2he

CATALYSTS USED

Catalyst symbol Nature of Catalyst

unsintered film

Film presintered at 250°C in vaecuo

Film presintered at 2009C in deuterium
0,375 Pt on )=alumina; fluorine promoted

H W oo w >

10,07 Pt on silice; reduced at 140°C
111 10,07 Pt on silica; reduced at 500°C
v 10,0° Pt on silica; reduced at 5009 ( reactivated)




The rates of exchange ko, and k@ were calculated from the plots
of the appsrent first order equations 3,12, and 3.1ks (Part I), and were
converted into sbsolute units by assuming that for the films, whose weights
varied from Seks to 16,4 mg, the surface areas as measured by krypton
and by using for the supported
catalysts the known surface area of platinum which was available for

adsorption were weight independent;

chemisorption, The shapes of the rate plots and the rates of exchange
for the reaction on the different catalysts used are summarized in
Tables 3026."% 2803
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symbols used in these tables,

TABLE Je25e

SYMBOLS USED

Symbol

Meaning

VSCR

PRESENOT N T

Straight line apparent first order rate plot

51ightly curved rate plot; reaction slowing down
curved rate plot; reaction slowing down
curved rate plot; reaction accelerating
constant carbon count

carbon count decreasing with time

carbon count increasing with time

verisble carbon count

The shapes of the rate plots, which were similar to those
that had been obtained for the exchange of propane and butane with
deuterium, depended upon the catalyst used or its pretreatment, When
the exchange reaction was carried out on unsintered films a very slight

while Table 3,25, gives an explanation of the
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TABLE 3,26,
EXCHANGE OF NEOPENTANE WITH DEUTERIUM ON UNSINTERED
PLATINUM FILMS
Resetion rate
5| M | Type of rete plot
sorption conditions 1::' mols s~la, 107 -a .-‘m':'
ko | Ry log(¢_~4) [l0g 29
None 20 | 2,083 | 2,809 1.5 Wvecr VSCR | €
W | 20,80 | 26,48 1.43 8 E ¢
b8 | Wl | 19.68 1,40 8 8 [
5 | 28,18 | 15,96 1.65| VsCr VBCR ¢
65 | L7.51 | 70,98 1.9 3 8 ¢
68 | 59.58 | 99.17 1.67| vick g c
80 | 80,85 | 19,8 1.48| WvscR VSCR ¢
%0 - 295,54 - VECR - ¢
oh | 148,1 | 266.6 2,14 vscR 8 ¢
122 - 655, - VECR - c
Methone at L) 16,48 | 23,91 115 B 8 ¢
150°C for 60 | .47 | 5.8 1.4 5 g c
1 hr, 68 123.2 214,8 1.74% 8 8 c
80 |88 | 18.0 1.7 s 8 [
88 | 8L.L3 | 1259 109 | WVicR VSCR ¢
103 - 53,8 - 8 8 e
Ethane at 105°C 57.5 | 15,9 | 23,15 119 8 c [
for 1 hr, 7 6,71 | 1046 1.66 | VsCR VBCR c
96 - 199.% - VECR - c
Propene at 105°C 3 56,85 | B.% 1.54 | VocR VECR
for 1 hr, & 127.5 | 205.0 1.61| wsce VSCR
105 - 296,8 - s 8 [
Neopentane =D, at |81,5 | 63,05 | 102,8 1.63| 8 £
105°C for 1 hr, 109 - 403,3 - VSCR VECR c
Ethylene at 105°C | 78 7.213 | 10,86 1.51 s 8 c
for 1 hr, 105 1. | 45 1.81 8 8 ¢
W [19.06 |28.% |1.48|/ 8 P '
1*




hecpentane

at 220°C for 1

Heopentane =0, at
250°C for Wy,

101

138,35
7.5
178

155
19

152

12.3%

12
1.66
1,68

2,26

1.53|
1.8




J

TABLE 3.28.

cotatgpe | SIS el e u.?.m“wmﬁ .g.""“““’”‘
- ky | Ry Ko | 108(0_~9) | 10604
1 0,9 100 (10,3419 B09-5684 ::E; o o
19,5 100 | 68,6 | 28,3 (142 8 3
16,5 16 | 109,68 | 1591 (1,85 & 3
(¥ | 220 | 7957 |30 8 5
2,9 wh| s28| 158 |aa| 8 5
19.5 we | suae | ems [ves| 3 vica
6l 179 | 6105 | 0 |44z 8 ¥3ch
i 72,2 | 2% a28|wel 8 | s
72,2 6| 43| 6s8|us0| 8 | 8
722 o8| 088 72|18 s s
722 90,5 8,92 S 1,60 & 8
i 11kt | L aw|e2 s 8
11609 37| 83| B |am| ca
11,8 176 2,45 3084 | 1,57 E 3
14,8 2% 1515 .3 | 1.0 8 s
v 12l | B| 500 (168 e e
"7 295 8,87 15,6 W 8 8

- = B < @ < o o a =B - > a o <~ o li




-9[#-

retarded curvature of the rate plots was usually observed; hovever,

on presintering the films at high temperature this retarded curvature

was no longer apparent the reaction obeying apparent first order kinetics,
In the casesvhere either methane, ethane, propane, ethylene or a
neopentane~deuterium reaction mixture was maintained over unsintered films
for 1 hr, at 105%C, the shape of the rate plot obtained for the
subsequent exchange reaction depended upon the hydrocarbon presorbeds
When methsne, ethylene or a neopentane-deuterium reaction mixture was
presorbed, straight line rate plots were obtained, However, when ethane
or propane was presorbed a slight retarded curvature of the rate plots
was obtained, Differences in the rate plots were also cbserved for the
experiments where neopentane, or a neopentane-deuterium mixture wes
presorbed at high temperature upon a sintered film, When neopentane
itself was presorbed at 220°C for 1 hr,, the subsequent exchange reaction
obeyed spparent first order kinetics, lHowever, when a neopentane~deuterium
mixture, (deuterium:neopentane = 10;1), was presorbed at 250°C for 1 hr,,
the subsequent exchange reaction showed a slight retarded curvature of the
rate plots, The exchenge reaction on the supported catalysts obeyed
apparent first order kinetics, In only onecase, that for the reasction on
§ walumina at 100°C was retardation of the exchange reaction observed;

end in only one case, that for the reaction on the silica catalyst which
had been reduced at 5009C, was an accelerating rate observed,

Tables 3,26.-3.28 also give the carbon ccunts that were
obtained for the exchange reaction, The films gave constant carbon
balances at all temperatures, With the supported catalysts, however,
the behaviour was varisble, though mainly constant, In those cases
where carbon was being lost from the system the change was of the order
of 157,



The Arrhenius equation plots for the rate of disappearance
of the 'light'neopentane are shown in Figures J. 12, = Jelke At
temperatures greater then 20°C neopentane exchanged readily on the
unsintered films, At these low temperatures no eyidence was obtained
for progressive self poisoning of the mhmzo reaction, Thia is
illustrated by Figure 3,12, which shows that the presorption of
saturated hydrocarbons upon the unsintered films at 105% for 1 hre,
only produced a very small reduction in the activity of the film for the
subseguent exchange reaction., The presorption of ethylene at 105%C for
1 hr, upon sn unsintered film, however, reduced the activity of the film
for the subseguent exchange reaction by a factor of 12; on increasing the
temperature above the presorption temperature the exchange reaction
continued at a steady rate, the apparent activation energy tanding to
sero k S wole™,

In order to study the self poisoning that might occur at
high temperatures it was necessary to eliminate any effects due to
the film progressively sintering during the reaction, The exchange
reaction was, therefore, carried out en presintered films to provide a
base to which presorption effects upon the subseguent exchange reaction
could be referred., FPresintering the films necessitated reaction
temperatures greater than 80°C to propagate the exchange process and
Figure 3413, shows that even after allowing for the decrease in apparent
surface area of the films upon sintering, there was still a large
reduction in activity for the exchange reaction, Some evidence for the
formation of irreversible species upon the surface of a platinum film
was round when a hydrocarbon was presorbed upon a presintered film.
Presorption of neopentane itself at 220% for 1 hr., produced a large
reduction in the activity of the film for the subsequent exchange
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reaction; and this reduction in activity was greater than that observed
when a neopentsne-deuterium reaction mixture was presorbed at 250°C for
1 hr,

The Arrhenius plots for the reaction on the supported catalysts
are shown in Pigure J,14, Although the rates of exchange were reproducible
there were considerable differences in activity between the catalysts;
the platinum on Y=alumina catalyst being the most active, and the platinum
on silica catalyst which had been reduced at 500°C the most inactive, The
dowward pointing arrows shown for some of the rates of exchange on the
pPlatinum on ¥=alumina catalyst, refer to the experiment quoted in Table 3.28.
where a retarded rate plot was obtained, At the initial temperature used
in this experiment the rate of exchange decreased with time giving a final
rate which was one third that of the initial rate, OUn increasing the
temperature, the rate of exchange did not increase markedly from the final
rate mentioned above, and was still much less than the initial rate,

The Arrhenius eguation parameters for the exchange reaction are
given in Table 3 29,, which alse includeas the temperature for which the
rate of disappearance of the 'light' neopentsne kg = 3.4 1016 mols
s~'m=2, This corresponded, for the rea¢tion en the unsintered films,
to an experimental rate of 1 min~1, The table shows that presintering
the film, or presorbing saturated hydrocarbons on an unsintered film
increased the spparent activation energy of the exchange reaction;
whereas presorbing saturated hydrocarbons on a sintered film decreased
the apparent activation energy., The temperaturesgiven in column 5 are
a little misleading as a measure of catalytic activity. Although the
reaction on the films can be correlated by this method, as can the
reaction on the supported catalysts, due to the differences in the
Arrhenius parameters between the films and the supported catalysts any
correlation between the two groups of catalysts by this methcd would
be misleading-
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TABLE 3429,

ARRHFNIUS PARAMETERS

c.m.v'tl Sorption conditions ‘m::‘ 1:“12‘ x.,.ﬁ.%
noed ?;Th?, mols s=imw"2| mols 8™
A none 46,43 23,80 60
A |Saturated hydrocarbons at 1050C
for 1 hr, 5514 25,00 67
A |Bthylene at 105°C for 1 hr, 8327 T | 24,28 T 120, 5*
B none 62480 25. 39 97
B |Meopentane at 2200C for 1 hr, 45¢ 31 21.27 i
B |Neopentane-Dp at 250°C for 1 hre| 4036 22,40 127
1 none 25,08 20,67 Ly
11 none 5217 20465 135
Abd none 32,85 19442 321
*  Extrapolated

T  1ess than 98°C

Activity factors for the catalysts could, however, be calculated

by using the rates of exchange at constant temperature, In order to avoid

using extrapolated rates, the catalysts were divided into two groups:

(a) The exchange reaction on the unsintered films, and the

normal exchange reaction on the sintered films,

and (b) The exchange reaction on the supported catalysts and the

gintered films.

For group (a) the temperature chosen was 84L9C, and the activity factors

were calculated relative to the reaction on the unsintered films,

Iin




the case of group (b) the temperature chosen was 1520C, and the activity
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factors were calculated relative to the reaction on the sintered films,

The results obtained are given in Table 3,30, which shows that in terms

of the absolute rates of exchange, the activity of the supported catalysts

for the exchange reaction was similar to that of a sintered film,

TABLE 3,30,

ACTIVITY PACTORS

Group c‘:.n:-t Sorption conditions A;:::::’
A A none 10
A Saturated hydrocarbons at 105°C for 1 hr. 0.841
A Ethylene at 1059C for 1 hr, 0,0852
B none 0, 1580
B B none 1.0
B Neopentane = D, at 2509C for 1 hre Os 148
B Neopentane at 220°C for 1 hr, 0. 0412
1 none 0615
11 none 0. 106
111 none 0,0051

neopentane were different to those observed for the exchange of ropane
and butane,
a typical reaction with time, and by Table 3,34, which gives the initial
product distributions for the exchange reaction on the catalysts studied,

The §nitial product distributions obtained far the exchange of

This is illustrated by Figure 3,15, which shows the course of
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TABLE 34314

INITIAL PRODUCT DISTRIBUTIONS FOR THE EXCHANGE OF

NEOPENTANE WITH DEUTERIUM

Percentage deuterium content

#:—-

| ———— S N A

A none 20 95.5|3.0 (VW5 |~ |~ - « (= |= |10
A [nene 65 (01,6153 (26 (05 |= | = | = [« [|= |12
B none 101 (90,7 |46 Lok |0,25|= | = | = |= | |1,12
B nane 1065 [89.1 | hat | 5.6 [0,3 (0,15(0,15 (0,15 0,15 (0,5 | 1424
L Neopentane at 220°C

for 1 ir, 155 [68,7 | 5,01 | 5.26(0,5 (0.5 | = | = (= |= [1,15
5 Neopentane = D, at

250°¢ for 1 b, 152 90,0]2,5 |36 (05|« | o | == |= |12
A CHy, at 105°C for 1 b, | 59 91,0 &9 | 3.9 (0,1 | = - o |= |& | 1,00
A CHy, at 105°C for 1 hr, | 60 87.3(10,3 (2,1 Q4 | | = | = |= |= 1,08
A Collg at 105°C for 1 br,| 57.5(95.2 | 2,57 2.0‘1 Gh|= | = [ =|= | |102
) Calig at 105°C for | hr, |66 (89,575 (2.5 (05| = | = | = |= | |15
A Neopentane =~ D, at

105°C tor 1 by, 81,5(77.1 15,0 | 6,0 | 1,0 [0,k | 0,25 | 0,13(0.05)|0,05( 1,22
A Cofly, at 105°C for 1 b, |78 (95.0| Lol | 085 » | = | = | == |= [1,06
A Colly, at 105°C for 1 b, (105 (89.5| 7,0 [ 3.1 |05 | = | & | = | = |= | =
1 none 116 (92,2 6,0 |18 | = | = | = [ =|= |= [1,09
11 |ncne 56 |95.3| b0 | 06501 | = | =« | = |« |« [1,1
111 |none 129 87,1 8,3 |htb| = | = | = | & = |& 1.2

1.19

1,10
1,13

1.16

Tk

1.3

1.13




Although neopentane reacted readily on the catalysts, only the 44, d,
and dj deutero tert-butyl ions were produced in substantial amounts
initially, the relative amounts being dp< dy > d 3 The distributions
almost invariebly showed the ebsence of isotopic species containing more
than four deuterium atoms; in only two cases was propagetion of the
exchange process to produce all nine isotopic tert-butyl ions observed,
The distributions can be divided into two groups depending upon the
relative amounts of the species containing two and three deuterium atoms
present:

(a) Those for which 4y~ dj, this group arising from the
reaction on the unsintered films and the supported catalysts,

and (b) Those for which d,~ ds, this group arising from the reaction
on the sintered films,
The ¥ values although close to were significently greater than: one, and
increased with increasing temperature, This effect was also shown by the
initial product distributions, the amounts of the isotopic species
containing more than one deuterium atom increasing with increasing
temperature,

The Arrhenius equation plots for the exchange reaction on the
catalysts showed the excellent reproducibility that was cbtained, This
is also illustrated by Table J.32. where the results obtained in this
work are compared with that briefly reported by Gault et al. (82) in
their study of the hydrogenolysis of gem dimethylcyclopropane with deuterium
on platinum films,

TABLE 3,32,

EXCHANGE OF NEOFENTANE wITH DEUTERIUM
ON UNSINTERED PLATINUM FILMS

 Temp, | Experimental | Pe e of X
rate ko 7 min=1[ d4 2 [ 93 ﬁwﬂs

0.6 960 21| 2465 [1a 1k | 041 = [« |= |= bk | (82)

0s 77 93ek (505 (165 [0l = |= [= (= |= [ 1,44

&3
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In contrast to the straight chain paraffins studied neopentane
did not exchange readily to produce isotopic species containing more than
four deuterium atoms, IFigure 3,16,, which compares the Arrhenius plot
for the exchange of neopentane with deuterium on sintered films with that
Stainel By Enderson ant Avery ' M shows taat e Pete of Siseppearens
of the 'light' neopentane ko at 1279C was faster than the rate of
hydrocracking and isomerization by a factor of 4365, An attempt was,
therefore, made to rationalize this discrepancy in the following manner,
For neopentane to exchange all twelve hydrogen atoms initially it must
form en of -diadsorbed intermediate, If one looks at the initial product
distributions for the exchange reaction on sintered films, then eny
isotopic species containing more than three deuterium atoms must have
been produced by the formation of this intermediate, Therefore, if A
denctes the total percentage of the isotopic species dy-dg, the rate R

of the exchange process producing these species is given by

R=AKkg/i00

and similarly the rate 5 of the exchange process producing the isotopic

species dq=d3 is given by
S = ko - R.

Figure 3.,17., which compares the Arrhenius plots for these two rates of
Gashangs 00 lkbored FLINs sASH thet of Aiscven and Avesy. P oy
that at the temperatures required to propagate the exchange reaction the
rate of multiple exohange R is comparable to the rate of hydrocracking
and isomerization, Due to the small amounts of the isotopic species
containing more than three deuterium atoms that were present in the
initial distributions, and the limited temperature range over which the
initial distributicne could be accurately measured, the rate of multiple
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exchange R will be subject to some error, An attempt was, therefore,
made to extend the temperature renge and accurscy of measurement by
measuring the initial distribution at high temperature, 1t was proposed
to do this by admitting the reaction mixture to the sintered film af the
reaction temperature, However, vhen the reaction mixture was admitted to
the film at temperatures ranging from 145% to 170°C no exchange of the
molecule was observed at temperatures less than 2509%C,

The Arrhenius equation parameters for the exchange processes
R and 5 given in Table 3, 33, will be subject to quite a substantial error,
Though this
error will amount to probably + 6 k J mole=! in the activation energy,

due to the inaccuracy in the measurements described above,

the results will still be qualitatively correct,

TABLE 3. 33

ARBHENIUS PARAMETERS

Activation energy | Pre-exponential | Activity
Process Ey factor logio A | factor at
k J mole~! |A in mols s=w2 | 127°C
Hydroeracking ¢ 42 87,86 2642 040002
K 138,80 33¢ T4 0,021
3 The 29 26497 1,0000
3460 Ihe Exchange of ilethane with Deuterium

The exchange of methane with deuterium has been studied on
unsintered and sintered platinum films, the weights of which varied from
Be1 to 1247 mge Jlethane in contrast to the other hydrocarbons studied
was much more difficult to exchange, reaction temperatures greater than
180% being reguired to give readily measurable rates, The rates of

exchange k, and h; are summarized in Table 3, L.
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TABLE Je 3he

EXCHANGE OF METHANE WITH DEUTERIUM

ON FLATINUM FILMS

13
; Rate of reaction Type of rate plot l +
Grou | Catelyst |Temp, | mols s=1u-2, 10713 obtained  |M=kp Carbon
| used % ko | balance
‘:l ky k¢ 108(0,‘,‘0) log do !
|
i |
A E Unsintered | 195 [26,89 57,67 [L4eB2-513457 CR CR 1.66'1 c
i |
A | Unsintered| 242 62,99 99.59 . 8 [1.58 ¢C
B | Unsintered | 242 13.72 21,69 S 8 (1.,58/ ©
at 2509 212 17.20 28,62 5 S |1.66] ¢
for 1 214 27.20 41,84 8 8 [1.57| C
hr, 235 5017 88, 37 8 8 (1,72 ¢©

* 4 using a value of 0,04 m? for the surface area

B

" "

0,184 m2 "

L "

"

+ 8 reaction obeyed apparent first order kinetiocs

C.H,rate plot curved, i,e,, reaction slowing down with tine

T C ecarbon balance constant

rate of incorporation of deuterium into the molecule,
of the other hydrocarbons studied the type of rate plot obtained

depended upon the catalyst pretreatment,

Figure 3,18, shows two typical rate plots obtained for the

Ais in the case

Yhen the exchange reaction

wes studied on sintered films the reaction always obeyed apparent first

order kinetics, On the unsintered films two types of rate plot were
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obtained, At the initisl temperature used a very retarded curvature of
' the plot was obtained; however, on increasing the reaction temperature,
this curvature disappeared and the reaction obeyed apparent first order
kinetics,

The Arrhenius equation plot for the rate of disappearance of
the 'light' methane ko shown in Figure 3,19, also includes the results
obtained by Kemball (1% for the exchange of methsne an unsintered
platinum films, Kemball's results which were obtained using a different
gas ratio than that used for the results reported in this thesis, were
converted for use in Figure 3,19 by apélioatim of the pressure
dependency equations which he reported; and by converting the surface
s S e Bl Bobeitaad by Sbd ehiess iy bion 20 htraann 00 gy
the equivalent krypton surface area by application of the surface area
measurements reported in this thesis, This figure, vhich shows that
the rates of reaction for the exchange on sintered and unsintered films
and tho.a reported by Kemball (130) obey the same Arrhenius equation,
requires some detailed explanation. The Arrhenius plot was derived by
the superpcsition of the absolute rates of exchange for three groups of
catalysts:

(a) The results of Kemball (130) for the exchange reaction
on unsintered films.

