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UM1ARY 

The object of this investigation was to study the self 

poisoning ct the exchange reactions of hydrocarbons with deuterin on 

platinum anti nickel catalysts. The exchange of methane, propane, butane, 

and neopentane has been studied on various platinum catalysts; and the 

exchange of cciopantane and oycicltexane has been studied on evaporated 

nickel film. 

The mass spectral data for the hydrocsz'bona, with the exception 

of propane, were analysed by statistical methods using a general computer 

program. In the case of the isotopic propanea, where the variation between 

the fragmentation patterns of propane and prdeuteropropsne made it 

impossible to correct the usia spectral data accurately by statistical 

methods,, the data were analysed using a computer program 'thiah allowed 

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 amasurenuenta at 77K by application of the B. E,T. 

equation and the 'Point B' method; and an excellent correspondence was 

observed between the areas calculated by the two methods. Presintering 

a film at 2500C for 1 hr *  in vacuo dec eased the apparent surface area 

relative to that of an unsintered film by a factor of 4.6. 

On the unsintered platinum films propane, butane, and neopentane 

exchanged readily at temperatures greater than 30. Presint.ring the 

films at 250 0C for 1 hr. in v&cuo, however, neoeettitateei reaction temperatures 

in excess of 800C to propagate the exchange of butane and neopentane. 

Methane, in contrast to thiecules, was much more difficult to exchange; 

reaction only occurring at temperatures greater than 180 0C on both the 

unaltered and sintered films. The specific activities of the imsintered 
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All the molecules studied on the platinum catalysts undereant 

extensive rultiple exchange. The product distributions for the exchange 

of propane, butane, and methane showed that all the possible isotopic 

species vmre produced initially, whereas those for nsop.ntsne usually 

did not contain isotopic species with more than three dueter-ium atone. 

It is suggested that the exchange of propane and butane is propagated b7 

the interconversion between —, - and "-aily].io intermediates, 

whereas that for methane and neopentane occurs by the interconversion 

between i and -adsorbed intermediates, 

The exchange of cyclopentane and cyolohexane on nniintezed nickel 

films occurred readily below 0 0C 9  oyclopentane being the more reactive 

molecule. Presintering the films at temperatures greeter than 2700C 9  

however, required teiçeratur.s in excess of 200 0C to propagate the 

exchange of oyclopentane. At temperatures less than room tesperature on 

the insintered films only ha]f of the hydrogen at 	in cyclop.ntane and 

cyoloLiezanc were readily exchangeable initially, and it is suggested 

that exchange occurs by the interconversion between k— and '-adaorbed 

intermediates. For the exchange of oyclopentane and cyalohexane on the 

unsintered film, at high r  temperatures, and for the exchange of 

cyolopent ens on the sintered films all the possible isotopic species 

were produced initially, indicating that a -sfl.ylio intermediate was 

participating in the mechanism of exchange. The exchange of both 

molecules an the nickel films was extensively self poisoned, deviation 

from the Arrheniva equation occurring with the activation energy tending 

to xsgative values; and it is thought that this self poisoning was 

occurring by the formation of b— and, or b1414-adsorbedintermediates 

on the sites catalytically active for the exchange reaction. 
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film ror the exchange of propane, butane, and neopentane were s&&laz', 

as were the specific activities of the sintered film for the sxchanp 

of butane and neopentans. No evidence was obtained to indicate that the 

primary hydro'n satoms in propane and butane were substantially less 

reactive than tqe secondary hydrogen atom.; and the activity of both 

types of films for the exchange reactions could be correlated with the 

kydrooarbun primary carbon-hydrogen bond dissociation energies. 

Ire.intering the films reduced their activity for the exchange Of 

amthano, butane, and n.opentans to a greater extent than could be 

accounted for by the decrease in the apparent surface area, indicating 

that the proportion of the surface vIiiob was catalytically active varied 

slightly with the hydrocarbon studied. The exchange of neop.nt ens was 

also studid on pLatixu 	 and on to wlei of a platinum'- 

silica catalyst ibiah had bean reduced at different temperatures. The 

platinum-silica catalysts were less active than the platinum -alumina  

catalyst whioaL had an activity aiilar to that of a sintered film. 