(b) The results obtained in this work for the exchange
reaction on sintered films,

(e) The results obteined in this work for the exchange
reaction on unsintered films,

The derivation of groups (a) and (b) has been explained aboves In the
case of group (¢), at the highest temperature used in the experiment
the rate of exchange was converted into its absolute velue by using the

surface area of a sintered film, For the initial reaction temperature
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where a retardedly curved rate plot was obtained, the ratesof exchange
were converted into their absclute values by using for the initial rate
the surface area of an unsintered film, and for the final rate the surface
area of a sintered film, It is thus apparent, that in contrast to the
other hydrocarbons studied, the exchange reaction of methane does not
differentiate between sintered and unsintered films, The Arrhenius
parameters for the exchange reaction are given in Table 3, 35.

TABLE 3, 35,

ARRHENIUS FARAVETERS

Apparent activation | Pre-exponential | Temp, °C for
energy Lg factor logy Ko = Sebe 10 16
k J mole~1 A in mols s”'w~2 | mols s=im=2
90. 3 2594 228

On the films all four hydrogen atoms in the molecule were
readily exchangeable at all temperatures, each of the deuterated species
being produced in substantial amounts, This is illustrated by Figure 3,20,
which shows the course of a typical reaction with time, and by Table 3, 36.
which gives the initial product distributions for the exchange reaction,
The distributions always showed maxima at the d4 and 4, deuteromethanes,
the monodeuteromethane being the predominent isomer, Within each experiment
the ¥ wvalues and the percentages of the more highly deuterated species
inereased with increasing temperature, It was not possible to compare
directly thess distributions with those of Kewball {159 aue to the
different gas ratios used, The two sets of results were, however, similar,
Kemball observing the production of all four deuteromethanes initially,
the species containing one and four deuterium atoms being the predominant

isomers,
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TABLE Je 360

INITIAL PRODUCT DISTRIBUTICN: FOR THE EXCHANGE
OF METHANE WITH DEUTERIUM

Percentage of isotopic species
Catalyst | oo tekg | M=adn
d1 dz d) d& ko

Unsintered | 195 64s35 16,0 | 7425 | 1helO | 1,66 1.83

film 242 | 62,0 15,0 | 9.0 140 | 1,58 1.75
. 246 | 46,75 12,0 |14,0 27:25 | 2,01 2,60
film 183.5, 52,2 17.1 | 8,65 | 12,0 |1.52 1. 70
Sintered at | 212 | 65,0 15425 | 645 13425 | 1,66 1,68

for 1 hre | 239 | 65,0 135 Te5 14,0 [1.72 171

3¢7. The Hydrogenation of Ethylene

The hydrogenation of ethylene has been studied on sintered and
unsintered films over the temperature range -98°C to «35%C, The mass
spectral data were snalysed by the method described in Part 11 section
2.2., and the rates of hydrogenation shown in Table J, 36, were calculated
from the zero order plots of percentage ethane againat time,

The satisfactory analysis of the mass spectral data that was obtained
even at low extents of hydrogenation is shown by the zero order rate
plots in Figures 3,21, and 3.22,

One of the surprising features of this work was the non-
equivalence of the apparent activation emergies for the reaction on the
two kinds of films, This is illustrated by the Arrhenius equation plots
shown in Figure 3,23, , where presintering the film, instead of reducing
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TABLE 3, 37.

RATRS OF HYDROGENATION OF ETHYLENE
ON FLATINUK FILIS

Type of film | Reaction temperature Rate of hydrogena’
used og mols s~ 'n=2, 10-11‘?‘
Unsintered «98,0 Lo 94

" =98,0 Lo 5b

" .8800 8.”

" =770 1575
“intered at «74e0 096
250°C for =595 Te 2k
1 hr, “5500 27003

the sctivity of the catalyst by altering the presexponential factor as
expected, also inoreased the apparent Miﬁtm energy for the
hydrogenation reaction by a factor of 3.6, This effect could not be
attributed to using an ethylene 'poisoned' film because the experiments
vere carried out on different films; and not by using one film with the
reaction cyole, hydrogenation on an unsintered film, sintering at 250°C in
vacuo, followed by hydrogenation on a sintered filme The Arrhenius
parameters are given in Table 3, 38, The low value found for the
sctivation energy on the unsintered films, appears to be a real
phenomenon and can not be explained by a diffusion controlled process,

TABLE 3.38.

ARRHENIUS PARAMETERS

Pilm Apparent mg.m Pro—oxpmmf oy ti.}
ene actor logq

used k Jrgu'1 A in mols r?ra

Unsin 16.47 21,56

Sintered 5901 N 35
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3e8. Summery of Results

The exchange reactions of propane, butane, methane, and
neopentane with deuterium have been studied on various platinum catalysts,
The rate plots that were cbtained from the kinetic equations fell into
two groups, Vhen the exchange reactions of the hydrocarbons were studied
on unsintered films the plots were usually retardedly curveds Hovever,
when using presintered films or supported catalysts this curvature was no
longer apparent, the reaction obeying apparent first order kinetios, The
retarded curvature that was observed was only very slight and was ascribed
to sintering of the films during the reaction, In the case of propane
and butane no evidence was found to suggest that the secondary hydrogen
atoms were exchanging at a significantly fasterrate than the primary
hydrogen atoms,

Butane and propane were readily exchangeable on unsintered films
at temperatures greater than 35°C, all the isotopic species being produced
in substantial amounts initially, The initial product distributions always
shoved a maximum at the perdeuterocompound, at low temperatures both
molecules also showed a maximum at the dp deuterocompound; but at higher
temperatures this maximum had disappesred and was replaced by one at the
monodeuterocompound, Contrary to expectation neopentane exchenged readily
on the unsintered films over the same temperature range as propane and
butane, but not all the hydrogen atoms were readily exchangesble only
species containing up to four deuterium atoms being produced initially.
The groduction of species containing more than ¢ne deuterium atom initially
indicated that all three hyirocarbons were undergoing a multiple exchange
process, That the mechanism for the exchange reaction consisted of a
combination of at least two processes with different activation energies
was shown by the fact that the M values and amounts of the more highly

deuterated species increased with increasing temperature, lo evidence
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was obtained to indicate that the exchange reaction wes being progressively
self poisoned at the low temperatures required to propagate the exchange
process on unsintered films, This is illustrated by the fact that the
presorption of saturated hydrocarbons upon an unsintered film at 105°C

for 1 hr, only produced a very small reduction in the activity of the

film for the subsequent exchange of neopentane,

Presintering a film at 250°C for 1 hr, reduced the sctivity of
the film for the subsequent exchange reaction of neopentane by a factor
of 6¢3 and of butane by a factor of 32,3 With both molecules reaction
temperatures in excess of 80°C were required to propagate the exchange
process, Presintering the films did not produce any marked change in
the reaction mechanism that was not consistent with the higher reaction
temperatures, the initial product distributions being of the same shape
as those obtained for the higher reasction temperatures on the unsintered
films, No evidence was obtained to indicate that at temperatures less
than 180°C the reaction was being progressively self poisoned, Some
evidence for the formation of irreversibly adsorbed species was, however,
found when the exchange reaction of neopentane was carried out on
sintered films which had been prepoisoned with necpentene or & neopentane~
deuterium mixture at high temperature, When neopentane itself was
presorbed at 220°C for 1 hr. the activity of the film for the subsequent
exchange resction was very much reduced, and this reduction was greater
than that observed when a necpentane-deuterium mixture was presorbed at
2509%C for 1 hr,

The exchange reaction of msopentsne on the platinum supported
catalysts was similar to that on the films with respect to the initial
product distributions, The Arrhenius parameters were, hovever, different
the apparent activation energies being lower, These catalysts were,
however, guite active, the platinum on ! -alumina catalyst having an
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activity similar to that of a sintered film,

It is often said, especially with reference to organic chemistry,
that the first member of a homologous series is anomalous in its reactions,
This also appears to be true in the case of exchange reactions, Methane
in contrast to the other hydrocarbons studied was very difficult to
exchange, reaction temperatures in excess of 1809 being required to
propagate the exchange process on both sintered and unsintered filmas,

The Arrhenius plot showed that on both types of film the reaction obeyed
the same Arrhenius equation, an exact correlation being found between

the Pesults reported in this thesis and those of Kesball ¢ '), Although
methane was difficult to exchenge all four deuteromethenes were produced
initially, maxima being ebserved at the mcnodeutero- and perdeuteromethaness
¥ithin each experiment the M values and the percentages of the more highly
deuterated species increased with increasing reaction temperature,

The Arrhenius equation parameters for the exchange reactions
summarized in Table 3,39, show that sintering the films increased the

TABLE 3¢3%

ARRHENIUS PARAMETERS FOR THE EXCHANGE
REACTIONS ON FLATINUN CATALYSTS

- o
catalyst P"-‘ astivation (Pre=expanential | Temp. In *C for
Molecule | energy factor logyo A Ko = 3.4,10'6
used

k J mole A In mols mols
Unsintered C3ig 81,3 2%, 29,07 3%, 66 3%,
f1lns pyio | 58,3 g% 25,88 30,60 53 302

: Dege Csllyg 46,43 g% 23,80 3000 60,5 313

Sintered oy, 90,2l 36.70 25,90 30:70 180 355
films pCifro | 61,90 3810 24,89 3103 11l ghe?
(250°C for 1 hr.) [peg~Csliyz | 62,80 3479 25,39 30.62 97 323
Pe=iAlz0, nee~Csfirz | 25,08 g1 20,67 3042 b 47+
PL=5102(140°C) 12 | 3317 21550 20,65 328 135 ;0.8
PL=8102(500°C) 2,683 g5 19,42 300l 21 32T

x‘. 'z' x,onldnu be calculated,
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apparent activation energy of the reaction; and although the results
have not been illustrated by a dlagram in this thesis, the exchange
reaction of the hydrocarbons on the two types of films showed the
compensation effect,
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CHAFTER IV

DISCUSSION

ke1. Jurface Areas of the Films
Metal films rather than metal supported catalysts have been

used for the study of some catalytic reactions, because on the macro
scale they can be prepared reproducibly with respect to both activity and
mechanistic charscteristics; and also because the reactions which
compounds undergo on them can be related directly to the nature of the
metal snd not be influenced by any effects which, for example, the
support might introduce, On the atomic scale, however, films of one
metal may differ considerably from one another, and if one is attempting
to correlate one's own results with those obtained by other workers it
is essential to eliminate as many of the catalyst variables as possible,

When using metal catalysts the absolute rate of the reaction will usually
be proportional to the area of the metal available for reaction, and in

the general case the surfece area A of, for example, a metal film will
be dependent upon the following variables:

(a) The weight of the film,

(b) The geometry of the reaction vessel system,

(e) The preparative conditions.

() The temperature of deposition,.
That is,

A = f(a,b,e,d)

mupondinsupmm-tdmwlmorthounrhnuﬁnh

operative,
Of the variables mentioned above, the geometry of the reaction

veasel system was kept constent throughout the duration of this work;
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and the position of the filament in the reaction vessel, the outgassing
current, the evaporation current, and the deposition time were kept as
constant as possible, ZIven with these precautions, however, the weights
of the films still varied slightly, but it is considered that these
small variations would not have produced any substantial variation in
the surface areas of the films used in this work,

The surface areas and the surface structure of evaporated
platinum films have not been extensively studied, In the reports that
have appeared in the literature the surface areas of the films were, as
in the case of the areas reported in this thesis, usually measured by
the physical adsorption of krypton at 779K, The majority of the reports
agree upon the applicability of the B,E,T, equation for measuring the
surface area, Thus Trapnell et al, (120) and Brennan et al, (118) agree
that for the adsorption of krypton the B,E,Ts equation is appliceble using
Pelative pepdwires 2a 10w o8 0,001, snd Anderien and Baker (119) g0
found that the adsorption of xenon on both sintered and unsintered films
obeyed the B,E,T, egquation over the range of relative pressure 0,001 <
Pe/Po <0,06, Frennet ot al, ' 'V, nowsver, measured the surface area
by both the B,E,T, and Kaganer methods and reported that though the
areas as measured by the two methods agreed at high pressures they did
not agree at low pressures; while Adamek et al, (132) reported that the
adsorption of krypton did not obey the B,E,T, eguation but cbeyed the
Freundlich equation, Although the consensus of opinion supports the
applicability of the B,E,T, equation, the values that were obtained for
the surface areas varied considerably as shown in Table L1, This
spread in the results was probably caused by variations in the size of
the film crystallites and surface heterogeneity,
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TABLE Le1s

SURIACE AREAS
Sintering Surf
Gas adsorbed " rature 90 | aves Heference
krypton 0 0. 184
. 250 0,04
w 0 0. 1989 118
¢ 0 0,150 13
. 40 0.12 120
xenon 0 0,097 119
. 262 0,04 119

The surface areas of platinum films have also been calculated
from "hydrogen" adsorption measurements at 0% and 13,3 KNm=2 pressure (93),
and at 09C using pressures greater than O,4 kiim~2 ("9). These conditions
were chosen because it is known that at 0°C and at pressures greater
e B0 M Ahs Ndragen alsorpiion Sasthens 44 11t segped {119,
and also to ensure that the weakly bonded structures reported for the
adsorption of hydrogen at 739K (133) were no longer present, Using
this method Kemball (%) obtained a value of 0,057 m2, and Andersen
and Baker \119) 4 value of 0,087 u? for the surface area of an unsintered
£ilm, compared with a value of 0,043 m? obteined in this work by the
nethod of Hall and Lutinski (117, The accuracy of the results cbtained
in this work has been criticised in section 3.1, It is, however,
more difficult to explain the variation in the other results quoted.
This may be due to slight differences in technique or accurscy of
messurenent, thus Kemball (9 used deuterium whereas Anderson and
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Baker (119) used hydrogen, It is, however, significant that Frennet
ot e 19') hove reported that the chemisorption of hydvogen was nod
reliable, Flatinum does not form a bulk hydride readily, and at the
temperature and pressures used it is umlikely that the variation in
the results can be ascribed to hydride formation, The variation may,
therefore, be caused by surface heterogeneity,

The results given in section 3.1, (Part II) indicated that
the adsorption of krypton on a film which had been deposited at 0°C
was not reproducible, After determining the adsorption isotherm at
77°K and pumping off the adsorbed kryptom at 273°%, the volumes of
krypton adsorbed for the subsequent isotherm at 779K were less than
those obtained initially for the same relative pressures, There are
a number of possible explanations for this behaviour:

(a) Sintering of the film by the heat liberated during

the adsorption,

(b) Diffusion of the krypton into the bulk metal or between

the crystallites,

(e) The presence of high energy sites preventing the desorption

of the krypton,
Krypton is physically adsorbed on the surface of the film and hence the
heat of adsorption will be similar to the heat of liguefaction of the
gase Tragnell ot ale (129) in their study of the chemisorption of
oxygen on a platinum film which had been sintered at LOC obtained a
value of 280 kJmole~! for the heat of chemisorption at a coverage ©<1,
They {129 2150 found that the ratio of the surface area after the
adsorption of oxygen to the surface area before the adsorption of
oxygen was equal to 0,97, indicating that the heat liberated during
the adsorption had not sintered the film appreciebly, It is, therefore,

extremely unlikely that the heat of physical adsorption of krypton would
cause the film to sinter,
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The surfaces of metal films are known to be heterogeneous;
for example, the work function has different values on different erystal
faces 1%, and the variation of the heet of ohemisorption with
coverage has been aseribed to a variation in the energy of surface
sites “”). The basie for using the B,E,7, equation to measure surface
areas assumes that the nature of the adsorbent is of secondary importance,
the krypton being physically adsorbed on the surface with a structure
pimiler to that found in the liguid, Very little interaction will,
therefore, occur between the metal atoms and the physically adsorbed
krypton and the presence of high energy surface sites would not be expected
to prevent desorption of the krypton upon warming to 0°C,

The variation between the isotherms for the adsorption of
krypton mey be regarded as a form of hystercsis, It is known (136)
that nickel films which have been deposited at 0°C in vacuo sre micro-
crystalline in structure with an average crystallite size of 20-100 nm
and interorystal gaps of spproximately 2,0 nm, It is, therefore, reasonable
to assume that a platinum film which had been deposited at 0°C in vacuo
would have a similar structure, By assuming that an unsintered platinum
film consists of cylindrical orystallites 60 nm in diameter and 7 mm in
depth separated by intercrystal gaps of 2 nm, it can be shown by an
approximate caleulation that part of the discrepancy between the results
for the unsintered film may be accounted for if the krypton which has
been adsorbed between the crystallites is not desorbed on warming the
film to 0°C, This cslculation assumes that the crystallites have flat
tops and are non porous, This is extremely unlikely and the remaining
discrepancy may be accounted for if it is assumed that the adsorbed
krypton is trapped in pores on the film surface,

Metal films are prepared by evaporating the metal from a
filament at high temperature and rapidly quenching it by deposition
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onto a substrate at a temperature much lower than the evaporation
temperature, The structure of the film will thus be characteristic of
the difference between the evaporation and deposition temperatures,
The film will, therefore, have excess surface energy and will be stable
only at temperatures lower than the deposition temperature, On
increasing the temperature above the deposition temperature the film
will reduce its excess surface energy to that charscteristic of the
new temperature by crystal growth and the elimination of surface
asperities, thereby causing the surface area to decrease, This
conclusion is verified by the results reported in this thesis where
sintering the film at 2509 for 1 hr, caused the surface area to
decrease fram 0s184 m? to 0,04 m2, and by the results of Anderson
and Baker (119) who found that sintering a platimum film at 2629
decreased the area from 0,0965 m? to 0,0386 m2,

In this work it was assuwed that the surface areaa of the
films were independent of their weight, The experimental rates of
exchange were, therefore, converted into absolute units by using a
velue of 0,184 m? for the surface area of an unsintered film, snd a
value of 0,04 m? for the surface area of a film vhich had been sintered
at 250°C for 1 hr, in vecuo, The justification for this assumption
is showmn by Figure 3,12, for the exchange of neopentane with deuterium
on unsintered platinum films whose weights varied from 5.3 to 16,4 mg.
It was found that if the rates of exchange were assumed to be
proportional to their weight the exchange reaction could not be deseribed
by a single solution of the Arrhenius equation, Instead they were
separated into two groups which comprised:

(a) The exchange reaction on films weighing 5.3 and 5.8 mg.

and (b) The exchange reaction on filme weighing 15,1 and 16,4 mg.



- 118 -

The rates of exchange of saturated hydrocarbons with deuterium on palladium
films havs also been found to be independent of the weight of the film (09,
and this may indicate that even at very low film weights the crystallites
of platinum and palladium films are dispersed evenly over the substrate
surface, For nickel films the surface area is slightly dependent upon

the weight of the film, and it is very wnlikely that for platinum films
vhich had been deposited at 0°C the surface area of a film weighing LO mg
would have exactly the same area 2s a film weighing 5 mg, There will

thus be a relationship between the surface area A and the weight of the
film ¥ on the form

AsB+CW,

where B and C are constant for a particular deposition temperature,

In the case of platinum films B>C and the surface area will be virtually
weight independent,

it has been mentioned in Part I section 3,4, that for an exchange
reaction wlere the hydrocarbon molecules are reversibly adsorbed on the
catalyst surface, the incorporation of deuterium into the molecules
follows ayparont first order kinetics, Retarded deviation of the
reaction from apparent first order kinetics may be due to a number of
causes, vizi

(a) Non-equivalent hydrogen atoms in the hydrocarbon molecule,

(v) Progressive self poisoning of the catalytically active
sites during the reaction,

(¢) Progressive sintering of the catalyst during thereaction,

(d) Inaccurate fragmentation corrections causing insccuracy
in the § values,



= 119 =«

(e) Incorrect value of ¢ used in the kinetic equation,

The results that were obtained for the exchange of the
hydrocarbons with deuterium showed that the shopes of the rate plots could
be classified into two groups:

(1) Those showing adherence to the apparent first order kinetics,

and (2) Those showing retarded deviation from the kinetics,
It is proposed to discuss individually each of the groups (a) to (e)
given above, to determine which is responsible for the effect described
in growp (2).

The value of _ wvhich is used in the kinetic equation should
be determined experimentally, This, however, was ‘usually impractical
and the value of §.. used was assumed to be 1414 0, 44 o If it is
assumed that the exchange reasctions followed apparent first order
kinetics, then if the experimentsal { velues are close to (_ adherence
to the kinetics will only be cbserved if O~ Q. op 0 If Q. % Q. oxp,
then either retarded or acceleratory deviation from the kinetios will be
observed depending upon whether the value of § o Used is greater or less
than {, exy,s As the exchange reactions were not usually studied at ¢
values close to §_ it is unlikely that the retarded deviation of the
rate plots observed for the reactions on the unsintered films can be
explained on the basis of group (e).