The apparent first order rate pluts obtained for the exchange 

of the hydrocarbons on the unsintered platinum films were slightly 

r.tardedly 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 a& on the supported catalysts 

obeyed the kinetic equation, and because the pa'ssorption of saturated 

hydrocarbons at 1O°C for I ha', on unaintored films produced only a very 

slight reduction in the activity of the film for the subsequent exchange 

reaction of rieopentane, The pre sorption of neopentane or a neopentnø-

deuterium miztu.re at temperatures greater than POOOC on sintered, films 

substantially reduced the activity of the films for the exchange of 

neopentans, indicating that irreversibly adsorbed species could be 

formed at high temperature. 
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ANAL!SIS 
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1.1. Historical Jaokground 

The influence of catalytic agents upon reactions has been 

known for a very long tine, for example, the alchemists in the middle 

ages produced ether by the action of suljhuric acid on alcohol. There 

yes, 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 concept of catalysis was uirat introduced by Berzelius 

to group together the results obtained by $ number of other workers 

(2-7) • H. only considered, however,, the amounts of the products 

produced by the catalyst,  and not their rate of formation, loading 

him to suggest that the catalyst acted by a kind of chemical affinity 

which produced iicressed yields of material. It is new knomn that a 

catalyst does not increase the yield of a reaction but that it increases 

the rate of approach to the thermodynamically possible equilibrium 

position. The reaction rate as a measure of catalytic activity was  

first introduced by Ostwald (8)  who defined a catalyst as "any substance 

which alters the velocity of a chemical reaction without appearing in 

the end product of the reaction". 

More rocently, Hinahs].wood 	has stated that a catalyst 

offers the possibility of an alternative and more speedy reaction 

route, and that a catalysed reaction can usually be explained in terms 

of normal chemical reactions between the catalyst and substrate, to 

give intermediates,, vhich eventually break down to yield &roducta and 

regeneration of the catalyst. Taa in order to understand how a 
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intermediates famed between the catalyst and subetrate, the reactions 

in which they re prWuced and those they undergo in yielding the 

kroductn, and also the reaans why the d.netic echanis. introduced 

by the cataljt iyes a faster rate than i possible in its abisence. 

This pattern f rormation and reacti* o interri.ediatts is onn to 

all oatLyaed  reactions, but there is, however, a great diversity of 

kinetic ecenisms and rather than trj to find zne com.lete explanation 

of catalytic behavLur, it is easier to consider catalysed reactions 

In various ruus, the mechanisms in one group bOjflt alike in kind 

if not in detail. 

Catilycd reactions can be classified broatily into three 

Mai n roupaz 

flat srogen.ously catalysed reactions. 

Homogeneously catalysed reactions. 

Catalysed chain eaotions. 

Is 
The work in this thesis b------ 	t:Zned exclusively ith the first 01 

the above classes. 

1.2. 	et:...r&ecu.1.i atascj on.ptina 

A heterogeneously catalysed reaction is one in which the 

cat al,at and the substrate are in different phases, the most widely 

applicable case being that between a solid catalyst and a caaeae 

reactant* ;or catalysis to take plans there mist be an interaction of 

ae kind tetween the catalyst and the substrate. The first h,othesis 

4o.Osed was that the gas molecules were brcugit into a chez.tca1ly 

active state by wechn 4 cal impact with the solid surface* owever, 

t rs consideration of catalyst specificity, as shown by ;abaticr 

ruled out inm*diately this simple hyj1'otresia. it was shown by 
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Lng,nu.tr 	that raetal surfaces could adsorb gases and it was 

reasonable to suppose that these adsorbed species could participate 

in chemical reactions. The simplest supozit ion to make was that the 

increased concentration in the adsorbed layer could bring about the 

increased velocity of reaction by virtue of a purely asas action 

effect. The clearest proof of the inadequacy of this theory is afforded 

by the study of those reactions in which the same substance can undergo 

transformation in alternative ways. Thus alcohol vapour can be decomposed 

acoordin_w to the followin scheme. 

z .H2  O 	I 

C  

cEBO, B11 2 

Reaction I may be brought about over alumina at JOOQC, while copper 

at the same temperature favours reaction II. 1though the mass 

action theory is inadequate, the concept of adsorption developed by 

Langnniir, and the equation L Jerived 14) relating the amount of 

gas adsorbed to the kiressure Ln the gas prase have proved ui grwai. 

value in the interpretation of the kinetics of many catalytic reactions. 