The value of { which is used in the kinetic equation is

defined for any hydrocarbon C.H_ by the equation

i=1

This implies that the percentage d; of each of the deuterated molecules
containing i deuterium atoms at time t is accurately known, Since the
percentage of each of the deuterated species is calculated from the
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mass spectral dataslter applying the fragmentation corrections, the
accuracy of the § values will depend upon how acourately the
fragmentation corrections can be calculated, Because the fragmentation
patterns of the deuterated species vary with deuterium content, the
fragmentation corrections when calculated by statistical methods will
only be approximately correct for those molecules which fragment to a
small extent under electron impact, This argument only applies in |
those cases where large amounts of the more highly deuterated spefies
are produced, It can be readily shown that for a molecule which reacts
slowly by a simple exchange process, the accuracy of the fragmentation
corrections does not greatly affect the acouracy of the isotopie
distributions, Of the hydrocarbons studied all underwent extensive
multiple exchange, In the case of neopentane, since the extent of
fragmentation of the tert-butyl ions produced by the guantitative loss
of a methyl group from neopentsne was very small, it is probable that
the deviation from the kinetics shown by the exchange reaction on the
unsintered films was not due to any insccuracy in the statistical
calculation of the fragmentation corrections, This conclusion will
also apply to the exchange reactions of butane end methane, In these
cases, although the extent of fraguentation under electron impact was
substantial, the reactions on the sintered films obeyed apparent first
order kinetics under the same exchange conditions as those for vhich
the reactions on the unsintered films shoved devistion from the kinetics,
In the case of the isotopic propanes the mass spectral data were anal ysed
using a computer program which had been derived to take into account
the variation of the fragmentation patterns of the deuterated molecules
with deuterium content, It can, therefore, be concluded that for the
isotopie propanes, although the extent of fragmentation was large, the
mass spectral data have been adequately analysed,
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From the arguments given above it has been concluded that
the retarded deviation shown by some of the rate plots was not caused
by insccurate § values, It cannot, however, be assumed that the converse
of this conclusion is correet, Because the § values are accurate, i,e,
the plot of 10g 4o (9..~0) against time is a straight line, does not
automatically mean that the product distributions are accurate, It is
poseible that overcorrection of same of the peaks has been balanced by
undercorreciion of some of the other peaks, thus leading to 'accurate’
¢ values but insccurate product distributions,

One of the basic assumptions in the derivation of the kinetie
equation is that all the hydrogen atoms in the molecule are egually
susceptible to exchange, If the molecule comtains groups of hydrogen
atoms whics are not equally susceptible to exchange they will resct at
different rates, and the overall rate of reaction will be a composite
of the rates of exchange of the different groups of hydrogen atoms,

The plot of logyo(d. -0) againat time will, therefore, be non linears
the initial and final regions of which will, if the molecule contains
two noneequivelent groups of hydrogen atoms, approximate to straight
lines, Initially the rate of reaction will be mainly governed by the
rate of exchange k;, of the most easily exchangeable group of hydrogen
atoms, After this group has reached equilibrium the rate of reaction
will be governed by the rate of axchenge kg of the least easily
exchangeable group of hydrogen atoms, The resulting degree of d&viation
from apparent first order kinetics will, therefore, depend upon the
ratio ky/kg, and the methods used for separating the overall rate of
exchange into its components have been deseribed in the 1itersture 10 137),
Of the hydrocerbons studied propane and butane contain both primary and
secondary hydrogen atoms, whereas neopentane and methanc contain only



primary hydrogen atoms, All the hydrocarbons, however, gave a alight
retarded deviation of the rate plots for the exchange reaction on
unsintered films, This, coupled with the fact that the exchange reactions
of methane, butane, and neopentane on sintered films and of neopentane on
supported catalysts obeyed the apparent first order kinetic equatien,
indicates that non-equivalence of the hydrogen atoms in the molecule was
not responsible for the retarded deviation of the exchange reaction frem
the kinetic equation, It follows immediately from this argument that for
butane and propane, although the primary carbonehydrogen bond disscciation
energy is approximately 16,5 kJ mole=! greater than the secondary carbone
hydrogen bond dissociation energy, the reactivities of the primary and
secondary hydrogen atoms on platinum films are similar,

The exchange reactions of hydrocarbons with deuterium on
catalysts being surface phenomena, the activity of the catalyst will
depend upon the number of catalytically active sites which will be a
function of the surface area and temperature, Frogressive self polisoning
of the catalytically active sites or progresaive sintering of the catalyst
during the reaction will reduce the number of active sites available for
reaction and hence cause a gradual reduction in catalytic activity with
time, Since the retarded deviation of the rate plots showm by the exchange
reactions on the unsintered films was only very slight, the reasons for
deciding whether progressive sintering or self poisoning was responsible
for the effect wust be based on small differences in catalytic behaviour,

1€ it is assumed that the retardation of the rate plots for the
exchange reactions on the unsintered films was due to self poisoning, it
is necessary to explain why the reactions on the sintered films obeyed
the apparent first order kinetic equation, The initial product
distributions for the exchange of butane and neopentane on the unsintered
filme did not differ very much from those on the sintered films, This
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indicates that presintering the films has not preferentially eliminated
some of the exchange sites, and one would, therefore, expect that if the
exchange reaction on the unsintered filme is being self poisoned it

would also show this behaviour on the sintered films, One reason why
this is not cceurring may be that the irreversibly adsorbed species

formed at low temperatures are being reversibly hydrogenated at the higher
temperatures required to propagate the exchange process on the sintered
films,

There are a number of reasona for rejecting the hypothesis that
the retarded curvature of the rate plots was due to self poisoning,
Andersen it Mvky 00 sovtnlinteld Sk i Joxetvindecivel Aubivuetinte
was the species responsidble for the hydroeracking and isomeriszation of
saturated hydrocarbons containing at least three carbon atoms on
platinum films, The formation of this species, which it was hoped would
be the intermediate responsidle for the self poisoning of the exchange
reactions of propane, butane snd neopentane on platinum films, must
occur from the prior formation of either an of= or an *Xa-diadsorbed
intermtiote; Seunlt, Roonsy st Kesball ‘7 4u their stuly of the enshengs
reactions of polymethyloyclopentanes with deuterium on evaporated metal

films showed that on unsintered platinum films at 50°C the hydrogen atoms
in the gem dimethyl groups were being exchanged by an “¥-diadsorbed
intermediates: They $79) aia net, however, oMiain sy evidenos $o

indicate that the reaction was being self poisoned, nor to indicete that
platinum was an active catalyst for the formation of xaediadsorbed
intermediates,

If irreversidbly adsorbed speciecs are being formed on t he surface
of unsintered platinum films during the exchange reaction,it would be
expected that the adsorption of hydrocarbons in the absence of deuterium
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would have a greater deactivating effect upon the sctivity of the filus
for the subseguent exchange reaction than the adsorption of the
hydrocarbons in the presence of deuterium at the same temperature, Also
if axg-triadsorbed intermediates are responsible for the self poisoning
of exchange reactions on platinum catalysts, the presorption of hydrocarbuns
vhich cannot form x¥-diadsorbed intermediates would not be expected to
have the same deactivating effect as the presorption of hydrocarbons which
can form Xl-diadsorbed intermediates, However, when methane, ethane,
propane, or a neopentane-deuterium mixture was presorbed at 105% for
{1 hr, on an unsintered film, the activity of the film for the subsequent
exchange reaction of neopentane was only very slightly reduced from that
observed in the absence of the presorbed hydrocarbons; nor was any
evidence obtained to show that the presorption of propane or a
neopentane=deuteriun mixture produced a greater deactivating effect
than the presorption of methame or ethane, Also when butane was
presorbed at 1459 for 45 mins on an ungintered film the subseguent
exchange reaction of butane proceeded at a rate comparsble with those
for some of the normal exchange reactions,

The conclusion that may be drawn from this argument is that
at the low temperatures reguired to propagate the exchange reactions on
unsintered films the retarded curvature of the rate plots was not due to
self poisoning of the edchange reaction. The retarded curvature must,
therefore, have been caused by progressive sintering of the film during
the reaction, 1t was wentioned in section L4e1s that at temperatures
greater than the deposition temperature platinum films are unstable,
and reduce their excess surface energy by crystallite growth and the
elimination of surface asperities, At the low temperatures required to

pumtothmhapmnonthominhndﬁluthtundn
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slowly sinter, and the resultant decrease in the catalyticelly active
area would be sufficient to explain the slight retarded curvature of
the rate plots, The platinum supported catalysts and the sintered films
have been thermally treated at high temperature and the metal
orystallites may be regarded as being in a stable condition, On both
these types of catalyst the exchange reaction of neopentane followed
apparent Lirst order kinetics, The most striking evidence for the
progreasive sintering of the films during the reaction was obtained from
the excnange of methane with deuterium on platinum films, On sintered
films the exchange reaction always cbeyed the apparent first order
kinetioc equation, On the unsintered films, however, two types of rate
plot were obtained, At the initial temperature A the rate plot was
curved, and at the final temperature B straight line rate plois were
obtained, However, if the initial rate of A was converted into
absolute units using a value of 0,184 m® for the surface area, and if
the Tinal rate oi' A and the rate of B were converted into absclute units
using a value of 0,04 w® for the surface area, ell the rates of exchange
obeyed a single solution of the Arrhenius equation; and this solution
vas alsv voeyed by the exchange reaction on the sintered {ilms, This
result indicates that the curvature of the rate plot was due to the
film sintering during the reaction,

although no evidence was cbtained to indicate that the exchange
reactions ot the hydrocarbons were being self poisoned atl temperatures
less than 180“C, evidence was obtained showing that it was possible to
form irreversibly adsorbed species at high temperatures on sintered
films, 7The presorption of neopentane at 2209 for 1 hr. on a sintered
film reduced the activity of the film for the subsequent exchange reaction

of neopentane by a factor of 29,5; and the presorption of a neopentane-
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deuterium mixture at 250°C for 1 hr on a sintered film reduced the
activity of the film for the subsequent exchange reaction of neopentane
by a factor of 9,0, These results can only be explained by the formation
of irreversidbly adsorbed species during the presorption s tage, the
difference between the effects produced by the two types of presorption
indicating that the presence of the deuterium was preventing the
extensive formation of irreversibly adsorbed species upon the surface

of the film, The carbon balance at any temperature during the exchange
reactions was constant, and the rate plots were either very slightly
retardedly curved or straight, indicating that the reduction in activity
was caused by the presorbed hydrocarbon, and not by the gradual formation
of irreversibly adsorbed species during the exchange reaction,

The failure of the exchange reactions of saturated hydrocarbons
to self poison of temperatures less than 180°C must be related to the
stability of the platinum-hydrocarbon intermediates, because other
organic molecules are known to form irreversibly adsorbed species,

Thus Kemhall and Wolf ¢ '©') have shown the exchange reactions of
anines, and Kemball and Clarke . '?have shown the exchange resctions
of ethers, on unsintered platinum films to be self poiscned by
adsorption of the hetero-atom to the surface, Olefins will also
poison the surface of platinum films, Thus it has been found (138)
that the exchange of propylene with deuterium oxide at low temperatures
on unsintered films is self poisoned, This is also illustrated by
Figure 3,12, where the presorption of ethylene at 105°C for 1 hr, on
an unsintered film caused a large reduction in the activity of the film
for the subsequent exchange reaction of neopentane, This deactivation
must be due to the extensive formmation of irreversibly adsorbed ethylene
species upon the surface by the initial adsorption of the ethylene by a
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7 bond, followed by opening of the double bond coupled with extensive
dissociation of the carbon-hydrogen bonds,

beJ» Mechanism of Exchange
The mechanism for the exchange of saturated hydrocarbons with
deuterium on metal catalysts is generally believed to involve disscciative
adsorption of the hydrocarbon on the catalyst surface by break age of at
least one of the carbonehydrogen bonds; and the nature of the adsorbed
intermediates responsible for the mechaniem can be deduced from the shape
of the initial product distributions, their veriation with tempersture,
and the magnitude of the M values and their variation with temperature,
In general two main types of mechanism are believed to be responsible
for the exchange process on metal catalysts:

(a) A simple exchange mechsnism where the hydrocarbon is
adsorbed on the catalyet surface by the dissociation of ocne carbone
hydrogen bond,

and (b) A multiple exchange mechanism which can arise in a
number of ways, usually by the interconversion between mono- and multiply-
adsorbed species before desorption of the molecule into the gas phase
oceurs,
Of these mechanistic types either or both may be responsible for exchange
depending upon the catalyst used, the hydrocarbon, or the conditions of
exchange,

Anderson and Kembell have shown ‘*?) that on metal films the
exchange of ethane with deuterium can be represented by the following
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If a paremeter P is defined as the ratio Ky/K, it is possible by
mathematical theory to calculate the expected initial product
distribution for certain values of this parameter, Thus it was found
that for the exchange of ethane on molybdenum the qalouhtod and observed
distributions agreed with a P value of 0,25 (implying mainly a simple exchange
process), whereas on palladium a P value of 18 was required to give
sgreement (implying a multiple exchange process), However, for scme
metals, notably platinum, where maxima were observed in the initial
product digtributions at the monodeutero- and perdeutero ethanes, it

was not possible to explain the observed distribution by a single

value of the parameter P, In the case of platinum agreement between

the cbserved and calculated distributions could only be achieved if it
was assumed that 547 of the ¢hane was reacting with a P value of 2,0,

and 46 was reacting with a P value of 20,0, This result must -imply
that the two processes with high and low values of F are occurring on
different parts of the surface, since it is impossible by the
mechanistic model shown for the two processes to occur on the same
surface site,

A8 in the dase of ethane A% 11t Bydroonrtans stutied da
this work underwent varying degrees of multiple exchange, Although the
genersl shape of the initial product distributions did not vary markedly
with temperature, the i values did increase with increasing temperature,
This indicates that the mechanism of exchange was a composite of both
the simple exchange process A and the multiple exchange process B, the
two processes having different activation energies with BB> !‘. The
mechenism of e¢xchange for each of the hydrocarbons can, therefore, be
represented by a scheme similar to that showm for ethane, but employing
different multiply bonded adsorbed intermediates,
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The mechanisms of exchange for the hydrocarbons are deduced
from the shapes of, and the position of maxima in, the initial product
" distributions, Therefore, before discussing in detail the mechanism of
exchange for each of the hydrocarbons, it is necessary to discuss the
accuracy of the distributions, Two oriteria will effect the accuracy of
the results:

(a) The accuracy with which the fragmentations corrections
can be applied to the mass spectral data,

and (b) The acouracy with which the initial product distwibution
can be calculated from the corrected mass spectral data,

The accuracy of the fragmentation corrections has been
discussed in section 4,2, with respect to the calculation of the 0
values, and it was concluded that although the p values were probably
'accurate' this did not necessarily guarantee that the product distributions
were sccurate, It can be concluded from the previous discussion that the
mass spectral data for propene and neopentane have been adequately corrected,
The mass spectral data for butane and methane were, however, corrected for
fragmentation by statistical methods, Since the exteat of fragmentation
of these molecules under electron impact was guite substantial (Table 2,1,
Pe 50), it is probsble that some error has arisen in the application of
the fragmentation corrections, Although the general shape of the product
distributions will be correct, it is possible that the presence or position
of small maxime may be open to gquestion,

The initial product distribution was taken to be the product
distribution of the exchange reaction at 2° conversion, With the hydrocarbons
used in this work by the time that the reaction temperature had stabilised
the conversion of the 'light' hydrocarbon was usually greater than 27,

The calculation of the initial distribution for any hydrocarbon involved
plotting the percentage of each of the isotopic species against time and
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extrapolating the curves to the 'zero time' of the reaction, i,e,, the
time at which the percentage of the 'light' hydrocarbon was 100, The
initial product distribution was then obtained by reading from the
graph the percentage of each of the isotopic species at the time for
which the percentage of the 'light' hydrocarbon was 98, The accuracy
of the initial product distribution depended upon how accurately the
extrapolation could be carried ocut, and this depended upon the initial
conversion and the rate of conversion of the hydrocarbon under
consideration, The M values caloulated from the initial distributions
should equal those calculated from the ratio of the rates of exshange
and the tables of the initial product distributions given in Chapter III
show that an excellent correspondence was usually obtained,

The accurscy of the initial product distributions will, therefore,
be mainly determined by the accuracy with which the fragmentation corrections
can be applied, and it can be concluded that the initial product distributions
for the exchange of methane and butane may be subject to some error,

The exchange of methane with deuterium on platinum catalysts
has been studied by a number of workers, MocKee and Norton in their study
of the resction on Pt-Ru alloys ' '>?) found that an platinus itself all
four deuteromethanes were produced initially in the relative amcunts
CH3zD > CHgDy > CHD) 7 CDye The distributions reported in this work
and thoss reperted by Kesball ‘%) ghowed maxima st the monodeutero-
and perdeutero methanes, and it is possible that the distribution
obtained by McKee and Norton ‘') using a bulk platinum catalyst may
be due to a contaminated surface, Kemdall { '3%) has shown that the
exchange of methane occurred by a combination of two mechanisms, The
monodeuteromethane was produced by a simple exchange mechanism via an
K =adsorbed intermediate, and thespecies containing more than one
deuterium atom were produced by the interconversion between o~ and
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xxwgdsorbed intermediates, The results obtained in this work can,
therefore, be explained by a similar wechanism, The main difficulty is
to decide whether thisXv=diadsorbed intermediate is bonded to one or
two platinum atoms, In bulk platinum the nearest neighbour distance is
0.2775 nm, and if' it is assumed that the platinum~carbon bond length is
the same as that in [P‘(Cf*;)‘,]p i,es 0,225 nm ("‘°), then for thesdsorbed
methylene radical to be bonded to two platinum atoms without distortion
requires a Pt-CePt bond angle of 76,2°, compared with the normal bond
angle of 109,5° found in methane, If however, the adsorbed methylene
radical has an sp? configuration the carbon atom may bond to a platinum
atom by a 6 bond utilising one of the sp? hybrid orbitals, the

p orbital may then form a 7 bond with one of the tzgphtinuorbitah
to give a methylene redical doubly bonded to one platinum atom, This
argument can only be gualitative because it makes no allowance for the
modification of the platinum orbitals by the neighbouring platinum
atoms in the crystal lattice, It is probable, however, that a methylene
radical which is bonded to one platinum atom by a carbon-metal ¢ bond
and a p, =4, bond will be more stable than a methylene radical which is
bonded to two platinum atoms,

The exchange of propane and butane with deuterium on the
platinum films gave results similar to those for the exchange of methane
and ethane, All possible isotopic molecules were produced in substantial
smounts initially, and the percentages of the more highly deuterated
species increased slightly with increasing temperature, Sinece propane
and butane contain more than one carbon atom it is possible for the
multiply bonded adsorbed species to be bonded to the surface platinum
atoms at different carbon atoms, and in keeping with the mechanism
proposel for the exhangs of ethant ‘) 13 would Be possible $0 eashangs
ell the hydrogen atoms in these molecules by the interconversion between



(= and YSeadgorbed intermediates,

The exchange of these molecules by the interconversion between
%= and ¥y -adsorbed intermediates cen be discounted because by such a
mechanism it is only poseible to exchange a meximum of three hydrogen
atoms in each molecule initially, The formation of “Yeadsorbed intermediates
alone can also be discounted as being responsible for the propegation of
the multiple exchange process, because by the interconversion between
Xe and “jegdsorbed intermediates it is possible to exchange only five
hydrogen atoms in butane and six hydrogen atoms in propane initially,
The formation of the large amounts of species containing more than
five and six deuterium stoms respectively camnnot be explained on the
basis of this mechanism alome, It is possible, however, that the
formation of *x=and *{eadsorbed intermediates may be playing a minor
part in the exchange mechanisw, Thus Gault et al, \°) in their study
of the exchange of polymethyloyclopentanes on platinum films found that
at 50°C some exchange was occurring in the gem dimethyl groups. M(”)
did not, however, obtain any evidence to show that “ceadsorbed species
were participating in the exchange resction, It will be shown later that
*(=adsorbed intermediates are not actively participating in the exchange
of neopentane on platinum films, and it is considered extremely unlikely
that they are playing any significant role in the exchange reactions of
propane and butane, The exchange of propane and butane by a multiple
exchange process must, therefore, be propagated by the interconversion
between species bonded to the surface at adjacent carbon atoms, A
nusber of intermediates may be formulated, vise, 7, dgliy or 1 allylic;
and the initial adsorption of the molecule upon the surface can ocour
by dissociation of either a primary or a secondary carbonehydrogen bond,

Kenball and Woodward ('2%) using an extension of the theory
developed for ethane %) reanslysed the results obtsined by Addy and
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Bond (128) for the exchange of propane on a platinum-pumice catalyst,
and showed that agreement between the observed and calculated distributions
for the reaction at 200°C could be obtained if it was assumed that 80/
of the propane reacted with a f value of 19,0 and 20, reacted with a

F value of 0,30, This dual distribution concept has been criticised by
kiyshara ™1) who found that a ressonsbly good sorrelation could be
obtained between the observed and calculated distributions for ethane by
applying a steady state treatment to the adsorbed ethsne species which
vere in equilibrium with each other, This is implied by Kemball and
Woodward \12) yho found that the distributions obtained by Addy and
Bond (128) (013 alse be reproduced with a single value of P by
introducing the concept of ¢s!~triadsorbed intermediates into their
theory,

The distridutions chtained by Addy and Bood ¢ 128, wnich
showed maxima at the monodeutero- and perdeuteropropenes at temperatures
greater than 100°C, do not resemble the distributions obtained in this
work for the exchange of propsnes They do, however, resemble those
obtained in this work for the exchange of butane, where pronounced
maxima were Obtained at the monodeutero- and perdeutercbutanes on both
sintered and unsintered films at temperatures greater than 38°C, It is
thus 1ikely that at temperatures greater than 38°C the mechenism for
the exchange of butane involves the interconversion between w-adsorbed,
%s=diadsorbed, and Xsi-triadsorbed or 7 allylic intermediates.

Gault et al. 23 have suggested that the presence of a maximum
at the dz-cupomxd in the initial product distributions for the exchange
of hexane on rhodium films was due to the direct formation of a dladsorbed
intermediste, They concluded, however, that tvo adjacent secondary oarbon
atoms was the structural feature necessary for the formation of this
intermediate, Although platinum appears to be an active catalyst for
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dissociating primary cerbonehydrogen bonds the initial product
distributions for the exchange of butane do not have a maximum at the
dg-compound, (with the exception of the distribution at 389C which is
congidered inaccurate), and it is considered unlikely that the maximum
at the dz-conpqmd in the distribution for the exchange of propane at
399C is due to the formation of this intermediate,

Kesball and Voodward {12?) 1n their enslysis of the results of
Addy and Bond (128) developed a theory 'A' which included parameters to
allow for differences in the reactivities of primery and secondary carbone-
deuterium and carbon-hydrogen bonds, If only the meximum at the
perdeuteropropane is considered to be accurate, the distributicns
obtained in this work resemble some of those caloulated by theory A}
however, they also resemble that caloulated with a P value of 18 by
the extension of the theory used for ethmne “’). The distributions
obtained are swmarized in Table L,2, No evidence was obtained in this
work to suggest that the secondary carbon-hydrogen bonds were substantially
more reactive than the primary carbon-hydrogen bonds, and the general
shape of the distributions obtained in this work may be described on

the basis of theory‘B.' Butane and propane are similar in structure,
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they both contain primary and secondary hydrogen atoms and a carbon chain
of at least three atoms, There is, therefore, no fundamental reason why
they should exchange by different mechsnisms, and the absence of a
maximum at the monodeutero propane may be due to a low probability for
forming an *3Y-triadsorbed intermediate, the molecule preferring to
exchange mainly by the interconversion between x-adsorbed and %P-diadsorbed
invermediates, Although the mass spectral data for propane were corrected
by using the specially derived computer program as described in Part II
section Js2,, the presence of the maxima in the initial product
distributions at deuterated species containing less than eight deuterium
atums may be open to question, In the case of the first distribution
given in Table Le2, the rate of exchange was slow and hence any errors
inherent in the experimental teohnique, or in the analysis of the results
will produce quite a substantial error in the percentages of the deuterated
species, 1n the case of the second distribution given in Table 42, the
rate of conversion was high and the extrapolation of the experimental
product distributions to obtain the initial product distribution will
have been subject to a substantial error, Therefore, although the general
shape o1 the initial product distributions will be true as will the
absence of a maximum at the monodeuteropropane, the presence and magnitude
of the subsidiary maxime are open to doubt, For these reasons no
attempt has been made to formulate a mechenism by which they may have
been produced, nor to attempt to reproduce the distributions by the
insertion of suitable parameters into the theoretical eguations of
Kenball and Woodward ¢ 129),

It is considered that the mechanisms for the exchange of
propane ana butane are similar, butane exchanging by the interconversion
between X-adsorbed, %S-disdsorbed, and XA -triadsorbed or T allylic
intermediates; mnd propene exchanging by the interconversion between
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X-adsorbed and xsediadsorbed intermediates,

The initial product distributions that were obtained for the
exchange of neopentane on the catalysts were different from those
obtained for the exchange of the other hyirocarboms, All the hydrogen
atoms in the molecule were not equally susceptible to exchange, the
initial produet distributions showing that only species containing up
to three deuterium atoms were produced in substantial amounts, the
dq-syecies being the predominant isomer, since necpentane contains only
primary carbon-hydrogen bonds snd a quaternary caerbon atom two schemes
can be formulated to explain the multiple exchange process:

(a) The interconversion between x-adsorbed and Xdedisdsorbed
intermediates,

and (b) The interconversion between x~adsorbed and XJediadsorbed
intermediates,

- The results of Anderson and Avery (42) indicate that at 100°C

the rate of hydrooracking and isomerigation would be 5, 3,102 mols s 'w-2
compared with the rate of exchange for the species containing four to
nine deuterium atoms of 149,104 mols s~'w~2, The difference between
the two rates can be explained as follows, In the deuterium exchange
experiments the adsorption and desorption of neopentane by an X ¥-aisorbed
species without a carbon-carbon bond shift will be characterized by the
incorporation of deuterium into the molecule and hence the rate of
disappearance of the djeneopentane will be large, In the work of
Andersan and Avery (42) the reveraible adsorption of the neopentane
without a carbon-carbon bond shift Vill have approximately the same rate
as in the deuterium exchange experiments; however, because they used
hydrogen this reversible rate cannot be measured, and the rate which
they obtained will be that arising from the dissppearance of the
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neopentane by a carbon-carbon bond shif't, If one uses the rate of
hydrocracking and isomerization given sbove it can be readily shown that
if only one hundredth of the surface is catalytically active then the
surface of an unsintered film at 100°C would be covered by adsorbed
neopentyl radicals in about 2500 s, Taking the extreme case that each
neopentane molecule fragments into five adsorbed methyl radicals then the
eurface would be covered by adsorbed methyl radicals in about 500 s, snd
if only one hundredth of these species are irreversibly adsorbed then
the surface would be covered by irreversibly adsorbed species in about

14 hr, 3Jince the exchange experiments were carried out over a period of
l!_bout 4 hr,, some deactivation of the catalyst with time might be expected,
The results reported in this thesis show that st temperatures less than
1809C no self poisoning of the catalyst vas observed, and from the rates
given above the rate of exchange by an oY=diadsorbed intermediate is
faster than the rate of hydrocracking and isomerization by a factor of 36,
This must indicate that the X Y-diadsorbed species formed are essentially
reversibly adsorbed, This conclusion is also muatnted by the results
of Sinfelt et ale (198) who in their study of the hydrogenation of
eyclopropane on Pt«8i0; found that no hydrogenclysis occurred over the
temperature range 79-102°C; and by the results of Anderson snd Avery (142)
who found that the reaction of cyclopropane and methyleyclopropane with
deuterium on platinum films gave only deuterogenation products,

Of the initial product distributions given in Table 3, 51. pe 99,
only two showed evidence for the extensive formation of species containing
up to nine deuterium atoms, Anderson and Avery (42) have shown that
df-diadsorbed intermediates can be adsorbed on the surface of an
unoriented platinum film with minimum distortion of the molecule, The
initisl product distributions given in Table 3, 31, show that increasing
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the reaction temperature did not greatly inorease the probability of
forming X¥=-diadsorbed intermediates from the prior formation of an
Xe-adsorbed intermediate, GCault et al. (50) in their study of the
exchange reactions of polymethyleyolopentanes on unsintered platinum
films showed that the exchange of the gem dimethyl groups was ocourring
by the formation of an xy-diadesorbed intermediate, The amount of' exchange
o@curring in the gem dimethyl groups was small, and it is possible that
the formation of the Y-diadsorbed intermediate was being facilitated by
the noighm Tegllylic intermediate, i,e., the intermediate had
the form 7 {=-adsorbed rather than «Y-adsorbed, Campbell and Kemball (98)
have shown that tert-butyl chloride can exchange on platinum films at
0°C without rupture of the carbon-chlorine bond by the interconversion
between Meadsorbed and *Ye-diadsorbed intermediates, the chlorine atom
being X-bonded to the surface; and they concluded that the adsorptione
desorption of the alkyl chloride must be rapid because the initial product
distribution showed that the dq-compound was the predominant isomer, In
both these cases the mechsniasm of exchange may have been influenced by
the structure of the molecule, The initial product distributions for
the exchange of neopentene on the platinum catalysts showed a proncunced
cut-off at the dy-compound; and it is considered that, although the
interconversion between “-adsorbed and Xi-diadsorbed intermediates may
be playing a minor role in the mechanism of exchange, the predominant
mode of exchange is the tendency to complete the exchange of the first
methyl group to react by the interconversion between “~adsorbed and
Wedigdsorbed intermediates,

It is possible to formulate two other mechanisms of exchange,
Anderson and Avery (42) have shown that for i=butane the isomerization
activity relative to the hydroeracking activity was inoreased by using
a [111] oriented platinum film, and this increased activity was explained
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by assuming that the i-butane molecule was adsorbed on the (1417 plane

by an """ striadsorbed intermediate. It would be possible for
neopentane to exchange its hydrogen atoms by the formation of this
intermediate, giving a maximum at the dj-compound by the addition of

three deuterium atoms, Unoriented platinum films do not have the [111]
plane preferentially exposed and this intermediate is not regarded as
playing any part in the mechanism for the exchange of neopentane, Another
possibility is that some of the neopentane might have isomerized to
i-pentene which would then have exchanged on the catalysts, Of the
catalysts studied the platinum an Yealumina catalyst had been fired at
high temperature, and the formation of the most stable [111] plane would
be expected to be most likely on this catalyst, The rate of isomerization
of meopentane at 100°C is less than the rate of exchange producing the
isotopic tert-butyl ioms containing cne to three deuterium atoms by a
factor of 104, and the isomerization of meopentane on the [111] planes
would not, therefore, introduce any complications into the mechanism of
exchange, This is dhomn by the fact that no isotopic species corresponding
to the exchange of i-pentane were observed in the initial product

distribution for the exchange of neopentane on this catalyst,

ine object of this work was to investigate the self poisoning
dmomnmmnorﬁolmmmmuﬂﬁm
catalysts. The results obtained, however, indicsted that no discernible
self poisoning was observed for the exchange resctions of any of the
hydrocarbons on the catalysts studied, It was found that the specific
activities of unsintered films for the exchange of propamne, butane, and
neopentane were similar; but presintering the films at 250°C for 1 hr,
caused a large reduction in the activity of the films for the exchange
of neopentane and butane, The presorption of suturated hydrocarbons on
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the surface of unsintered films did not alter the activity of the films
for the subsequent exchange resction of neopentasne, However, are these
resulis a feature of platinum as a catalyst or are they caused by using

a contaminated surface? In this work the films were evaporated with the
reaction vessel closed off from the pumping system, The first few layers
of film deposited should, therefore, have removed a large proportion of
the residual gas by gettering, and it may be concluded that the films were
essentially clean before the admission of the gas mixture, The films

may, however, have became contaminated by slight traces of oxygen
admitted with the reaction mixture,

There are a number of reasons for concluding that the films used
were essentially nonecontaminated, Oxygen is known (120) to chemisorb on
platinum; the presorption of oxygen on an unsintered film at 145% for
L5 mins, 4id not, however, reduce the activity of the film for the
subsequent exchange resction of butane but enhanced it slightly. Any
oxygen adsorbed on the film would react with the deuterium ia the reaction
mixture, and it has been shown (38) that the presorpticn of deuterius
oxide at 0°C on platinum films does not affect the activity of the film
for the exchange of propylene with deuterium oxide, Flatinum {ilums
consist of large crystallites and thus have a low platinum dispersion,
Boudart ¢t al, ‘™3 hove, howsver, shown that the hydrogenation of
eyclopropene at 0°C on low dispersion platinum supported catalysts was
not susceptible to oxygen poisoning, The most conclusive evidence for
the oleanlinesa of the surface is given by a comparison of the results
obtained in this work with those reported by other workers, The results
obtained in this work for the exchange of necpentane on unsintered films
agreed with that reported by Gault et al. (82) with respect to both the
rate of exchange and the initial product distribution of the deuterated
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molecules; and an excellent correspondence was observed between the
results obtained in this work for the exchange of methane and those
regorted dy Xatball {1790, 1% mayi thevefors, be simolnded thed the
results regorted in this work for the exchange of the hydrocarbons were
not obtained by working with a conteminsted surface,

Although the initial product distributions for the exchange of
neopentane with deuterium show that the mechanism was similar on all the
catalysts studied, there was a large variation between the catalysts
with respect to both activity and the magnitude of the Arrhenius parameters,
The supported catalysts were less active than, and the apparent activation
energies and pre-exponential factors were lower than those obtained for
the exchange reaction on, the unsintered films,

In section 1,4e, pe O it was stated that diffusicn to and
from the catalyst surface was not rate determining for the reactions
studied, The lower Arrhenius parameters for the reaction on the supported
catalysts cannot be due to this diffusion controlled process because the
rates of exchange are not proportional to the square root of the absolute
temperature, which is the relation charscteristic of a diffusion controlled
process, The diffusion of neopentane within the catslyst pores may,
hovever, Bave dnpertuit eonsequences, Kesbald (7Y 'nug sbportet st
neopentane exchanged on palladium films by a simple exchange process,
one deuterium atom being incorporated into the mclecule on each interaction
with the surface, Dwyer et al. '°') gtudied the kinetics of the
neopentane~deuterium exchange reaction on palladiumesilica-alumina and
found that the character of the reaction was modified by desorption
and diffusion, They 1) observed that more deuterium was being incorperated
into the molecule than would have been expected from the results of
Kemball (3'), However, they found that this dlscrepancy could be removed
by spplying correcticns to the kinetic data to allow for an enhanced
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prodability of exchange while the molecule was inside the catalyst pores,
A comparison of Tables 3,27 and 3,28, shows that at higher reaction
temperatures the M values for the exchange reaction on the supported
catalysts were significantly greater than those for the reaction on the
sintered films, and it is fonsidered that, although this diffusion within
the catalyst pores will not have hal any significant effect upon the
mechanism of exchange, it may be responsible for the lowered Arrhenius
parameters for the exchange reaction on the supported catalysts,

The variation in the specific activities of the supported
catalysts is more difficult to explain, especially since the specifie
activities of the unsintered films for the exchange of propane, butane,
and neopentane are similar, Boudart et al, (144) have introduced the
idea of feoile and demanding reactions; a facile reaction being cne in
which the specific activity of supported catalysts for a reaction is
nearly independent of the support or the degree of dispersion of the metal,
and a demanding reaction being one in which the specific activity for the
reaction is not independent of the support or the degree of dispersion of
the metal, Thus the hydrogenation of cyclopropane \ %3 the dehydrogenation
of ayslonexans ™), o\t the hydrogenstion of bensens {8 o various
platinum supported catalysts are facile; whereas the hydrogenclysis and
isomerization of neopentane on platinum supported catalysts is a demanding
resotion 1hb)

Dorling wit Hoes {'%6) hove shown that for the hydrogsnatios of
bengene the specific activity of a platinumesilica catalyst which had
been fired below 4OO®C was greater than that for a platinumesilica catslyst
which had been fired at 500°C; and Table J.1., Pe54 shows that the
platinumesilica catalyst which had been reduced at 140°C was more active
for the hydrogenation of ethylene than the platinumesilica catslyst which
had been reduced at 5000C by a factor of 9, The results obtained in



this work show that the platinumesilica catalyst which had been reducsd

at 140°C was more active for the exchange of neopentane than the platinume
silica catalyst which had been reduced at 500°C by a factor of 21, This
must indicate that the variation in the specific activities of the two
platinum-gilica catalysts for the exchange of neopentane was due to the
demanding nature of the reaction, and the different degrees of dispersion
of the platinum on the catalysts coupled with the inaccessibility of some
of the platinum erystallites to the necpentane,

The platinum on Jealumina catalyst used in this work was
fluorine promoted, and Myers et al, %) have shown for the exchange of
butane with deuterium that there was an increasing tendency to exchange
more hydrogen atoms in the molecule with increasing acidity of the
catalysts This must imply that there is some degree of co-operation
between the acid sites on the support and the platinum sites, Table 3, 30. ’
Pe 98 shows that the platinum on Yealumina catalyst was more sctive than
the platinumesilica eatalyst which had been reduced at 140°C for the
exchange of neopentane by a factor of 7.7; and although the degree of
dispersion of the platinum on Yealumina catslyst will be less then that
of the platinum-silica catslyst due to the higher reduction temperature,
the presence of the fluorine promoter will inorease the activity of the
platinum on Yealumina catalyst from that expected on the basis of the
degree of dispersion,

The decreased activity of the supported catalysts from that of
the unsintered films can thus be explained as being due to the diffusion
of the neopentane within the catalyst pores, coupled with the demanding
nature of the reaction being influenced by the degree of dispersion of
the platinum on, and the nature of, the support,

All the hydrocarbons studied with the exception of propane
gave good straight Arrhenius plots for the rates of exchange on the
films, In the case of propane the rates of exchange for the reaction
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on unsintered films deviated from the Arrhenius equation at temperatures
greater than 80°C; and the M values at temperatures greater than 118°C
were lower than those obtained initially, indicating that the rate of
incorporation of deuterium into the "propane" was being affected to a
greater extent than the rate of diseppearance of the 4 -propane, However,
it is believed that this deviation was not due to self poisoning because
the apparent first order rate plote were straight, and Figure 3.7, shows
that "propane"” wes desorbed from the surface on increasing the resotion
temperature, It is not known whether the emchange reactions of butane
and neopentane on unsintered films alsc exhibited this behaviour, because
at temperatures greater than 100°C the { values were close to §__ .
Below 100°C, however, the rates of exchange for propane were comparable
to those for butane and neopentane, and the deviation from the Arrhenius
equation at temperatures greater than 118°C may be due to sintering of
the film, It is not possible, however, to formulate a completely
satisfactory explanation for this behaviour,

The activity of the platinum films for the exchange reactions
studied varied with the hydrocarbon or the type of film used, The results
obtained are summariged in Table 4e 3., and the bond strengths of the

hydrecarbons are given in Table Lele

TABLE heds
Pila Apparent sctivation | Fre-exponential
b Holecule energy K, factor logqg A
kdmole=1 A in mols s™'m~?
Unsintered| Cjfig 81434 29,07
. p=C;H40 58, 39 25, 88
" | neeCeilyp b6eli3 2380
Sintered CH,, 90. 24 2594
at 2500 a2 M40 61,80 24e 89
for 1 hr. | neo-Cgilqp 62,80 254 39
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TABLE Lok

o pissconariay pvgrss (148)
Bond dissocistion energy kimole~?
Molecule -
primary C«H | secondary C-f

o, 436 i
800 o 356
ooy 415 .