1.. Adsorption 

It is now a well established fact that catalytic reactions 

invlve the adsorption of at least one of the reactants upon the 

catalyst surface, and experimental studies made of adsorption phenomena 

have established that there are two main ways by which a molecule oan 

be held n a catalyst surface. hen* types of adsorption are referred 

to as physical adsorption and cheuiisorption. 

hysical doti.gn: Here the molecules are held to the surface by 

Van der aala forces, comparable to those holding a liquid together. 



Since these forces are weak they are probably not very important 1'rQIM  

a catalytic viewpoint exce 1 t in very special cases ( 15)  

The heat of physical adsorption is a1rilat 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 s  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 brunauer, Emmett and Teller 
06, , and the 

eter"ition of the pore size distribution of supported or solid 

catalysts (17-19) 

CheinisorptiOP This type of adsorption consists essentially in the 

formation of a chemical oomound at the surface of the cataly;t. The 

bL*ldB formed 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 and the adsorbent, hen the molecule is adsorbed on 

the surface some degrees of freedom are lost, resulting in a decrease 

in entropy.- ,,we chemiaorption is a spontaneous process the Gibbs 

free energy must be negative &Ad utilization of the equation 

- 

show that the heat of chemiaorptior must be negatives hemisorptiOfl 

is therefore an .zothermic process with a heat of adsorption usually 

in the range 80-200 k J wole 1 , and ahemisorbed species are tnought 

to be a prerequisite of catalytic reactions* he rates of adsorption 

are very taut with wall activation energies, a value of 2,0 k J mole- I 
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having been reported for the adsorption of nitrogen on tungsten 

Cheiaisorption may, however, be an activated process and is known in 

two distinct types. One is the adsorption of nitrogen on iron 

catalysts (21
,22) s  where slow adsorption occurring 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 which sometimes follows fast inLtial oh*miorption. 

The velocity W-17  slow cheiaiaorptiozis often obey the .lovioh 

equation (23) 

C/ V -by = 	ae 

where v is the volume of gas adsorbed, t is the time, and  a and b are 

constants. 

It has been shown that surfaces do show slow adsorption at 

relatively high coverages, Thus Bideal and Trapnell 
( 24)' reported a 

slow adsorption of oxygen on tungsten after the occurrence of an 

instantaneous process. The Elovioh equation also applies quite well 

to these slow processes which sometimes follow fast initial 

chmaisorpttons, thus on iron and nickel film the kinetics of the 

uptake of hydrogen and carbon monoxide have been shorn to be 

Elovichian in nature 	 Ebrlich (29-2) has shown that the 

occurrence of weakly chemisorbed surface structures are the precursors 

of strcngJy bonded structures ai tungsten and Taylor and Thoa 

su.€sted that if the value of b in equation 1.1  was characteristic 

A' the nature of the sites involved in the adsortion, then the 

abrupt changes in the elope given by the plot of the integrated 

Elovich equation for some aysteme, indicated a changeover from one 

kind of site to another at a certain stage of the adsorption. Thus, 

the results of 1. 1 azted and vane 	for the adsorption of hydrogen 
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.n 	 it 	j 	ulhide, 

which thoved breaks in the lovich riot, CLU1. be  explained cri this 

baju. 

It is, however, ioszible that .ore than ne surf' 	- 

adsorbate structure inliucricca the kinetics o: awrDtion. 

cxale, :1)z et 	'' 	e1 crtsd that studies of the infra red 

ectra f crbon ia.noxide oh iwrbed . n rallOUUM akwed evidence 

for two structures, &a the coverage mci-eased the IA , misorLed carb.n 

tionozide toiecula, 'ebicii had teen bc.an4cd t,, two yalladiva i,tomsp 

changed over into a forat in which it was -nly bonded to one palladium 

ttto. The more iazj.ortant asecte of cLemiaorption have been ]iacuseed 

in a revie, by Gundrj and Tompkins 

the amount ov jis adsorbed by solids varies with the Vressure 

of the .;as, and the simplified treatent rroiouai y LanpnuLr gave 

the euati on 

= 

+ ar 

where e is the fraction of the surface covered by alscrbed m1eculca, 

p is the gas pressure ufl' a is a Constant related to the neat of 

adsorption. 