¢ Jig 410 395

The films have their surfaces exposed to the gas phase and the rate of
exchange will not be governed by diffusion within the film structure,

nor by diffusion to or from the surface, Deuterium exchanges rapidly
with hydrogen on metal films; and the pressure dependency equations

for exchange reactions show that the rate is proportional te a negative
power of the deuterium pressure, indicating that deuterium is more strongly
adsorbed than the saturated hydrocarbon, The specific setivity of a
metal £4lm for an exchange reaction, as determined by the Arrhenius
equation parameters, will thus be dependent upon either adsorption/
desorption of the saturated hydrocarbon or the surface reaction, For

any cxchange reaction the rate of disappearance of the d,~hydrocarbon
will be proporticnal to the pressure, the nusher of active sites, and

the energetics of the system, At constant temperature and pressure

the number of active sites will be constant provided that the exchange
reaction is not being self poisoned, and the rate of exchange will depend
upon the energetics of the system, For a specific hydrocarbon exchanging
on a stable surface the pre-exponential factor in the Arrhenius equation
will be approximately constant, and the rate of exchange will be governed
by the apparent activation energy, which will be a composite term
involving the heats of adsorption and desorption and the activation energy
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for the maltiple exchange process,

The initial product distributions for the exchange reactions
give some idea of the processes ococurring on the surface of the platinum
films, In the case of propane and butane a1l the deuterated species were
produced in substantial mta initially indicating that the interconversion
between mono-adsorbed and multiply-adsorbed species was rapid relative to
the rate of desorption, In the case of neopentane isotopic species containing
more than one deuterium atom were not produced in substantial amounts
initially, indicating that the interconversion between mono-adsorbed and
miltiply-adsorbed intermediates was slow relative to the rate of desorption,
These results indicate that the activation energy for the fdr-ﬂ.ax of
multiply bonded intermediates is much greater for neopentane than it is
for either propane or butane, and that the rate determining step for the
disappearance of the d ~hydrocerbon is mainly governed by the adsorption/
desorption of the hydrocarbon,

The comparison between the specific activities of different
types of platinum films for the exchange of a particular hydrocarbon, or
between the specifiec activities of a particular platinum film for the
exchange of different hydrocarbons is made more difficult because the
specific activity may be dependent upon the apparent activation energy,
the pre-exponential factor, or a combinstion of both, Taking the case
of butane, Table L, 3. shows that on the sintered and unsintered films the
apparent sctivation energies are similar; the reduction in the specific
activity of the film for the exchange reaction on sintering was, therefore,
caused by a reduction of the gre-exponential factor, and this must
indicate that the catalytically active surface area has been decreased
to a greater extent than the apparent surface area,

Althouzh methane rescted by a multiple exchange process the

amounts of the species containing more than one deuterium atom were less
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than those obtained for the exchange of butame, indicating that the
activation energy for the formation of sn X¢ediadsorbed intermediate is
greater than that for the formation of an wseor an YsSeadsorbed intermediate,
The covalescence of the Arrhenius equation plotas for the exchange reaction

on the sintered and unsintered films indicates that the rate of exchange

is proportional to the apparent surface area of the film, Therefore, at

the much higher temperatures required to dissociate the methane carbon-
hydrogen bonds all the available surface area is catalytically active, and
the specific metivity of the film for the exchange resction is not

sensitive to its structure,

The exchange of neopentane on the unsintered and sintered films
is more complex since both the apparent activation energy and the
pre-exponential factor increase on sintering; but it is unlikely that
the decrease in the spparent surface area of the films on sintering has
been accompanied by an increase in the number of the catalytically active
sites, The Arrhenius eguation can be expressed in a form embodying the
entropy oi adsorption and the heat of adsorption; and the variation of
the Arrhenius parameters with the type of film may be regarded as a form
of the compensation effect involving an interplay between the heat of
adsorption and the entropy of adsorption, Although it is not possible to
give a completely satisfactory explanation for this behaviour, the low
value for the pre-:xponential factor on the unsintered films despite
the favoursble activation energy may be due to a low probability of
adsorption, ises, a low sticking coefficient caused by interactions
between the adsorbed necpentene molecules,

The exchange of propane, butane and neopentane on the unsintered
films occuwrred over approximately the same range of temperature, as did
the exchange of butane and neopentane on the sintered films, A comparieon
of Table keJs with Table Leks, however, shows that there is no obvious
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relation between the bond dissociation energies of the molecules and
eith& the apparent sctivation energies or the pree-exponential factors,
The adsorytion of the hydrocarbon will necessitate the dissociation of
at least one of the carbon-hydrogen md.-’ and the spociriq activity of
the filas for the exchange of the hydrocarbans must be governed, at
least in part, by the strengths of the carbonehyirogen bonds in th-
molecules, Since the Arrhenius parameters vary from hydrocsrbon to
hydrocarbon, the specific activity may be more meaningfil if it is based

. upon the tempersture for a constant rate of exchange, Table 3. 3.,

pe 110 shows that the temperatures for which the rate of disappearance
of the d ~hydrocarbon on the unsintered films vas equal to 3.4 106 mols
=172 are similar, Although these temperatures do not fall in the
same order as the primary carbon-hydrogen bond dissociation energies,
the correlation between them is quite good, Table 3.39., ps 110 also
gives the temperatures for which the rate of disappearance of the
ag-hylrooarbon on the sintered films was equal to Suhe 1016 meds s~1u~2;
and & cuwgurison of these values with thon fbr tho primary caﬂba-
hydrogen bond dissccistion energies of neopentane, butane, and methane,
shows that an excellent correspondence was obtained, No evidence was
observed in this work to indicate that the secondary aarbbashydrogtn
bonde vere substantially more reaétive than the primary m!uﬂrogen
bonds. This, coupled with the correlations given above, would indicate
that even though the mechanisms for the exchange of the hydrosarbons
are different the specific activity of the film is governed by the
adsorption of tho hydrogarbon by dissociation of a primary ca.rbco-lv&ﬂ?gon
bond,

he5e Correlation with Other Results
The specific activity of a metal for a catalytioc reaction will
depend upon the nature of the metal and the molecule being adsorbed; and



-8 -

for a particular reaction the specific activity may depend upon either v
the geometric or electronic properties of the metal, Onsof the more
fundmﬁtal geometric properties of a metal is ita radius, and it might
be expected that the hydrogenation of ethylene would cnly oceur on those
metals having the correot metal-metal distance to chemisord ethylene ‘
associatively by an - «Gediadsorbed internsdiate, Tvigg and Rideal ' 4%
have, however, showmn that although the ideal metal-metal distance h
0,275 nm the hydrogenation of ethylene is possible on metals having
metallic radii between approximately 0,25 and O, 31 nm; and although
platinum md palladium have almost identical metallic radii the
hydrogenation of ethylene at 0°C on palladium films is faster by a
factor of 7 than it is on platinum films (”). The structure of the
metal may possibly influence the reaction; thus the results reported
in this work show that sintering tho films at 250°C decreased the
specific activity of the film for the hydrogenation of ethylene and
increased both the apparent activation energy and pre-exponential factor,
Howsver, Akia result nay-not 5o aigaifiaent, Debawns it kun deuh siow 19
that sintering a nickel film at 300°C only decreased the specific activity
of the film for the hydrogenation of ethylene by a factor of 2.5 without
altering the apparent activation emergy; and the apparent activatiam
energies for the reaction on platinum, palladium, rhodium, and ruthenium
Sappoated s ailise are mimtler S PV, " 15 '(n. ‘Siaveture). probadit hhet
geometric effects play cnly a very small role ln determining the catalytiec
properties of metal surfaces, and a more likely correlation between
platinua as & Gatalyst and the other Group VIII metals is to be found
by considering the electronic prop&tio; of the metals, .

Although the electron orbitals of an isolated metal atom will
be altered when the atom is placed in a corystal lattice, a correlation
may be expected between the adsorption mp&tiu of a metal surface and
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'tho formation of inerganic complexes, Thus the chemisorption of oxygen
on platinum, palladium, and rhodium films has been shown (120) to be a
true chemisorption, in contrast to the results obtained on iron, ccbalt,
and nickel f'ilms which have been shown to be caused by the formation of
an oxide layer, All the Group VIII metals adsorb carbon monoxide; however,
platinum and palladium do not form atable inorgsnic carbonyls, and this
may possibly explain why they are not active catalysts for the Fischer-
Tropseh synthesis, whereas iron, cobalt, liohl, and ruthenium are, At
high coversges the adsorption of carbon monoxide on the metal surface will
approximate to one adsorbed molecule per surface metal atom, and the
bonding will be similar to that found in the metal carbonyls; d.e,, the
bond will have two components, a carbonemetal & bond and a 4, =p, bond,
Nymoln $192) 1oy ocricluded that the ease of 4~ p, bonding is in the
order Ni> Ft » P4, and he has stated that this is the major reason

vhy palladinm and platinum do not form stable carbonyls,

For the exchange of methsne by a multiple exchange process an
«=disdsorbed intermediate is necessary, and the structure of this
intermediate may be the same as that of the carbonyls. On the CGroup VIII
metals the order of activity for the simple exchange process is Rh>o Pt =
Pd>Ni and that for the miltiple exchange process is Rh > Pt >Ni >pg (904130)
If allowance is made for the fact that hydrocarbons form strongly adsorbed
species on nickel surfaces this will explain the low position of nickel in
the orders of activity given above; and the order of reactivity for the
miltiple exchange process will thus probably be Rh>Ni> Pt >Pd, which is
also the same order as the activities of the catalysts for the hydrocracking
of Apfnesabonn So ssthene P V0V g ‘e weiller oF a--p_ donor bonding
given above, Bince the multiple exchange of methane can only take place
by the interconversion between “-adsorbed and x«x-diadsorbed intermedistes,
it would be reasonable to conclude that the formation of «i<diadsorbed



- 151 =

intermedigtes is importent in the processes leading to the formation
of strongly bound hydrocarbon molecules on metal surfaces,

The hydrogenclysis of neopentane and neohexane has been studied
on films of nickel, rhodius end platimun ('3, on nickel and rhodius
filme nechexane was more reactive than neopentane, whereas on platinum
films the reactivities were similar, NHowever, the tendency for the
fission to ocour adjecent to the quatermary carbon atom in neohexane to
give ethane and i-butane decreased in the order 't >>Ni>Rh, and the
activity sequence for the hydrogenclysis was Rh>Ki>F¢, These results
support the conclusion of Anderson and Avery (12) that the hydrogenolysis
of neopentane on platinum films occurs by the formation of an k¥ -triadsorbded
intermediate, It is not posaible, however, to say whether the formation
of the k&xe—trhdnoma intermediate is derived from a precurgor M- or
~¥=diadsorbed intermediate, In the case of rhodium and nickel the greater
reactivity of neohexane relative to necpentane indicates that on these
metals the formation of an *>F=iriadsorbed intermediate is more probable
than an <¥-triadsorbed intermediate,

The results given above indicate that the ease of 4 —p,
bonding was greatest for nickels and least for palladiums The ease of
dq(»-—p'« donor bonding will be the inverse of the previous order,
is€y, the ease of 4 < p_ donor bonding will follow in the order
Pa> ¥t > Ni, This desire of palladium to increase the electron density
in its 4 orbitsls is shown by the ready formation of a bulk hydride,
and the ready participation of ~r-allylic intermediates in the exchange
reaction of, for example, 1,1,3,5,4-penta methyleoyclopent ane (_90).

The exchange reactions of saturated hﬁm.rbenl on the
Group VIII metels can be mmriudufonml. ?eruthqncnuiohl
films the perdeuterocompound was the most sbundant prodwt initially (”)
and this fits in well with the ready formation of a nickel carbide in
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the Pischer-Tropsch synthesis, Rhodium and platinum are both active

for the multiple exchange process, and palladium has a very low activity
for the multiple exchange process (1”). Por ethane and the higher
straight chain hydrocarbons all the metals are active for the ‘/a-mechanism
of exchange but some differences exist between them, Thus for ethane the
efficiency for the multiple exchange yrocess falls in the order

Rh =~ Pad >Pt >Ni, but with the higher hydrocarbons where the farmation

of ¥ste or < -allylic intermediates is possible palladium is by far the
most efficient metal for the mltiple emlw:p process, For neopentane

a multigle exchange process ocours on rhodium and platinum, whereas only
stepwise exchange occurs on palladium and nickel, This result for nickel
is a little surprising in view of the results obtained using methane,

M AS S Bin 40 the. seastinn soif Seteiar VY7,

Therc are, however, very wide differences between the metals
with respect to the temperatures reguired to propsgate the exchange reactions
of the hydrocarbons, and this indicates that the rate determining step
may be the adsorption/desorption of the hydrocarbon, Some idea of the
relative nctivities of the metals is given in Table 4,5,, vhich is based
npan the temperature for vhich the rate gr disappearance of the do-
hydrocarbon was Jele 1016 mols s=1w=2, The values contained in this table
for some of the hydrocarbons will be subject to some error, because some
of the Arrhenius yarameters were based on units other than mols s~1n~2 and
same assunptions had to be made about the surface areas of the catalysts,
However, it does indicate some general trends, Tsble L.L, shows that the
primery carbon-hydrogen bond dlssociation energies of ethane, pgropene, and
peopentane are similar and sre approximately 25 kJ mole™! less than the
bond dissociation energy of methane; whereas the secondary carbon-
hydrogen bond dissociation energy of propane is 16,5 kJ mole™! less than
that for the primary carbon-hydrogen bond, The secondary hydrogen atoms

IN FRGPANE ARE AWOWN A EXeHAan§ e



TABLE L 5s

ACTI

Metel film Temperature °C
neoC M., | Cllg | Cilg | CH,
Fa 132 106 | 165 | 203

Pt 97 - | 107 | 180
Ni - 5 | 201 290
th 17 40 | 28 | 164

this value will be high because ethane is known to exchange on
nickel films at low temperatures, but the reaction is self poisoned ("’).

approximately ten times faster than the primary hydrogen atoms on

nickel films 175), and the greater reactivity of propane on rhodium
relative to ethane end neopentane may possibly be due to the adsorption

of propame by the dissociation of a secondary carbon-hydrogen bond, The
behaviour of palladium is irregular, and the discrepancy between the

values for ethane and neopentane makes it difficult to decide whether

the greater reactivity of propene is due to the greater reactivity of

the secondary hydrogen atoms, The results for platinum have been discussed
in section Leke where it was comcluded that the reactivity of the primary
and secondary hydrogen atoms were similar,

In conelusion it may be said that platinum and palladium are
relatively inactive for the exchange reactions of saturated hydrocarbons
compared to the other metsls in Group VII1, and this is yrobably related
to their greater diffioculty in dissociating carbon-hydrogen bonds, Zome
support for this conclusion may be given by the cbservation that these

tvo metals are very active olefim hydrogenation catalysts, and this may
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be related to the initial adsorptian of the olefin by a 7 bond, The
orders of reactivity given above for the formation of u<~diadsorbed and
W -allylie intermediates indicates that platinum is a relatively
efficient catalyst for both intermediates; the surprising result is
that platinum comes before and not after palladium in the order of

4 = p, denor bonding, and this is probably linked to the effects of
the platinum filled 4 f shell, The adsorbed intermediates on platinum
surfaces are relatively stable, as shown by the fact that the exchange
reactions do not self poison and by the relative insctivity for
‘hydrogenolysis compared to nickel and rhodium, When hydrogenolysis does
occur the major result is the formation of products by the fission of one
carbonegnrbon bond, The high isomerization activity compared to the
other metals must be related to the sdsorption of the hydroearben by an
cof~triadsorbed intermediate with the minimum of strain, the difference
between platinum and palladium arising because, although they have almost
identical metallic radii, palladium does not readily form an uxi-trisdsorbed
intermediate,
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CHAPTER X
INTRODUCTION

ihe surface intermediates responsible for the exchange and
hydrogenclysis of saturated hydrocarbons on nickel surfaces have been the
subject of a large nusber of investigatimms (0% 1962 119, 157) " gy,
dissociative adsorption of hydrocarbons on nickel swrfaces in the absence
of "hydrogen" is known to result in extensive dehydrogenation of the
silesules, Thus, Wright ot al. $1%) Lave show that ethane adacids on
a nickel film at 98°C by the dissoeiation of two carbon=hydrogen bonds;
and Galwey and Kesball {17 nave shown that the sdsorption of cyclghexane
on a nickel-silice catglyst at temperatures greater than 0°C, results in
the adsorption of' the molecule in the boat configuration by the
dissociation of four carbon-hydrogen bondss The presence of deuterium
in an exchange reaction presents an added complication, because the
formation of irreversibly adsorbed species may not be so probable as it
is in the absence of deuterium, iowever, although it is known that the
exchange reactions oi ethane “’9). propane “55), i-butane (155), and
neopentane (51) with deuterium on nickel films are self poisoned, no
systematic study of the adsorbed species responsible for this behaviour
has been atteupted,

The object of this investigation was to study the intermediates
responsible for the self poisoning of exchange reactions on nickel films
by presorbing hydrocarbons on the film, and cbserving the effects, if any,
that they produced upon the activity of the film for, and the nature of,
the subsequent exchange reesction, ¥For this approach to be successful
all the criteria outlined in Part 11 section 4.2, which would introduce
ambiguity into the results have to be eliminated, The effects introduced
by progressive sintering of tho film during the exchange reaction
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necessitate using a molecule which rescts at temperatures less than the
deposition temperature of the film (09C), The molecule used would also
have to have a low extent of fragmentation under electron impact, and
not contain groups of non equivalent hydrogen atoms, These conditions
immediately eliminated the lower aliphatic hydrocarbons, The use of
Sronshin Sonpainlie’ wa-alse e11NikEbed Dosiuse A% hat poen-shoils + 190
that the exchange reaction of bensene on nickel films at - 45°C was too
fast for acourate measurement, The molecule chosen for study wae
eyolopentane, because it is knom (15%) that cyolopentane adserbe on
nickel-gilicas temperatures close to 0° in the absence of "hydrogen"
by extensive disscciastion of the carbon-hydrogen bonds,

it will be shown that the exchange reaction of this molecule
on both sintered and unsintered films was self poisoned, On the
unsintered films reaction ocourred at temperatures below 0°C, but
presintering the films required resotion temperatures in excess of
200°C to propagate the exchange process, Nickel films are known to be
very susceptible to oxygen poisoning (120), and an attempt was made to
Jjudge the cleanliness of the system by comparing the results obtained for
the exchange of cyclohexane on unsintered films with those obtained by
Andersen and Kesbadl (109), ‘The two sets of results d1d not compare
favourably, however, and the reasons for this will be discussed fully

later,
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2,1, lass Spectrometrio Analyses

The isotopically substituted cyclopentanes and cyclohexanes
were analysed mass spectrometrically; the fragmentation corrections being
applied assuming a statistical loss of hydrogen and deuterium atoms as
described in Part I of this thesis, The electron potentials used to
produce the positively charged ions, and some typical fragmentation
patterns for the molecules are given in Table 2,1, DPue to the small
extent of fragmentation of the molecules under electron impact an
adequate analysis of the mass spectral data was obtained by treating the
loss of hydrogen and deuterium atoms by statistical methods,

TABLE 2.1,

FRAGMENTATION PATTERNS OF THE MOLECULES

Ionizing *
Molecule potential V £, £, r, £, £, fg
Cyclopentane 25 0,0361 | 0,0199 | 0,0531 | 0,0097 | 0,0084| ©
Cyeclohexane 25 0.0584 | 0,0136 | 0,0082 | 0,0037 | 0,009 | 0,019

* £, has been described by equation 3.3 (Part 1),

2.2, Chemicals
Hydrogen and Deuterium: The preparation and purification of these gases
have been described in Part I section 2,6,

Cyclopentane and Oyclohexane: Cyclopentane and oyclohexane were cbtained
as standard samples from the Department of Scientific and Industrial Research,
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Chemical Research Laboratory (99,987 pure), Before use the liquids were
degassed and stored in sample tubes surrounded by liquid nitrogen,

25 Erccedure

The standard reaction mixture consisted of 0,67 KNw™2 and
6¢7 XNu™2 of hydrocsrbon snd deuterium respectively in the mixing volume,
the pressures of the gases in the reaction veasel after exjpansion depending
upon the temperature at which the gas mixture was admitted, Due to the
ready solution of the hydrocarbons in the tap grease, a small pressure of
the hydrocarbon was allowed to dissolve in the tap grease so that on
subsequent preparation of the gas mixture the pressure of the hydrocarben
would remain relatively stable while the gas mixture was equilibrating in
the mixing buld, The gas mixture was prepared while the film was being
deposited at 09 or high temperature, and was admitted to the film at low
temperature,

Nickel films are very susceptible to oxygen poiscning, To aveid
this poisoning by oxygen or other gases liberated from the filament while
the film was being deposited the filament was outgassed for 1 hr, instead
of the normal 30 mins, In the cases where sintered {ilms were used, in
order to reduce the length of time that the film would be out of contact
with the gas mixture the films were deposited with the walls of the reaction
vessel at the sintering temperature. This method of depositing the films
hed, however disadvantages, the most serious of which was adequate
temperature contral of the reaction vessel walls, Since the walls were
kept at a constant temperature by extermal heating, it was possible that
the heat given cut by the deposition of the film would, if the rate of

heat conduction away from the walls was not sdequate, cause the film
temperature to rise above that of the walls producing film irreproducibility

due to the irreproducibility of the sintering conditions, To avoid this,
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and also to reduce the extent of oxygen poisoning, the film was deposited

at 09 and then sintered at high temperature in a deuterium atmosphere,
'rhoprawatimorhnvymkolnm-ucmm in the

normal way, but instead of evaporating the filaments for a constant time

they were evaporated until they burnt out,
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CHAPTER TTT
Emuss

3els Sustace Avess of the Films

ihe surfece areas of nickel films have been extensively studied
by Obwngins o0V 1990 Chs conmd Rl Por i aduhbads SAANTIIL Liipbbeture |
the surface ares was given by the equtién

A = B + DVW Y W W

mk.:u the surface area, B and D are constents, and ¥ is the weight

of the film, ey

They found that increasing the sintering temperature over the range
25«4009C reduced the value of the mnnt D markedly, but had little
influence on the value of the constant B, Sinno the sintering temperatures
used in this work were not the same as those used by Cmford et al, (150)
e arind itk bR il ik EAIRA £5% Thety VRIS e
following manner, Inspection of the values of D indicated that they
decreased exponentially with incressing temperature, and this was
confirmed when the plot of logqp D against TOK was found to be a straight
line; and the values of B decreased linearly with i.norcui.ng temperature
between: 100 and 300°C as shown by a plot of B against T®K, Thus, knowing
the temperatures at which the films used in this work had been sintered,
the values of E and D were obtained from the graphs, and the surface areas
caloulated by substitution into egquation .1,

Some of the films used in this work were sintered at high
temperature in deuterium to reduce the prémmt,y of oxygen .pohoning.
No allowance was made for this in the caleulation of the surface areas,
because it has been shown <103 that although the presesce of deuterium
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decreases the rate of sintering it does not slter the final value of the
surface area; and it is considered that after sintering the films at
300°C for 1 hr, the swrface area would have attained its limiting value,

The exchange of cyclopentane with deuterium was studied on
sintered and unsintered nickel films; and the experimental rates of
exchange were converted into absclute units using the kmown surface
aress, which had been caloulated by the method described in section 3.1.