Lanuuir's equ'ticn assumed that there were no lateral interactions 

between the ads'rbed ..ieculte, aM so ies not account for the fact 

that the het of adeortion decreases iith ooverae, ieotierira that 

have been derived to take account of this phenmerv. ,n include thLse 

Of Irunauer, uuriett and sUer 	ireundliah 	and 

'rpkin 
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1.4. The .echanisa. of Ct1ytic ectiona 

Chesxiaotion of at least one 4 the reactant =oleculez if. a 

&.re 1uiaite to irzy hct.o new caa1jtic -eactin.main 

eoh.niaza have been auest,ed to ex4J.sin the cnbinatiosi of the 

reactants at the met.'il 3urt:ce, rur saturated bydrocs.rb.na , it in 

zertlLy aeed that alaotin of the docarb n un thE zurface 

neccaaittes the ii.;sociatioa o( at least one of the carbn-t.y :n 

b..ns, teeaa unsaturated hydi csrb - AS may b. theiarbsd either 

diociative]j or ass.citively. :here are, hoiever, two well 

establiahed mechanisms by vtich tisciatLvely chemiorbe zeciea 

ma, react, One is the Ln ui'-Einahel'wood aiec:i.ni' , ihere t1l. tiii 
* 

seciea are czniorbed , i. - ., 

I 	I 
xiö Lre 	is tiit te-;ici 	 w4tre .,nt; oi the reactin 

secies in gaseous or physicall, adsorbed, .e., 

-1 

I 
eta1c 	 rvc .  e.. ut 	iz suot 	eacr. o these 

moohanisa icr the exc.ine of hydrogen and deuterium, but tiere is 

no clear evidence that one of these uccbsnias oweratea to the total 

exclusion of the other, 

It mit be assumed that a catalytic reactin occurs over 

the vhole 	the available surface. !'vidence thnt this is not true, 

* 	
t cntinu'.ua line denotes oheairiorbed seciea, tnd a dotted 

line a hyatcally adsorbed s?eoies. 
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baa been found fros a study of the hydrogenation of ethylene on nickel 

rn 	39 • The proportion of the catalytic surface that is active 

for catalysis is a function of the catalyst and the reaction that is 

being catalysed. Elvidence for the presence of highly active sites has 

been presented by c.asii 0)  for the exchange of alkyl bensens with 

deutar'iva. Resting a nickel file to 2000C 9  or presorbing carbon monoxide 

on it, inhibited the exchange of the ring hydrogens to a much larger 

extent than the hydrogens in th substituent .lky]. groups. 

For a catalytic reaction five rate determining steps ma.y be 

possible: 

The diffusion of reactant molecules to the surface. 

Cheniaorption on the surface. 

The surface reaction.  

Desorption from the surface. 

The diffusion of the products away from the surfaceo 

then studying the kinetics of a catalytic reaction, it is 

important to know which of the above steps is the one which controls 

the overall rate of the reaction. For the catalysts studied in this 

work it was highly improbable that steps (1) and (5) were rats 

determining. If a reaction is diffusion controlled, the rate of 

reaction is only very slightly dependent upon the temperature, and as 

the rates of exoksnge reported in this work gave good. straight Arrhsniva 

plots, it was concluded that diffusion controlled processes were not 

playing any significant part in the reactions studied. The method.s for 

deciding which of the other steps is rate determining are usually based 

on cther kinetic data. A typical approach is that of Xuaser and Mmmett 

who found that the rats of exchange of 28!q2 with 3% agreed well with 

the rate of formation of aenonia from nitrogen and hydrogen, thus 

concluding that cheaiisorpticn of the nitrogen was the rate determining 

step. 
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The exact mechanism of the surface reaction is very difficult 

to daternine, since the nature, properties and concentrations of the 

various chemical species cannot easily be derived from an examination 

of the kinetics of a catalytic reaction. Caly the direct techniques 

sue, as ..., I.R., and other types of spectroscopy are capable of 

giving direct information on the nature of surface species, and even 

here the results are often difficult to interpret. Much interesting 

information concerning the bonding of solecules, and of hydrocarbons in 

particular, may be obtained by the use of 'tracer' elements or dsuterium. 

Thus, Anderson at a).. 	used 1 36 tracer methods to determine the mechanism 

of the isomorization of aliphatic hydrocarbons on platinum and palladium 
(4.3) 

films, and Kummer and &mmett 	used radioactive alcohols to elucidate 

the mechanism of Fischer-Trcpsoh 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 dut.rium, and 

following the deuterium incorporation by mass spectrometry* The.. 

chemical 'reactions' are of a very special type as both reactants and 

products are the same chemically, only differing in mass. The 

literature in this field has been excellently suaris.d in a number 

of reviews 

The .xohnge reactions of hydrocarbons with deuterium can be 

separated into two main categories, vii, processes which give stepwise 

replacement of ydrog.n by deuterium and those which lead to multiple 

exchange. Beth of these processes can occur together although they 

will be treated separately. 