On the unsintered films, whose weights varied from 8,3 mg to
13.7 mg, vhen the gas mixture was admitted to the reasction vessel at
temperatures varying from =639C to =23% no exchange was observed at
temperatures less than 70°C, In all cases the peak heights decreased
with time, indicating that the cyclopentane was either being strongly
adsorbed on the surface of the film or sbsorbed in the tap grease of
the reaction vessel system, In order to reduce the problems of
interpretation caused by the films sintering during the resction, the
reaction temperature was decreased by using heavy nickel films, On
these films which weighed from 26«33 mg exchange occurred at temperatures
less than 09C, The rates of exchange and other data are swmarized in
Table 3¢1, and Figure 3,1, shows two of the typical rate plots that
were obtained, The carbon count at any temperature did not vary in a
systematic manner; and there was no correlation between the shape of
the rate plot and the variation of the carbon counts

The curvature of some of the rate plots at temperatures less
then 0°C must be due to progressive self poisoning of the reaction,
and this is also clearly indicated by the Arrhenius equation plot
shown in Figure 3,2, Increasing reaction temperature did not increase
the rate of exchange but decressed it, and it is interesting to note



12.85
2821
2.81F
280r
12.84
2.79r ‘
O
2.76r
-2 1283
2.77F
2,76}
2.75 logo
2,741
®) 6 12 18 24 30 36 42

TIME MINS ——>

Fie, 3.1 (]5 PLoTs FOR THE EXCHANGE OF CYCLOPENTANE WITH

DeuteRuM ON UNSINTEReD NickeL FiLmsg O at -23°C, O at 23.5°C

Log,,( ¢,°- ¢) -



1707

“]
f
-5
w180
(12]
-
(@)
>
z
]
b4
N
b4
©
o
- 150

2. < 4 3.6 4.0 4.4 4.8

Fic. 3.2 ARRHENIUS PLOT FOR THE EXCHANGE OF CYCLO —

PENTANE WITH DEeUTERIUM ON UNSINTERED NICKEL FILMS
@ oniE EXPERIM ENT

O Ace OIHER EXpERIMENTS



Rate of exchange Type of rate plot
Resction| wmols s=Ta~2, 10~13 « obtained *
temp, € i - -Q
Ky X, ko | v0g,4(1., <0)| 108 o0
-61 305710 34| 268351461 1 VSCR VSCR
43 2,25 1,21 1.86 5 8
=-l5 7,00 703 1.0 3 B
-26 0a 90 0,81 1. 11 8 s
23 L6e 27525401504 2->234 2 1.0 VSCR VSCR
0 1.52 0.77 1,98 8 s
0 176155 505|16061>1,0 | 1,03>2,7| CR CR
255 13.02 Le 66 2,80 8
27.3 i1y 78 12,55 3034 8 3
72, [15795L701| 34458 51099 | 4u55 ka2 O OR

-
VSCR:- rate plot very slightly ourved, reaction slowly down,
& = straight nppmnt first order rate plot.
CR :- ecurved rate plot, reaction slowing down

that the slopes of the lines A and B are identical, The apparent
sctivation energy (%, = 33.8 kJ mole=1) and pre-exponential factor
(logyo A = 237 A in mols s~im-2) were caloulated from the straight
1ine drmm through the initial reaction temperature for each experiment,
as these will not have been unduly affected by self poisoning,

The exchange of cyclopentane was studied on two kinds of
heavy nickel films:

(a) Those which had been deposited with the resction vessel
walls at the sintering temperature.

and (b) Thowe which had been sintered at high temperature in

deuterium,
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In the case of group (a) the reaction vessel walls were kept at a constant
temperature within the renge 269-276°C while the film was being deposited,
After the filament had fusedy the film was heated at the deposition
temperaturé for & further period of time such that the total deposition
plus sinterin, time was 1 hr, In the case of group (b) the film was
deposited at 09 in vacuo, and then sintered for 1 hr, within the range
292-298°C under a presswre of approximately 2,5 XNw~2 of deuterium,
The deuterium was then pumped off at the sintering temperature, Since
cyclopentane was known to exchange on unsintered heavy films at
temperatures less than 0°C, for the first experiment on the sintered
films the gas mixture was admitted to the reaction vessel at -Afé and
the temperature then increassed gradually; no exchange was cbserved at
temperatures iess than 200°C, For the subsequent experiments the gas
mixture was sdmitted at 0% and the temperature then rapidly increased
until exchange was observed at approximately 200°C, -

The rates of exchange are suimariged in Table 3.2, and have
been plotted acoording to the Arrhenius equation in Figure 3.J. which
shows that extensive self poisoning of the exchenge resction was occurringe
Increasing resction temperature did not inocrease the rate of exchange, but
as in the oase of the reaction an fﬁo ungintered films tended to decrease
it, The apparent activation energy (8o = 75,1 kJ mole=!) and pre-exponential
factor (1ogqg A = 24ed) A in mols s=1u~2) were csloulated from the straight
line drawn through the points correspoyding to the initial reaction
tempersture for each experiment, As in the case of the resction on the
unsintered films straight line apparent first order rate plots were
usually obtained, and this is illustrated by Figure 3,4 The carbon
counts at any temperature were not usually constant, but decreased
linearly with time as illustrated by Figure 3.5 In those ceses where

the carbon count decreased with time, the rate of disappearance of the
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TABLE 3.2,

Rate of
Sintering |Reastion| ols 5=l 4 M o= ko
conditions |temp, °C " Ko
kg o
296°C for 1 hr| 210 52, 78 5066 93
in D, 224 11,70 L 6.75
" 280 19,26 2,20 8,76
. 288 .12 2,94 -
at 269- 210 44e 95 6465 6e 75
276°C in 220 [8,85—>28,43 [1.03+2,80 | 8,6 =
vacuo for 232 | 33011 —5he9h |3 7256442 | 8,9--8.56
1 hr 260 [154,8>28,83|15,10 2,82 -
" 261 5029 6469 Te5
” " 11.39 130 8. 75

total "eyclopentanes” was calculated from the zero order plot of the
carbon count against time, In order to convert the carbon count into
a percentage of the total "ecyclopentanes" originally present in the
reaction vessel, the "zero time" of the reaction was determined from
the plot of logyg d, against time and the carbon count at this "zero
time" determined from the plot of carbon count against time, Table 3 3.
which summerizes the data whows that there was no correlation between
the shape of the rate plot and the variation of the carbon count with
time; and that the rate of disappearence of the total "ecyclapentanes”
was virtually temperature independent,

The nature of the exchange reaction cccurring on the unsintered
and sintered films was different; and this is illustrated by Table Jeke

which gives the initial product distributions for the exchsnge reaction,



Tempe T.'IP:“O:*:::O*M CarbonT Rate of di:appcmo ot'
og balance | the totd.‘eyglopnn: 3
1°‘1o(¢w -0) log4o 4o with time mwols s='m2, {10~

210 8 3 c 0
221 8 s dec 2,56
280 ~ 8 ~ 8 dec 5046
288 ~ 8 ~ 8 dec 2ebk
210 3 S dec—> ine -
220 V3Ca VSCA dec 395
252 CA CA c 0
260 CR CR ine P
261 3 8 dec 0465
261 ~ 8 ~ 8 dec 2,30

S e straight rate plot
VSCA:- rate plot very slightly curved, reaction accelerating

CR i- curved rate plot, reaction slowing down
CA = curved rate plot, reaction accelerating
T C 1= carbon balance constant
dec:= carbon balance decreased linearly with time
ino:- » . increased " ol "

dec > inct= carbon balence decreases and then increases with time
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and by Figures 3,6e=3.8, which show the course of some typical resctions
with time, The correspondence between the M values calculated from the
initial product distributions and from the ratio of the rates of
exchange was not very good, Due to the reaction self' poisoning it is
probable that the rates of exchange will be subject to a substantial
error, and the M values calculated from the ratio of the rates of exchange
will be less accurate than those calculated from the initial product
distributions, It was not possible to measure the initial product
distributions for the two femlta indicated in Table 3,4, due to the
large extent of reaction, but they have been included because they give
some idea of the processes cccurring on the catalyst surface,

On the sintered films all the possible deuterated cyclopentanes
were produced in substantial amounts initially, In the case of the
distribution at 232°C pronounced maxima were obtained at the monodeutero-
and perdeutero-compounds, and the hump in the distribution between the
dg and the dg compounds indicates that there is probebly a small meximum
at the 65 isomer, Increasing reaction temperature increased the value
of i and caused a shift umultﬂmtmmmmm
deuterated compounds,

On the unsintered films the M values increased with increasing
temperature, and the initial product distributions also varied with
temperature, At low temperatures only the d4 and d, cyclopentanes vere
produced initially, the d4 isomer being the predominant species, At
«4,3°C and =23°C nc species containing more then eix deuterium atoms were
produced initially, All the isomers containing from one to five deuterium
atoms weré produced in substantial amounts maxima being observed at the
dq end d5 cyclopentanes, and there was a substantial break in the
distributions between the dg and the dg cyclopentanes, At temperatures
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TABLE Jele

INITIAL FRODUCT DISTRIBUYIONS POR THE EXCHANGE OF CYCLOPENTANE
Percentage of deuterated species
Sintering conditions | Temp, °C , Kw i‘!“ -Z%
a, 42 dj a‘ 45 dsd7d8 69 510 ko
none 61 [86.90(13.35| ~ |= |= | = |= |« |« |« |~ 1 1.13
none '&3 80.25 Ta 51 247 20#7 k"} 124 = - - - 1.“ 1.“
none 23 (90,61 | 6.62| 0.87| 0.52| 1.22|0,18| = | = - - 1.11 1.16
none T 72 13630 264 30 | 1705 (10,80 1340 (2,86 | 518 | 3o1h| 4e75| 5e15| ha55 | 386
Filn deposited at 275°C 232 15405 | 779 | 5e11 | 2026 | 3.33|3¢ 33 4e03| 5.38(13.42|40.30 | 8.9 6.88
Film sintered at 298°C 288 | 1,84 | 1,64 | 0,46 | O 1e83|0  [5e63 (1415 |31.50|43. 30 | = 8.80

T aistribution at ¢ = 95.93; 4, = 7516

¥ atstribution et ¢ = LO7.76; 4, = 5383
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greater than 70°C all the deuterated species were produced in substantial
amounts initially, The kinetic data for the exchange resction at 72°C
showed that the isomers containing two and three deuterium atoms were
being produced at a faster rate than the monodeuterocyclopentane, It

is thus probable that if the initial product distribution could have

been measured it would have been similar in shape to that for the exchange
reaction on the sintered films; i,e. maxima would have been observed

at the d4, dg and d,, cyclopentanes, with a distinct break in the
L 10

distridution at the 65 ecyclopentane,

The exchange of cyclohexane with deuterium has been studied
on unsintered heavy nickel films; and the results obtained compared
with those reported by Anderson and Kemball ‘'3, 0n the unsinterea
films which weighed appyroximately 30 mg a very slow reaction was initially
observed at =30°C; and the resction was studied at temperatures between
=309 and 939C, The rates of exchange were converted into absoclute
units using the known surface areas of the films, which were calculated
by the method deseribed in section 3,1,, and are summarized in Table 3.5.

Hate d{ 02 n
R‘“tig mols 8~ 'mr~<, 10= X .ﬁ
Ny kg kg ko
-30 1«7 2,08 1.22
0 32066"2206, ”o“*’x’ 1 [1.21 > 1,15
213 360 T —>22,07 | 48,81 ~—>35e 34 [1.33 >1.60
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The plots of the apparent first order rate equations Jj,12, and
3.4k, (Part I) were, apart from the reaction at =30°C, very slightly
retardedly curved, and this is illustrated by Figure 3,9 The shapes
of the rate plots obtained and the variation of the carbon count with
time are sunmarized in Table 3.6,, which shows that there was no correlation
between the two sets of results, For the reaction at -30°C the carbon
count increased at a rate of approximately 0,5 mint! In the case of
the reaction at the other temperatures, increasing the reaction temperature
produced an initial increase in the carbon count which then either 4did
not vary with time or decressed at a rate of approximately 0s17 min™1,

Figure 3,10, which shows the Arrhenius equation plot for the
rate of disappearance of the d, cyclohexsne also includes the results
reported by Anderson and Kemball (10}). Their results were converted
for use in Figure 3,10, in the following manner, An inspection of the
two values which they reported for the pre-exponential factor, indicated
that they hed assumed that a nickel film which weighed 10 mg would have
a surface area of 0.1 m% By the method described in section 3.1. an
unsintered nickel film which weighed 10 mg would have had a surface area
of 0,215 m2, and this value was used to convert the pre-exponential
factor reported by Anderson and Kemball (103) £or use in Figure 3.10.

TABLE 3.6,

-
" Type of rate plot obtained | Variation of
Re carbon count

tempe 0| 1og,o(0.~0) | 10g,q 4, | with time
-3 3 3 inereasing
¢} VSCR VSCR decreasing
213 VBCR VSCR counstant
1 VSCR VSCR oonsteng
93 VSCR CR constant
.*.

8:- straight line apparent first order rate plot
VSCR:= very slightly curved rate plot, reaction slowing down
CRi= curved rate plot, reaction slowing down
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The results obtained in this work do not compare favourably with those
obtained by Anderson and Kenball (107, the ‘filus used in this work being
less active at -23°C by a factor of 4O, The discrepancy may be even
larger because the gas ratios used in this work were different from
those used in the earlier report, Anderson and Kemball (103) used a gas
ratio (deuteriumicyclohexane) of 20:1, whereas the ratio used in this
work was 10:1, It was not, however, possible to allow for this difference
because they did not give any details relating the rate of exchange to
the partial pressure of the deuterium,

The deviation of the rates of exchange k, from the Arrhenius
equation (Figure 3,10) at temperatures greater than 0°%C indicates that
extensive self poisoning of the exchange reaction was occurring, However,
the reaction shows same anomalous features, A comparison of Figure 3,10,
with Figure 3,11, which shows the Arrhenius equation plot for the rate of
incorporation of deuterium into the cyclohexane, indicates that the rate
of dissppearance of the 4, hydrocarbon may be being affected to a greater
extent than the rate of incorporation of deuterium into the molecule,

The Arrhenius parameters for the exchange resction sre summarized in
Table 3.7

Tm }. 7.

Apparent activation | Pre-exponential
B”'dof m" energy 5o factor 1og,q A
kJ mole™ A in mols s=1m~2
k, 4543 25.6 (103)
ko 535 2546
kQ 53els 25.8
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Figures 3,12, and J,13. show the course of some typical reactions
with time, and the initial product distributions for the exchange reaction
are given in Teble 3,8, The initial distributions obtained were similar
in shape to those that had been observed for the exchange of cyclopentane
on the unsintered films, At temperatures less than 22°C the only isotopic
cyclohexanes produced initially were those containing from one to six
deuterium atoms, The & cyclohexane was the predominant isomer and the
percentages of the isotopic species decreased in order with inoreasing
deuterium content of the mclecule,. At temperatures greater than 229C
all the possible deuterated cyclohexanes were produced in substential
amounts initially, maxima being observed at the d,, dg, and d4p cyclohexanes
with a distinot break in the distribution at the d‘ compound, As in the
case of the distributions for oyclopgtm the correlation between the
experimental M values and those calculated from the initial distributions
was not very good; and this was probably caused by a substantial error

in the M values caloulated from the rates of exchange, due to the

reaction self poisoning,
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i % Percentage of deuterated species M- i o _>: .“_"a
a, a, |4, a |4 a |4, | 4 dg | dygl gy a,, ko 100
=3heS | B7.90/ 6,68 |2.59(1,80(0:80 = | = | = | = | = |= | = - 1320
-30 72.75| 22,0 [2.28(1:52(0.76/0e76| = | = | = | = | = | = 1.22 1.38
(¢} 73450| 2285|1485/ 1620(0alih[0e21 | = | = | = | = | = | = 1021 1.33
51 26.03[!6.10 5,78 | hek9 2,94 50732093 |2. 95| 30 78 | Lo 49 |5 78 |204 35 765 5.67

(103)
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CHAFTIR 1V

DISCUSSION

hels Zhe Mechsnism of Exchenge
The initial product distributions for the exchange of cyclchexane
and cyclopentane show that the mechanisms of exchange are similar, Both
molecules contain only secondary hydrogen atoms and the mechanism of
exchange will thus not be influenced by the variation of carbon-hydrogen
bond dissociation energies, However, hecause the molecules are alicyclio
the hydrogen atoms can be divided into two groups:
(a) Those above the plane of the ring.

and (b) Those below the plane of the ring,
The presence in the initial product distributions of species containing
more than one deuterium atom indicates that a wultiple exchange process
is operating, and a number of adsorbed intermediates can be formulated
to account for this process, vis; "™e, X3- and T -allylic, A
consideration of the molecular geometry of the adsorbed species shows
that, if the molecules are dissociatively adsorbed with the plane of
the ring parallel to the surface, it is only possible to exchange the
hydrogen atoms on one side of the ring by the interconversion between
N «gdsorbed and %3-disdsorbed intermediates, For the hydrogen atoms
which are inaccessible to the surface to be exchanged initially, it is
necessary for the adsorbed molecules to undergo a 'turn-over' mechanism,
There are two possible ways of achieving this, The “~adsorbed
intermediate may form an =diadsorbed intermediate, thus producing
an adsorbed molecule with the plane of the ring perpendicular to the
surface, The reversion of this intermediate to an ‘(adsorbed intermediate
will enable the adsorbed molecules to turn over on the surface, However,
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a change in the hybridization of the carbon electron orbitals from the
sp’ fomd in an ~diadsorbed intermediate to the sp2 implicit in a

7 -allylic intermediate will bring the hydrogen atoms bonded to the
carbon atoms forming the 4 -allylic intermediate into the plane of the
ring; thus enabling the hydrogen atoms above the plane of the ring to
be exchanged by an Eley-Rideal mechanism,

The molecular shapes of cyclohexane and cyclopentane are
different; the cyclopentane ring being almost planar, vhereas that of
cyclohexsne is not, The chair conformation of ocyclohexane is slightly
more stable than the bost form, However, due to the alternation of the
axial and equatorial bonds in the chair conformation, the adsorption of
cyclohexane by an =>-diadsorbed intermediate can only occur by distortion
of the molecule, It is thus probable that oyelohexsne wili be adsorbed
by an xpediadsorbed intermediate in the boat conformation, The formation
of a 7 -sllylic intermediate requires that the carbon atoms lie in one
plane; end it will be relatively easy to do this from the almost planar
cyclopentane. In the case of cyclchexane the formation of a Tegllylie
intermediate will require distortion of the molecule, It would, therefore,
be expected that if « -allylic intermedistes are operative in the exchange
mechanism, the variation in the ease of their formaticn from cyclchexane
end cyclopentane would have an influence upon the initial product
distribution,

On the unsintered films at temperatures less than ambient
temperature, the initial product distributions show that for cyclopentane
and cyclohexane only half of the hydrogen atoms were readily exchangeable;
Mthhmtcerrnn:dtothconhuporthlm-natoummM
of the ring. By the interconversion between v =adsorbed and
«v -diadsorbed intermedistes it is omly possible to exchange & maximum
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of two hydrogen atoms in each molecule initially, The presence of
species containing more than two deuterium atoms in the distributions
immediately rules out an «X~-disdsorbed intermediate as being primarily
responsible for the multiple exchange process, The primary mode of
exchange must, therefore, be the interconversion between V-adsorbed

and either ~z-digpdsorbed or T-allylic intermediates, Since the
formation of a Teallylie intermediate involves a minimum of three

carbon atoms, the desorption of a molecule from the surface after
undergoing an e, ge and Teallylic interconversion can only occur by
the addition of three deuterium atoms, The initial product distribution
for the exchange of cyclopentane at -61°C shows, however, that a maximum
of two deuterium atoms were incorporated into the molecule initially,
indicating thet a 7 eallylic intermediate was not partieipating in the
exchange mechanism, The evidence cited in seetion 3,5, (Part II) indicates
that nickel has a relatively poor activity for the formation of 7 eallylio
intermediates, and it is considered that this interwediate was not
responsible for the exchange of the hydrocarbons at temperatures less
than 0°C, The exchange of the hydrogen atoms on one side of the ring
must, therefore, be due to the interconversion between «-adsorbed and
“sediadsorbed intermediates,