In a stepwise exchange reaction, only a 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 aonodsutero species, and species containing more than one deuterium 
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atom can only be formed by successive reactions of the reactant on the 

catalyst surface. The adsorbed intermediate which Is responsible for 

staple exchange must, therefore, be a comparatively stable entity on 

the catalyst surface, with a very ell probability of undergoing further 

reaction involving the introduction of a second deuterium atom. 

In the multiple exchange reaction, mere then one deuterium 

atom is introduced into the molecule on each interaction with the 

surface, and the initial product distribution will contain species 

having sore than one deuterium atom. 

:o may consider as an example the exchange of ethane with 

deuterium on evaporated metal films. it was found 	that on films 

of tungsten and molybdenum ethane tended to exchange only one hydrogen 

atom per visit to the surface, whereas on palladium and rhodium all six 

Liydrogen atoms were exchanged initially. Two mechanisms were proposed 

for the reaction; the formation of an adsorbed ethyl radical was 

;;ostulatc-d on the former two metals, while on the latter the exchange 

was achieved by the interconversion between an adsorbed ethyl radical 

and an adsorbed ethylene species. Various other adsorbed intermediates 

have been postulated to account for the exchange of hydrocarbons. Thus 

a -( bond, similar to that in ferroo.ne, was proposed 
(50) 

 to explain 

the exchange of the hydrogen atoms in polymetlyloyclopentanes, and 

an a. - adsorbed intermediate has been proposed to explain the exchange 

of neopentane on tungsten and rhodium films 

The deuterium exchange technique, does not give an absolute 

proof of tre 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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1.5. Catalysts and Calytic otivjty 

The geometrical properties of reactant molecules and the crystal 

habit of contact catalysts can play a very important role in catalytic 

reactions* Catalytic activity my 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 approach has ben applied essentially to hydrogenation reactions, 

and the relationship between stereochesical considerations and the mechanism 

of olefin hydrogenation has been reviewed by Siegel (52)  and by Bond and 

ar.fle (53)0 

It was clear, however, that the operation of a geometric effect 

alone eculd not explain ..0 the observed phenomena. The development of 

the more general electronic factor in a precise manner had to await 

advances in the theory of the solid state. For most reactions, 

transition metals have a tar higher activity than non-transition metals, 

and this must be associated with the vacant d-orbitals of te former 

The percentage d-ohsraoter has been used as a correlation of the heats of 

adsorption of ethylene and hydrogen on evaporated films by Bs*ok 

!lloya offer a very convenient method of continually varying the 

percentage d-bond character of a catalyst, and results (56,57) obtained 

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, 

bwever, recently been criticised 	and the emphasis placed, 

instead, upon the relation between the energetics of surface and bulk 

compounds. It has been found 	that the activity of metals for the 

decomposition of formic acid could be related to the heat of formation 

of the metal formates by a 'volcano-shaped' curve. The interpretation 

proposed was that, when the hat of formation is low (e.g • gold), the 
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rat* 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 adoorbed species are too strongly held. A maximum rati may, therefore, 

be expected when the heat of formation is such as Just to give a fully 

covered surface* 

It can be seen that both the electronic factor and the chemical 

factor have their proponents • It would, however, a..m 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 both. The factor 

which is predominant will probably depend upon the ayato. 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. The Use of Metals as Catalysts 

For a metal to be or use as an effective catalyst, it must 

present to the gas phase as large a surface area as possible. The 

metal to be used can be in a number of forms; sponges and skeletal 

metals, such as Eaney nickel s  are not, homer, used very such 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 • Metal supported 

catalysts are usually prepared by impregnating a support, such as silica, 

with a solution of the metal salt, drying it s  and than reducing the salt 

to the metal at high temperature. Although exchange reactions have  been 

carried out on metal supported catalysts 	it would be fair to say 

that they have been mainly used for the study of hydrogenation- 

dehydrogenation (6367) hydrog.nolyeis 	71), isomerisation (72.7), 
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or aroaatjssU.on 	reactions. 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 

support (76) 

Metals can be prepared in a state of high surface purity and 

surface area by evaporating then from a thin wire onto a substrate, by 

resistance heating. The use of then* evaporated metals as catalytic 

systnas dates from the work of 1%eeek at ti. in ii 	The method 

used is that a thin wire of the metal is sealed into a '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 from its surface and condense 

on the walls. 

Metal films prepared by this technique are porous in structure 

as can be seen from the tact that their apparent surface area is several 

times greater than the geometric area. The films themselves consist of 

large orystal.lites, the non-coherence of which is shown, in for example 

the case of nickel (77)0 by the fact that the electrical conductivity 

of the film is such lose than that of the bulk metal. Films prepared 

by deposition in vacua tend to be unor'ient.&e it was originally claimed, 

however,, that if the evaporation of nickel was carried out in a vessel 

containing an inert gas at a pressure of about 0.1 km 2, the film was 

preferentially oriented 	This has since been disproved 	and 

it appears that the degree of orientation is not affected by this 

procedure. Films may however be prepared in an orientated torn by 

deposition upon a suitable substrate and these oriented crystal planes 

have been shown to have important catalytic properties 	• The metal 
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tuna used in this work were not deliberately oriented; it was 

possible, however, that sintering at high teaer&turs, which caused a 

consequent decrease in surface area, also oriented the files to a snail 

degree. 

1.7. Object of the Pmgent Invsetiatjon 

As has been mentioned previously in this thesis, for a catalyst 

to be effective, ob.sisorption of at least one of the reactants upon this 

catalytic on-face is necessary. Then a hydrocarbon is adsorbed upon 

the catalyst surface a isasiber of 'adsorption phase.' are possible: 

Reversible adsorption of the hydrocarbon by dissociation 

of the carbon-hydrogen bonds, 

irreversible adsorption of the hydrocarbon by dissociation 

of the carbon-hydrogen bonds but without dissociation 

of the carbon-carbon bonds. 

Irreversible adsorption of the hydrocarbon with dissociation 

of the carbon-carbon bends. 

For any catalyst, and dependent upon the temperature, reaction of the 

hydrocarbon with hydrogen or deuterium may involve either all or some 

of these 'adsorption phases' • If we consider an idealized case, as the 

rcaction temperature is increased a gradual change in the nature of the 

adsorbed species occurs,, vie, phase I rogreasively going to phase 2 and 

then to phase 3. 

Numerous investigations have been carried out upon the 

•zchange or hydrocarbons with deuterium with adherence to apparent 

first order kinetics (phase 1) (79,80) and upon the bydroorackin of 

saturated b7drocartons (phase 	( ,;1 982). 
Very little attention has 

been focussed, however, upon the intermediate stag (phase 2) 0  where 

the graial formation of irreversibly adsorbed species causes 

breakdown of the apparent first order kim tics. One of the clearest 
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•r.lei of this 'self )oisuning' of an exchange reaction is shown by 

the exchange of rhexans,  with deateria on rhodium film. 3), and it 

has been argued that self poisoning or exchange reactions should 

occur more widely than has been apparent from the literature. 

Mooring to the results obtained with polymetb.yl 

cyolopentanee 50), platinum is quite active as a catalyst for forming 

c ' -diadsorbed int.racdtstsee Anderson and .veir 	showed that the 

hydroorackirig of saturated hydrocarbons on platinum films was brought 

about by the formation of an w&j -triadsox'bsd intermediate. If we 

consider the exchange of neopntane with deuterium on a platinum rum, 

then for neopentane to exchange all twelve hydrogen atoms by a 

multiple exchange mechanism it must form an c- diadeorbed intermediate. 

The question in which we were interested was:- If the n.opentane starts 

to exchange by an L6 intermediate, will this be reversibly adsorbed or 

will it form the uay intermediate postulated by Iziderecn and Avery, and 

hence self poison the reaction? For this reason it was"aided to study 

the exchange reactions of the lower aliphatic hydrocarbons on platinum 

films, and if they began to self poison, to try and find out some 

information about the nature of the adsorbed species responsible for 

self poisoning by presorbing hydrocarbons upon the film, and determi ning  

their effect upon the rate of exchange and the product distribution of 

the subsequent exchange reactione 

Metal films are very active catc]yets but do not really bear 

very much resemblance to the catalysts used industrially. Industrial 

supported catalysts have been fired at a high temperature and thus the 

metal aryst*llites can be regarded as being in a stable configuration. 