On the sintered films all the hydrogen atoms of cyclopentane
were readily exchangeable initially; as were the hydrogen atoms of
cyclopentane and oyclohexane at temperatures greater than room temperature
on the wnsintered films, This propagation of the exchange process from
one side of the ring to the other can, as mentioned previcusly, only
occur by the formation of either an XVediadsorbed intermediate or a
T -allylic species, It has been shown for the exchange of methane on
nickel films that at temperatures greater than 200°C an VYvediadsorbed
intermediate is participating in the exchange mechanism ‘°°), Gamlt et al,'>®



M

have shown for 1,1,J, =tetramethylcyclopentane, which cannot form a
1 -allylic intermediate, that the propagation of the exchange process
from one side of' the ring to the other by an ‘“-diadsorbed intermediate
only became important at temperatures greater than 140°C, It is,
therefore, unlikely that wediadsorbed intermediates are participating
in the mechanisus for the exchange of cyclopentane and cyclohexane on
the unsintered films at temperatures greater than room temperature,

Gault et al. (50) have sho.u for the exchange of gis-1,1,3,4=
tetramethyloyclopentane on unsintered nickel films, that at 0°C maxima
were observed at the d4, 4,, and 4y, isomers, indicating that a "-allylie
intermediate was being formed on the surface, The amounts of the isotopiec
species containing from one to four deuterium atoms were greater then
those containing from five to twelve deuterium atoms, and corresponded to
the exchange of the four hydrogen atoms trans to the gis methyl groups.
They also found for the exchange of the same molecule that at 43°C maxima
were observed io the initial distributions at the d4 and d4p isomers, and
that the percentages of the speciesn centaining from ocae te four deuterium
atoms were similar to those containing from five to twelve deuterium atoms,
This indicates that the aotivation energy for the formation of 7eallylie
species is greater than that for the formation of the ¢ bonded ~A-diadsorbed
intermediate, and that the ratio /0 inoresses with increasing temperature,
This behaviour of the distributions was also shown by the hydrocarbons
studied in this work at temperatures greater than room temperature on the
unsintered films; and it is considered that the exchange of cyclopentane
and cyclohexane was propagated by the interconversion between =, xg-,
and Teallylic intermediates, with the formation of 7-allylic intermediates
becoming inereasingly probable with increasing temperature,
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At the high temperatures required to propagate the exchange of
cyclopentane on the sintered films it is possible for “*X-diadsorbed
intermediates to participate in the exchange mechanism. However, because

7 -allylic intermediates are readily formed at lowish temperstures on
the unsintered films, it is considered that the interconversion between
ey X3=, and Weallylic species will be more probable than the intervention
of en ““~diadsorbed intermediate into the interconversion between ~-adsorbed

and %%diadsorbed intermediates,

The absclute rates of exchange were based upon the apparent
surface areas of the films, as caloulated by the method described in
Part 111 uotion)d. It is well known that the surface areas of nickel
files depent wpon the sintering Sevperatuse ' 170) | nnd-u musber of ‘reporté
have appeared in the literature devoted to their physical structure, Thus
Anderson ot al. (%) have shown that nickel films deposited at 09 in
vacuo are unoriented, and consist of large crystallites 20-100 nm in
diameter with interorystal gaps of 2 mm, The structure of films deposited
at 0°C are extremsly porous with a large internsl surface, and the surface
area is proportional to the thickness of the film; in confirmation of
this it has been shown, that the electricsl conductivity is about seven
times less than for the bulk metal ‘77), that the surface area is
dependent wpon the weight (199), ot that all the phyateally atscrbed
senen wied $0 Wsasure the wirfese sres sould met be remavel by puping {1600,
Sintering the films either in vaouo or in hydrogen causes crystallite
grovth and smoothing of the surface, Thus it has been found that sintering
a film at 4009 in vacuo increased the crystallite size to 200-300 nm and
alininated surfese ssperitiss C199). fop At sintering ad 20090 prodused

(160)

a polyerystalline surface with no intercrystel gaps 3 this coherence
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of the film structure is also shown by the fact that the resistance of a
5 mg film, which had been sintered at 187-257°C, was approximately equal
to the resistance of the bulk metal (136).

The specific activity of the films may depend not onlyuon the
surface area, but upon the catalytically active surface area, which will
be a function of the hydrocarbon studied, Thus for the hydrogenation of
ethylene, the serc order dependence of the rate upon the ethylene pressure (55)
indicates that ethylene is much more strongly adscrbed than hydrogen; and
it might be expected that almost all of the surface would be catalytically
active, It has been shown, however, that all of the surface is not
catalytically active ‘119, 4nd thet sintering the rilus decresses the
specific activity for the reaction to a slightly greater extent than the
deorease in the apparent surface area (150). For the exchange of
alkylbengenes on nickel films it has been shown that sintering produces

(130). 1% =

a very profound effect upon the character of the reaction
found for the exchange of cumene, that on umsintersd films the m- and p-
hydrogen atoms, and the hydrogen atom on the carbon atom % to the ring
reacted at approximately the same rate; but on the films sintered at
200°C only the hydrogen atom on the * carbon atom was readily exchangesble.
This indicated that sintering or poisoning associated with the sintering
process had destroyed the sites respomsible for the adsorption of the
benzene ring.

The results obtained in this work show that sintering the films
decreased their specific activity for the exchange of cyclopentane at
«23°C by a fector of 107, This value may, however, be misleading because
it involved an extreme extrapolation of the results for the reaction on the
sintered films, and the activation energy may not be temperature invariant,
If the specific activities are based on the temperatures required to give
o rate of exchange ko equal £ % 10%° mols s=1m-2, then for the unsintered
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and sintered films values of =23°C and 1949C respectively are obtained,
The initial product distributions obtained for the reaction on the two
kinds of film were similar, indicating that sintering may not have
preferentially eliminated certain types of exchange sites,

The decrease in the specific activity may have been caused by
using en oxygen contaminated surface; thus the results obtained for the
exchange of cyclohexane show that the films used in t.is work were not
as active as those used by Andersca end Kewball (9%, Two explanations
can be advanced for this behaviour;

(a) The films used in this work were contaminated and those
used by Anderson and Kemball (103) were clean,

or (b) Those used in this work were clesn and those used by
Anderson and Kemball (103) were contaminated,
For the films used in this work the reaction vessel system was outgassed
until the pressure was less than 0,3 slm?, and the films were deposited
with the reaction vessel closed off from the pumping system, The first
few layers of film deposited will, therefore, have removed most of the
oxygen remaining in the reaction vessel by gettering; and it is considered
that the films were essentially clean before the admission of the reaction
mixture, If it is assumed that a nickel atom in the surface of the film
occupies an area of 04,0625 nu’, then the surface of an unsintered film
will contain approximately 6,101% nickel atoms, For the formstion of a
menolayer of oxygen atoms on the surface the reaction vessel at 0°C
would have had to contain an oxygen pressure of 65 Nm~2, and this would
have required the gas mixture to contain approximately 17 oxygen; this
is unlikely because the hydrocarbons used were degassed before preparing
the reaction mixture, An attempt was made to resclve the problem by
contaminating the surface of an unsintered film with oxygen by the
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thermel decomposition of nitrous oxide (161, Arter 7,3,10'® molecules

of nitrous oxide had been sllowed to remain in contact with the film at
0°C for 3 mins, the excess was removed by pumping at 0°C for 10 wins;
however, when the gas mixture was admitted to the film at -40°C no
exchange of cyolohexane was observed at temperatures less than room
temperature, This result was not entirely unexpected because it is known
that hylroges dosa not chexdsosd on a freskly oxidised ntokel surfase ' 160),
It cen, therefore, be concluded that the disparity between the results

was not caused by using nickel oxide instead of nickel,

It is possible, however, that the films may have been contaminated
by islands of nickel oxide in a nickel matrix, It has been shown that the
adsorption of oxygen on nickel increased with time at <78 and 22°C and was
not reversible 163, This indicated that oxygen was being incorporated
into the bulk nickel; but it was possible, however, to partially
Fegenerats the surfece by heating in vaowo & <7890, Galvey snd Kewdall {1%9)
have shown for the adsorption of hydrocarbons on a nickel supported catalyst,
that at =359 little dissociative adsorption of cyclohexane, n-pentane,
i-pentane, or 2,2-dimethylbutane was ccourring, the adsorption being mainly
physical in nature., With cyclopentane, however, extensive dissociation of
the carbone=hydrogen bonds was observed at =35°C, It is difficult to
correlate thase results with those oblained by Anderscn sod Kesbal2 (109
for the exchange of cyclohexane on unsintered films, because adsorption may
ocour over the whole surface, whereas only a smell proportion of the
surface may be active for exchange reactions, The disscciative adsorption
of ecyclohexsne at temperatures greater than -35°C corresponds gquite well
with the exchange of cyclohexane at temperatures greater than =30°C
observed in this work; and it is considered that the films used in this
work were essentially non-contaminated, Nickel oxide is a p-type
semiconductor, and the chemisorption of hydrogen on its surface will be
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depletive, If islands of nickel oxide are present in the surface of a
nickel film, the nickel metallic orbitals at the nickel oxide - nickel
interface will be modified, and the enhenced activity of the films used
by Anderson and Keaball { 70%) ngy be dus to the exchange of ayslohexane
taking place readily at this interface,

The results obtained in this work for the exchange of
ecyclopentane on the sintered films were similar to those reported by

Rowlineon ot al, © 162,

A direot comparison between the two sets of
results could not be made because they used a different gas ratio from
that used in this work; nor did they report the Arrhenius parameters
and pressure dependency equations for the reaction, For the results
obtained in this work, the rates of exchange on the films sintered in
deuterium and on those deposited at the sintering temperature were
gimilar; and it is considered unlikely that this correspondence would
have been obtained if the films had been contaminated,

Since no exchange of cyclopentane on the sintered films was
observed at temperatures less than 200°C, the large decrease in the
specific mctivity on sintering cannot be due to progressive self poisoning
of the reaction, and must have been caused by a change in the nature of
the surface, 1t has been shown for the hydrogenclysis of ethane on a
nickel-silica~alumina catalyst, that the specific activity decreased
with increasing crystallite sisze to a greater extent than could be explained
by the decrease in the surface ares ' '°9), This result shows that for a
molecule with a simple molecular structure such as ethane, the resction
is sensitive to the degree of dispersion of the metal, Sintering the
films will have increased the mean crystellite size and smoothed their
surface; and it is probable that for eyclopentane with its more complex
molecular shape, the reaction will be sensitive to the structure of the
surfece, The large decrease in activity on sintering will thus be due to
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the lowered degree of dispersion anl the elimination of surface defects,
The results obtained for the exchange of cyclohexane and
cyelopentsne on the unsintered films show that at -23° cyclopentane was
more reactive than cyclohexane by a rmér of 100, The results obtained
by Calwey and Kemball (159) show that cyclopentane was more readily
adsorbed on a nickel catalyst than oyclohexane; and their results
correlate quite well with the greater ease of exchange of cyclopentane on
the unsintered films, The Arrhenius parameters for the exchange of
oyclohexane were greater than those for cyclopentane; and the Arrhenius
parsmeters for the exchange of both molecules showed a normael compensation
effect. This indicates that there is an interplay between the heat of
adsorption and the entropy of adsorption which is not readily disentangled,
The Arrhenius equation plots for the exchange of cyclohexans
and cyclopentane show that both reactions were extensively self poisoned;
indicating that on the parts of the surface responsidble for exchange there
is a competition between the reversible adsorption of the hydrocarbon,
and the tendency of nickel to dissociate the adsorbed species further to
give strongly bound structures on the surface, A nuuber of reports have
appeared in the literature devoted to the adsorption of hydrocarbons on
nickel surfaces, Wright et al. '>°) have shown that on a nickel film the
adsorption of methane was rapid at 140°C and was accompanied by the slow
liberation of hydrogen, The breakdown of the adsorbed methane was
extensive and increased with increasing temperature, They also found
that ethane was adsorbed readily at 0°C and could be displaced from the
surface by hydrogen, In the temperature reange 60-100°C, however, the
adsorption of ethane was accompsnied by the liberation of hydrogen from
the surface, indicating that the adsorbed ethane species were extensively
dehydrogensted, Ethylene can adsorb on a nickel surface either associatively
or dissociatively, and Bischens and Pliskin 19€) have shown that om o



-163-

bare nickel surface at 359C, or on a hydrogen covered nickel surface at
150% the carbon stoms are mainly saturated, Lorrow and Sheppard (K617 Kb
shown that for the adscrption of ethylene on a nickel carb=o-sil catalyst,
the 1.R, spectrua of the adsorbed species varied with the time and
temperature of adsorption, At room temperature the spectrum was mainly
indicative of p-butyl surface species; and the hydrogenation of the
adsorbed species at 209C resulted mainly in the formatlion of gaseous or
physioslly adsorbed n-butane, Knor st ale (160) found that on a nickel
film at 0° the adsorption of cyclopropane resulted in the formation of
gas phase propane and ethane, indicating that fissicn of the carbon-carbon
bonds was ocourring, The hydrogenation of cyclopropane at 0°C was, however,
reversible; after pumping off the gas phase, the activity of the film
for subseguent hydrogenation reactions was reproducibles, The adsorption
of eyclohexane has also been studied by Palazov et al. (’59). who found
that on a nickel silica catalyst at 209C carbon-hydrogen stretching bends
appeared in the I,R, spectrum due to the dissociative adsorption of the
oyclohexane; they also found, however, that on a hydrogen covered surface
these carbonehydrogen stretching baads did not sppear, These results
indicate that nickel is an extremely active metal for dissociating
carbon-hydrogen bonds, The strongly held species will thus be probably
bound to the surface by an *¥’~type intermediate,

On the unsintered films the exchange reactions of cyclopentane
and cyclohexane showed deviation from the Arrhenius equation plot at
temperatures of -23°C and 0°C respectively, and the activation energy
of =8,63 kJ mole™) obtained for the deviated branch of the plot was
jdentical for both molecules, This self poisoning of the exchange reactiof
onml:mumltmglybm-mienmmorhdmmum
surface sites as those which are responsible for exchange. The formation
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of strongly adsorbed species on metal surfaces is generally believed to
involve the adsorption of the hydrocarbon by intermediates of the type
e X443 gto, It was shown in section 4.5, (Part 1I) that nickel is

a relatively good catalyst for the formation of x«-diadsorbed intermediates;
end it has been shown that the hydrogenclysis of neohexane on nickel films
involved the formation of an x¥s-triadsorbed intermediate ““‘). The self
poisoning of the exchange reactions of cyclopentane and cydloh_em.
therefore, probably involves the formation of «x¥2-triadscrbed, or
wedAtetraadsorbed intermedistes, For cyclohexane and cyclopentane, ir
the molecules are strongly sdsorbed with the plane of the ring parallel
to the surface, the formation of «s= ete, intermediates is geometrically
impossible, The strongly bound species must, therefore, be adsorbed on
the surface with the plane of the ring perpendicular to the surface, It
would be possible for the formation of the adsorbed species to ocour by
hydrogenclysis of the alicyeclic rings It has been shown, however, for
the hydrogenolysis of alkyloyclohexanes, that on & nickel-alumina eatelyst
no cleavage of the cyclohexane ring occurred at 22090 (170) ;3 and it is
considered improbable that cleavage of the alicyclic ring occurs at low
temperatures on the unsintered films, It is believed that the identical
sctivation energy given sbove for the deviated branch of the Arrhenius
plots supports the hypothesis that self poisoning is occurring by the
formation of ~xs=-type intermediates, The formation of a 1;2,4,5~tetra
adsorbed intermediate by the dissceiation of the four hydrogen atoms

from the boat conformation of cyclohexane, requires four nickel atoms

in a square arrangement with a side dimension 0,29 nu, 5o far as is
known a site of this type does not exist on the surface of nickel films,
The formation of this intermediate is also possible from cyclopentane

but it is not believed to be responsible for the self poisoning of the

exchange reactions,
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The exchange of cyclopentane on the sintered films was also
self poisoned and the carbon count at any temperature usually decreased
linearly with time, The kinetics of the exchange reaction and the self
poisoning resction were different; the exchange reaction generally
obeyed the apparent first order equation, vhereas the decrease in the
carbon count obeyed zero order kinetics, Tt is believed that the exchange
reaction and the self poisoning reaction were occurring simultanecusly
on the same surface sites, The activation energy for the self polsoning
reaction, i.e,, the rate of disappearance of the carbon count, was
effectively sero, indicating that the two processes did not have a
common intermediate, It is knows 70 thet on nickel films it is
possible for the adsorbed polymethylcyclopentanes to twrm over on the
surface by the formation of an xx-diadsorbed intermediate; and it is
believed that this intermediate is the one respomsible for self poisoning
of the exchange reaction, The exchange and self poisoning reactions may
thus be formulated as follows, The initial adsorptiocn of the cyclopentane
will ocour by the formation of an «=adsorbed intermediate which can then
form either an Y% or an “«-diadsorbed intermediates If the {*-diadsorbed
intermediate is formed the exchange of cyclopentane will be propagated by
the interconversion between YA-diadsorbed and 7-allylic intermediates,

If, however, the w=diadsorbed intermediate is formed, the plane of the
ring will be perpendicular to the surface, end an w4 fmbrisdsorbed
intermediate will be formed in preference to the reversion of the wespecies
to an x=sdsorbed intermediate, hence causing self poisoning of the exchange
reaction.

In conclusion it may be said that extensive self poisaning of
the exchenge reactions of mlppontuﬁ and cyclchexane was observed at
low temperatures on the unsintered films, Preadsorption of hydrocarbons
on the surface would have inoreased the reaction temperatures required
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to propagate the exchange process, and the effects jroduced by presorption
would have been impossible to differentiate from progressive sintering of
the films, Presintering the filss increased the tupor#ma required to
propagate the exchange process markedly, and the presorption of hydrocarbons
on such films would have brought the reaction temperatures necessary to
propagate the exchange process into the region of temperature where
hydrocracking of the molecules would have oomrrod. It is, therefore,
believed that with the apparatus used it is impossible to study self
poisoning of exchange reactions on nickel films by the method proposed,






e 487 &

SONCLUSION

The results obtained in this work indicate that platinum end
nickel, although they are in the same sub order of Group VIII, are very
different in their catalytic properties.