The metal film orystallitas, however, are only stable blow the 

temperature at which tk"V were deposited,, and hanos at temperatures 

greater than the deposition temperature may be regarded as being in a 
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state of flux, More Imowledge was required about the ways in which 

ti1s differ from supported catalysts. For this reason it was decided 

to study the .Z*hns of u.op.ntane with deuterium on both platinum 

time and platinum supported catalysts, to sea hi* the' compared with 

respect to the rates at exchange, and the nature of the exchange reaction 

taking place. 

When the exchange at etMns with deuterium Was studied on 

nickel time 	se very strange observations were noted. After 

some initial aotivitjy, on Increasing the temperature activity ceased, 

but started again on increasing the tenprature • It saea.d, therefore, 

that cone typo of self poisoning phanonencin 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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.1 --L I CH11U - 

2,1. Introduction 

The apparatus used in this investigation can be divided 

essentially into three parts: 

gas bundling system which tnablsd mixtures of pure 

gsa.s and liquid vapours of definite composition and pressure to be 

prepared. 

eaction weasel in which clean vkporatd metal film 

catalysts could be prepared. The same reaction vessel system was also 

used for the reactions on supported catalyt. 

in Associated leotriøi*l Industries Ltd. .. .10 mass 

spectrometer which was joined to the reaction vessel by a tine capillary 

leak, enabling continuous analysis of the ocpoeition at the gas nixturs 

in the reaction vessel to be *ade. 

Tech of these parts is described in detail later. 

Simultaneously with this research the apparatus was used to 

study the self poisoning of the butane-deuteriuia exchange reaction on 

tungsten evaporated time 	and the exchange and self poisoning of 

saturated hydrocarbons with deuterium on molybdenum and cobalt evaporated 

filise (6) Using the S8e gas handling system and mass speotr*.ter 

but a different reaation vessel, investigations on the exchange of clef ins 

with deuterium oxide and the hydrogen-deuterium hydrogen-douterium exchange reaction on cation 

exchanged eoleculr sivs were oarris1 out 

2.2. The Gas HaDdling  

A diagrxamatic representation of the gas handling system is 

shown in i igure 2.1*  It consisted of a general purpose vacuum system 
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constructed throughout of O Pyrexl glaSs, ll the ground glass stopcocks 

and joints were lubricated with 'Jkpiezon L' high vacuum grease. It could 

be evacuated to a pressure of 0.667 aNm using an electrically heated 

single stags mercury diffusion pump 'a', basked by a two stage 'Spee&tvac' 

rotary pp 'P' • Leroury was excluded from the gas line by means of the 

liquid nitrogen trap 'R', and the pressure measured by the McLeod gauge 

vol. 56.3 ml. 

The gas handling system provided permanent facilities for the 

purification and storage of hydrogen, deuterium,, and the hydrocarbon gases in 

the bulbs 'k' attached to the apparatus. 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 

attohed to the apparatus at 'D' by means of ground glass joints. The 

system also nrovide& a means of purifying these compounds by repeated 

distillation between the traps 'C' and 

2.3. The Eeaot&on Vessel aM Capillary Leak 

The reaction vessel was constructed from 'Pyrex' glass and is 

shown in Figure 2.2. The removable portion consisted of a cylindrical 

vessel 35 as-, in diameter aM 0.13 a. in length, and was joined to the 

apparatus by means of a 324 ground glass joint which fitted into a water 

cooled socket, and permitted easy removal between experiments. Two 0.5 ame  

diameter 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 f132s were attached. Later this 

reaction vessel system was replaced by one containing 2 me. diameter 

tungsten rods and a greaseless water cooled socket. The detachable 

reaction vessel was cleaned thoroughly with chronic acid, washed well 

with distilled water, and dried before mounting it on the apparatus. 
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The reaction vessel system could be evacuated to a pressure of 

0.133 aft,02 by use of a mercury diffusion pp, and a rotary pump stidlar 

to those used to evaouats the gas handling system. Norcury was excluded 

from the reaction vessel by the liquid nitrogen trap ', and the 

pr.s*ro measured by the McLeod gauge 'L', bulb volume 0.2855 1 

Pressures of the order of 0.1 	were very easily attained. 

The reaction vessel was heat" by one of two electric 

furnaces: 

() in alundnium block furnace, 

(b) i close fitt.ng furnace constructed from an iron tub. 

55 mee in disaster, and 0.2 no  in length, wound with resistance wire 

and overwound at the top and bottom to 1s 4-tas temperature gradients. 