Anderson and Avery (42) postulated that the hydroeracking and
isomerigzation of saturated hydrocarbons containing more than two carbon
atoms on platinum films, ocourred by the formation of an xx¥=triadsorbed
intermediate, The exchange resctions of the saturated hydrocarbons on the
platinum catalysts were not, however, . self poisoned at temperatures
less than 180°C; and the rates of exchange of neopentane at these temperatures
werevery mach greater than the rate of hydroeracking end isomerisation,
This indicates that the adsorbed intermediates responsible for the
propagation of the exchange process are essentially revereibly adsorbed,
The exchange of methane by a miltiple exchange process occurred reedily
at temperatures greater than 180°C; and the results obtained for the
exchange of polymethylcyelopentanes on platinum films (50) indicated
that an «f~-diadsorbed intermediate could be formed at low temperatures,
These results indicate that if an wi=triadsorbed intermediate is formed
during the exchange reactions it is reversibly adsorbed, and hence does
not cause self poisening of the exshange resctions,

Although the mechanisms of exchange were different, the
specific activity of the films for the exchange of propane, butane, and ‘
neopentane were similar, indicating that the exchange reaction was mainly
governed by the ability of platinum to dissociate primary carbone-hydrogen
bonds, The main charscteristic of the unsintered platinum films was
their tendency to sinter slightly during the ﬁmtion; and the specific
sctivity of the films was reduced by presintering to a greater extent
than the decrease in the apparent surface srea, This reduction in activity,
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which was not accompanied by a change in the mechanism of exchange,
depended upon the hydrocarbon studied,

On the nickel films, however, extensive self poisoning of the
exchange reactions of cyclopentane and cyclohexane was cbserved, It is
suggested that the exchange and self poisoning ocourred by different
mechanisms;, the exchange being propagated by the interconversion between
* =y xm=, @and T-allylic intermediates, whereas the self poisoning -
was caused by the formation of x¢fe or w=spe= adsorbed intermediates,

As in the case of platinum, presintering the films produced a very
large decrease in the specific activity of the films for the exchange of
cyclopentane; and it is thought that this is due to a proncunced
restructuring of the surface on sintering eliminating the catalytically
asctive sites,

It wes proposed to study the self poisoning of the exchange
reactions of saturated hydrocarbons on platinum and nickel catalysts by
presorbing hydrocarbons upon the surface and determining the effects,
if any, that they produced upon thc‘ characteristics of the exchange
reaction, However, is the effect produced by the poison caused by
blocking the exchange sites, or by presorption on adjacent sites
preventing reaction occurring on the exchange sites? Irescrption of
saturated hydrocarbons on platinum satalysts at temperatures less than
105°C dces not poiscn the catalyst for the subsequent exchange reaction,
However, platinum can be poisoned by molecules which contain lone pairs
of electrons, and it would be interesting to see what effects the presorption
of such molecules would produce upon the characteristice of an exchange
reaction, It would also be interesting to see what effects a serdes of
these compounds would produce, for example, ammonia, methylamine,
dimethylemine, and trimethylamine, In the case of nickel the self
poisoning of the exchange reactions studied was 50 extensive that
quantitative work upon the effects of presorbing hydrocarbons would
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have been impossible. It may, however, be possible to deduce the structure
of the intermediates responsible for self poisoning by other methods,

One way of doing this would be to alter the structure of the molecule being
studied, Thus, the exchange reaction of cyclchexsne is self polsoned;

but is that of norbornane? Although it has been postulated that the
exchange of cyclohexane is self poisoned bty the formation of an “¥%triadsorbed
intermediate, it would also be possible for the reaction to self poison by
the formation of an intermediate resulting from the dissociation of the
four carbon=hydrogen bonds when the mclecule is adsorbed in the boat
conformation, The exchange of cis-hexafluorocyclohexane, which cannot
form sn “w=triadsorbed intermediate, would ensble the structure of the
intermediate to be resolved; as would the study of the adsorbed
intermediates by I,R, or broad line N,M,R, spectroscopy.

OUne of the interesting facets of this work was the decrease in
the specific activity of the films on sintering,. This may have been due
to the elimination of surfece defects or the elimination of crystal faces,
Although some work has been published on the exchange of hydrocarbons on
epitaxed nickel films 17" 1t would be interesting to study further the
relationship between exchange reactions, self poisoning and the structuse
of the catalyst surface, This could be dome by using epitaxed films, or
by indfcing surfsce defects into the catalyst, for example, by etching,

One of the problems encountercd in the work with nickel films
vas related to their cleanliness, £o far as is known, no systematiec
study of the relationship between surface contamdnation and the
characteristics of exchange reactions has been attempted, It has been
suggested that the enhanced activity of the niockel films used by Anderson
and Kemball (103) for the exchange of cyclohexsne relative to those used
in this work was due to a cont&d.mtod surface, It would be interesting to
study this further by exchanging cyclohexane on a series of nickel films,



containing increasing quantities of nickel oxide, This study would be
difficult experimentally requiring U,HV, technigues and rigorous
deoxygenation of the gases used, The catalysts would also have to be
prepared prior to each experiment to prevent oxygen incorporation inte
the lattice and the chemisorption of "hydrogen" which is known to oceur
on aged nickel oxide catalysts “62).

If one studies the Group VIII metals, iron, cobalt; nickel and
ruthenium are the only elements which are active in the Fischer-Tropsch
synthesis, The triad of the metals in the firstirmsition series readily
form carbides in the Fischer<Tropsch synthesis, and also tend to self
poison during exchange reactions, Iron is the most extenaivel, self
poisoned of the three metals, and although cobalt has not yet been fully
studied in this respect it might be expected to show effects intermediate
between those of iron and nickel, The iron sub order also differ from the
other metsls in that their crystal structures are different, and it would
be interesting to see whether this has an influence upon the characteristics
of catalytic resctions, Of the metals in Group VIII it is considered that
the exchange reactions of hydrocarbons on iron, cobalt, and nickel films
will be self poisoned to such an exteamt, that the quantilative study of
the intermediates responsible would be impossible, This problem would
not arise with the metals in the second and third transition series, Of
these metals rhodium is known to self poison (83). It is also similar to
platinum in that it readily forms xx-diadsorbed intermediates, It
might, therefore, be expected that those metals on which methane readily
exchanges by the formation of an ¥xediadsorbed intermediate, would also
exhibit self poisoning of the exchange reactions of the higher paraffinsj
and in this context an extensive study of the exchange reactions of
saturated hydrocarbons on rhodiwm, iridium, ruthenium and osamdum

evagorated films would be worthwhile,
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APPENDIX I

The program given below is written in Atlas Autocode and was used for
the statistical analysis of the mass spectral data.

% BEGIN

% INTEGER I,J,K,L,R,S,Q,4,N,B,M

% ARRAY -20:20)

% ARRAY F(116)

% REAL 2 ,7T,H,C,D,E,G, TOPAL, PHE, X

READ (I)
% COMMENT I SETS OF DATA
7:READ (N)
% COMMENT NO, OF HYDROGENS TO BE CONSIDERED
READ (M)
% COMMENT NO, OF FRAGMENTS TO BE CONSIDERED
READ (X)
% COMMENT SINGLE ISOTOPE CORRECTION

# CYCLE B=1,1,6
READ (F(B))
% REFEAT

# CYCLE J=1,1,I
1:R84D (2)
—1 & UNLESS 2 ==
READ T; % COMMENT T IS TIME

% CYCLE A==i,1,N
READ (P(a))
A)s=2 % THEN — 6
A)==3 % THEN —r 7
P % IF P(A)=wl
FEAT

RREWR
TLL

READ (3)
=2 % IF Za=2

6:% CAPTION ~PAULTY SET OF DATA
FRINT (J,3,0)

—1
# COMMENT CORRECTIONS FOR S.I.C., Doi'Co. AND NAT, D, FOLLOW

215% CYCLE Kewh,1,Ne1
HeX+(N=1K})“0.0002
P(X+1 )=P(K+1 )=H*P(K)
% IF K>(Ne2) % THEN —>3
P(K+2)=P(K+2)=H*((H=0,011)/2)*P(K)
3:REFEAT



7 COMMENT CCRR, FOR FRAGs CONG, LOSS OF UP T0'6 MASS UNITS

;n, CYCLE Lal,=1,0
§% IF P(L)<C % THEN =10

% COMMENT =4 =
P(L=1 )=P(L=1 )= ¥(1)*(N=L)/5*P(L)

7o COMMENT =2
| P(L'z)'yﬁp(zg C(hA ity et/ ey

“¥(2)%2* Be=L
n-PéL? (L%)/,,’:{’(';,L )-L)}(M)‘((N-z)-h)/(n-z)
P(L=3)=P(L=3)=(C+D)

%cmmm

C=P(L)*F
D=p
L

.‘2} * 1/ (Lt JA(18=1)
E=p

31/ (fiet )=L)/ (et ) *(Ne)/ (-2 ,.
ORI Gty se2) %zc |

P(M)-P(H» ~(C+D+E)

sy e RN A 1,
=P(L)* SR/ N* T=1 Ne=L ) /{N=2 > ’
n-pg §~y ﬁ;%%g*éu;lg/éwg é(m )-L)/zn-a) ,v%c_ B,
» L)/ (=
E=P(L)*F(5)*(N-L) N*g N )=L)/ (Nt ) ( (=2 )=1)/(1i=2) ﬂc
“((N=3)=L)/(1i=3)* ((8=t)-1) (M)
P(1=5)=P(1=5)~(C+D+E)
% COMMENT
c=P

ng 'x/n'(w)/(m) (L=2)/(2=2) o
F(h)*6"L/N*(L=1)/(5i=1)* %
(8i=1)=L) /(u-z)*((u-e)-n)/( 3) 1
L)*F(5)°5*1/n* (N-LZ/(N%)*((N-L)-s )/ (5=2) i
(Nl )=2)/(0=3) * ( (5i=L)=3)/ (i .
e-v(x.)*r(e)*(n-x.z/n* (N=L)=1)/ (M= )2 ((N=L)=2)/(N=2)
'((N-I-)-gz/ N=3)* (n-L)-a)/(W*((3¢L)-5)/(N-5)
P(L-é) (L )= C+D¥ 4G

E=P

10:
7 COMMENT CAICULATION OF PERCENT, PH{ AND PRINT msmuormis
NEWLINES (2) '
TOTAL=0
FCYCLE 5=0,1,N
£ P(b)<0 % :w)vmz =5

mmomp(s
53 /REPEAT

% CAPTION CORRECTED PrAX HEIGHTS



REWLINES (1)

%;rcu: Reell, 1,N it
CAPTION D; PRINT (R,1,0
‘%OAPTIOHHL mnéplxs 1,2)
j REFEAT

% cmmm&rw_‘mmumomm“n-hm“
=

PRINT(TOTAL, 132}

% CAPTION~PERCENTAGE OB_ISOTOPIC uspscm

NEWLINES (1) -

% CYCLE R=0,1,N
#% CAPTION D; FRINT (R,1,0)
% CAPTION £ ; FRINT (P(R)*100/70TAL,1,2)
% REPEAT
FHI=0
% 7 B(0)<0’ X' BHEN-» kb
FHI-PAI+Q*P(Q ) *10Q/TOTAL
Lh3% REPEAT
% CAPTION~FHI = ; FRINT (PHI,1,2)
% CAPTION-TDME ¥ ; PRINT (1,1,2)

99:% REFEAT
% END £ OF % PROGRAM

The data is fed into the computer in the following form

N ¥ X
¥y Py 1‘5 " '5 Fg

1T P=N Peli+1 oooPOoooQP' -2

-1 0 - 3
| K X A
Py Fp Py ¥, P5 ¥g

.1 ! H M"‘ 'S ) Po ™ ™ . . Pl 4

-1 0 “« b

Section A is only inserted if ome is changing any of the
hydrocarbon parameters,
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Fortran IV computer program for the extended Gault-Kemball-Dibeler
correction scheme used to analyse the mass spectra of the isotopic
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APPENDIX II

propanes,

100
101
102

103
10k
105

33

1002 FORMAT (SXJHD-‘I. SX.BID"G.SX

301 FURMAT (798.2//

INTEGER S

DIMENSION P(21),Fu(7),¥D(7),4(6),B(6),PiR(21),C0RP(21)

READ (5,100) JSETS
DO 57 JHOS=1,JSETS
READ (5t12())) ISETS
FORMAT (I
READ (5,101) N,M,SIC

FORMAT (16,1676 44)
READ (5 102) (#H(IFRAG), IFRAG=1,7)
FORMAT (7P6.4
READ (5.1225 FD(IFRAG), IFRAG=1,7)
PO 1 I=1

W (m(ls.m.o.oooo) G0 To 2
A Ig-m%m g/m?;
Bé]’. =FD(I+1)/7(I
GO TO 1
Al 1)=04,0000
leg-o.oooo
CONTINUE
S=hi+1
K=l+8

I=N+M

IPEAK=I+2
Nas=N*(N-1)

NB=NA¥ N-zg
NC=NB*(N=3

ND=NC* n-ug
NE=ND* (N=5

DO 56 INOS=1, ISETS
Bt e

G .
e B
READ (5,108) (P(J),J%8,K)
FORMAT (9F6,2)
WRITE (6,33)

PORMAT (10X, z?mmmm-:mu.umx . HEIGHTS//)
Ssm-s.ﬂ.m 5%,

WRITE (6,1002

W 3HD=3, 5K, 3HD=2 5k, HD=1 ,4%//
WRITE (6,301) (1;(3 oil=1,)

WRITE (6,1001)



- 203 =

1001 FORMAT (4X,2HDO, zm 22,
¥ 25,61, 2106, 6:( 7.5:1%. 77 Bl
WRITE (653 /)J),J-B,K

IF (L,LT,0) GO TO 21
co TO 22
21 Lawl
22 COR=SIC+(MeL)*0,0002
P(.m )=P(J+1)=COR*P(J)
IF (L.GT.N=2) GO TO 3
d P(:+:)-P(:+z m*((cm-o.on)/z)tp(a)
CONT
VRITE (6 35)

3% romgt (;g»i;nmmuconncmumu
1002
nm .301) (F(7)49=1,)
'ng ¢ ;5) P(J),J=5,K)
WR. 6,
D6=7* zo;n §15- 21))
FED (B 19)-6-F(a)oH21) /P(20)
mn-(mvuh)}u )"(i.o/7
ggs_,:?u‘g n'e.mm:;s o)
PI:PDDZ (¥p(2 -(H)/Ng
WRITE (6,2121) GAMMA,PI
2121 FORMAT (ix CHGAMMA= o 7 olyy 8Ky FHPI= ,F T olty 2K//)

DO71 J=1,21

71 CORP(J) -P(J)
DO 72 J=1,21

72 P(3)000P2)
DO 4 I=1,IPEAK
J=IPEAK=I
IF(JJEQeN) GO TO 45
L=J=8

IF (P(J).LT.0.0) GO TO 4
NiA=(N=L)*(NeL=1)
NHB=NHA *( NeL=2

NHC=NHB* ( NeL=3

NHD=NHC* ( NewLomi;.

NHE=IHD* (N=L~5
NDA=L*(L=1)

NDB=NDA*( L=2
NDC=}DB*(L-3
NDD=NDC* ( Lewly.
NDE=NDD® ( L=5
ZH=CAMMA®*L
ZD=FI%*(NeL)
T-(A(1)'(N-L)/N)

" e :‘-if' )28 )
W *ZD



-2%-

U=A(1)*A(2)*NHA/NA
" Bl3-2)ep(3-2)~(s
r-(n(1)°n(2)+A 1)*B(£§)*L*(ﬂ-n)/m

. u-m )*A(2)*A(3)*NHB/NB

g
V'(:‘(J}'A( 2)*a(3)+4(1)*B(2)*A(3)+A(1)%A(2)*B(3))

' ‘m‘m‘.:
m(i)‘A(t)'A(s)'A(u)*mc/uc

-p(:-l. MU+V)*P(J)
)'s(a))‘zs)n(i)'A(z)'n(s)u(t)'xz)'»(s))m'

'5”"??3'2(33’ (3 A L)) oA A1) 42
B “A(2)%A *AlL 2)%A(3)%A A *A(2
o A1 )oAC2 ) B
‘g;(i)'A(z)‘t(s)u(h)u(s)'m/m

J= J=5 )= T4W+V ) *P(T

R

fgjg,:gg;ygﬁfa-szzz: O OIS
A
e
' LIAV LA R

V-A(ig ?2)%(3)‘1\(#)‘&(5)%(6) *NHE/NE

P(J=6) 'f("") m‘mw b o
o RAGEREEE s st

W *ZH*ZD** 3,
U= 5(1)'n(z)'A(J)'A(u)'A(sm(t)'A z)'n(s)u(u)m 5)

e

WLD* =28+ *

1)*a(2 *A(})'A(k)'t(s)'t(s)u(1)‘3(2)%(3)%(&)%(5)%( 6)
R SRR e )
W ;(zg:;a:;?ﬁ?)-(?m*v *P(J)

1-3(13'5(2)'5(5)'3(13 *NDC/NC

W *ZD¥*44,00



U=(A(1)*A(2)*B(5)*B(4 '3(5)+A£;);BS§%'A(gg‘h(gg‘l( 5)+
o

A1'2W}%k 5)+4(1 5
oA i *B(4)*A(5)+B(1)*B(2 ‘t{ )'A? )‘A?s))

W
W
W 'Az
W *B(2
liNDB
W *LD**3*ZH**2

V=(8(1)*8(2)7A(3) 4 (4)*A(5)*A(6)+B(1)*A(2)*B(3)*A(4) *A(5)*A(6)
W+ *A(2)°A(3)* ‘&‘55'364' 1)%a(2)"A(3)"A(4)* 5.‘6
W+B(1)*A(2)%A(3)*A(4)*A(5)*B(6)+A(1)*B(2)*B(3)*A(4)"A(5)*A(6
W +A
W+A
W+A
W +A
W +Al
W
W

*B(2)*A(3)*A(4)*A(5)*B(6 )+A(1)*A(2)*B(3)*B(4)*A(5)*A(6
“A(2)*B(3)*a(4)*B(5)*A(6)+A(1)*A(2)*B(3)*A(4)*A(5)*B(6
*A(2)*A(3)*B(4)*B(5 :22 £(1

)

*
B
1
1 :
1)*B(2)*A(3)*B(4)*A(5)*4(6)+a(1)*B(2)*A(3)*A(4)*B(5)*A(6
1
1
1 *a(2)*A(3)*B(4)*A(5)*B(6
1

t

“A(2)*A(3)*A(4)*B(5)*
NDA*NHC/NE

.W '2‘m"h
P(J=8)=P(J=8)e(T+U+V)*P(J)
b mm

45 WRITE (6,300)
smrmmgmuﬁmmmymgmmmw
1002
6;301) (B(3),9=1,u)
mns 2
WRITE 6,25) P(J),Js8 ,K)
TOTAL=0,0
wmm&x
(p(:).m'.o.og G0 70 60
TOTAL=TOTAL+P(J
60 CONTINUE
WRITE (6,400)
400 FORMAT (1ox.3mmcmmsx OF_ISOTOPIC ,_SPECIES//)
WRITE (6,1001)
DO 810 J=8,K
810 PER(J) = P(J;'1oq/roman
WRITE (6,500) (PER(J), J=8,K)
500 FORMAT (9F8,2//)
FHI = 0.0
DO 80 J=5,K
L+J=8
I¥ (PER(J).LT.0,0) G0 T0 80
FHI=FHI+L*PER(J)
80 CONTINUE
. WRITE (6,410) TIME, TOTAL, PHI
FORMAT (1OI,ABTIIB.101,5HT°2AL,101,}Hﬂ!ﬁhﬁ?1b.1.315w2,?13.2ﬂ/)
YY=FH1/800
X=1,0=PHI/800
D8=100*YY**8
D7=800°*YY**7*XX
D6=2800*YY**6*XX**2
Dﬁﬁm'u"5‘n"’
DA-‘IOOO"!!“L’IX“L
D)-%OO’H“}‘II“;
D2=2800%YT**2*XX**6
D1=800 “YY**{4XK**7
DO=100 *XX**8
WRITE (6,34) FHI
34 FORMAT (1ox,31mmhnmmmou nq‘m-.w.aﬂ!//)
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hydrocarbon studied, The exchange of neopentane was also studied on platinﬂ“
¥ -alumina and on two samples of a platinum-silica catalyst which had been r
at different temperatures. The platinum-silica catalysts were less active than
the platinum Y-alumina catalyst which had an activity similar to that q@ hQ
film, B
The apparent first order rate plots obtained for the exchange of tk
hydrocarbons on the unsintered platinum films were slightly retardedly cu
This curvature was ascribed to progressive sintering, and not to self po
of the films during the reaction, because the exchange reactions on the
films and on the supported catalysts obeyed the kinetic equation, and because
presorption of saturated hydrocarbons at 105°C for 1 hr. on unsintered fi
produced only a very slight reduction in the activity of the films for subs
exchange reaction of neopentane., The presorption of neopentane or a w
deuterium mixture at temperatures greater than 200°C on sintered films
reduced the activity of the films for the exchange of neopentane, indice
irreversibly adsorbed species could be formed at high temperature.
All the molecules studied on the platinum catalysts underwent extensive ‘
multiple exchange. The product distributions for the exchange of propane,
and methane showed that all the possible isotopic species were produced
whereas those for neopentane usually did not contain isotopic species wi

than three deuterium atoms. It is suggested that the exchange of propane and
butane is propagated by the interconversion between X-, XS-and o -allylia,el
intermediates, whereas that for methane and neopentane occurs by the intexrcor
between &~ and M-adscrbed intermediates, i
The exchange of cyclopentane and cyclohexane on unsintered nic kel
occurred readily below 0°C, cyclopentane being the more reactive molecule, '
Presintering the films at temperatures greater than 2700C, however, reg
temperatures in excess of 200°C to pmpagate the exchange of cyclapen |
temperatures less than room temperature on the unsintered films only h
hydrogen atoms in cyclopentane and cyclohexane were readily exchangaﬂlq
initially, end it is suggested that exchange occurs by the interconversion
between o and ®@-adsorbed intermediates. For the exchange of cyclopent '
cyclohexsne on the unsintered films at higher temperatures, snd for the
of cyclopentane on the sintered films all the possible isotopic species w
produced initislly, indicating that a M-allylic intermediate was particij
in the mechanism of exchange. The exchange of both molecules on the nickel
films was extensively self poisoned, deviation from the Arrhenius eguat: "T;‘
occurring with the activation energy tending to negative values; and it|
thought that this self poisoning was occurring by the formation of &&= ind ,
%ﬁo-adsorbed intermediates on the sites catalytically active for the ,4,7(, enge '

reaction,

S .
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