This furnace was capable of very rapid haatin, and the temperature could 

be raised 500C and stabiliztd within five minutes. 

The temperature of the furnace was kept at a constant value using a 

Fielden l.ctrmioa Ltd. 'Bikini* Temperature Ccntx'oller (Type To") 

which was accurate to + 0.5°C. The actual temperature of the reaction 

vessel was measured by a oromel-aliel (TI-T2) thermocouple, the ends 

of which had been spotwe]4ed in an argon atmosphere • The thermocouple 

was calibrated against a platiam resistance thermometer (Type 11433 

No. CT 729577)  using a Smiths Difference Bridge; the potential produced 

by the thermocouple being measured on a 6angsmo :eston millivolt meter 

(model 582 No. 317247).  The equations used for the calculation cf  the 

tmepercLture are shown below, and some of the results obtained are 

shown in Table 2.1. 

The resistance PT of the platinum resistance thermometer at 

temperature T°C is given by; 

PT 	100 - 
£ 
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where : and R 	have the values 23,976 ohms and 33.391 ohms 

reaectivsl,y; 

the t eratre T43 in given by; 

T 	9a.962 + )).48962 (1. }C • C3 - 5.972 2)' 

all the temperatures were measured ith the thermocouple cold Junction 

at Ock. 

TAmL 2.1. 

.-- 	'lN 

TOC 	 • illivolta 

4.79 2.20 

99,22 3.89 

125.19 4.92 

161.01 6* 7 2 

215.74 8.72 

275.98 10051 

304.23 11,64 

344,49 1305 

99924 15.28 

21.60 20.18 

Temperatures below 043 were obtained using slurries of low 

melting organic compounds. These wereepared by the addition of 

liquid nitrogen to a suitable organic solvent contained in a dewar 

flask. By adding the correct amount of liui nitrogen a slush of 

constant temperature was obtained e  The solvents used and ti eir melting 

points are given in Table 2.2. The temperature of the slurries was 



measured using the negative portion or the thermocouple calibration grsh, 

the values for which agreed with those given in the ' ubber Handbook'. 

tA3L 2.2. 

Ttk.A .TU 

..olvent T°C 

Acetone "95 

Ethyl acetate -84 

(hloroform -64 

Chiorobensene 145 

Carbon Tetrachloride -23 

A fine capillary leak, similar in design to one used by 

Nier 	was attached to the top of the reaction vessel opposite the 

inlet tube, and led dircctly into the icnizttion chamber of the mass 

spectrometer. The leak itself was about 005 m in length and was 

constructed by collapsing a piece of 'pyrex' tubing into a fine oapillaX7, 

and the n  drawing it out. Pieces of this cail1ary were then broken off 

until the rate of leakage into a volume of 20 ml. was 2967 

in 20 mine, with a pressure difference of 101.325 kY4m" 2  across the 

capillary. Ythen in use the pressures on either side of the leak were 

approirAete1y 4.0 kNm" 2  and 0.27 	respectively, and under these 

conditions, the rate of leakage of the reaction mixture into the mass 

s4eotrometer was approximately 37,hr"'. As the reactions were not 

usually followed for more than 3 bra., the leak enabled analysis of the 

gas mixture to be made at any time, without appreciable alteration of the 

,pressure in the reaction vessel. Ilse, by eliminating manipulation 

difficulties, it enabled reasonably fast reactions to be followed. 

The leak and the glass tubing connecting it to the  mass  syectrceter 
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were iieaterl c.ntinu.aUj, by means of an eleotrical heating taps to 

minimize adsorption of the reactants on the walls. 

The importance of leak design has been discussed by various 

authors 
(89.91) 

It is impossible, however, to make a leak of the type 

used, in which viscous flow occurs over its entire length. Since the 

pressure is low at the ion chaither side of the leak, floi sill be 

molecular in this region, ad will be viscous on the reaction vessel 

side, with an intermediate region over which a change from viscous to 

molecular flow will occur. There will thus be a tendency for the heavier 

molecules to concentrate on the high pressure aide of the leak and to 

diffuse back into tho 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 mess flow, combined 

with the similarity of the masses in an isotopically exchanged mixture, 

means that the gas entering the mess spectrometer will be representative 

of that in the reaction vessel*  when the gas enters the mass spectrometer, 

however, some fractionation occurs, due to the mass spectrometer *ping 

system removing the molecular species at a speed inversely proportional 

to the square 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 constituted a static reaction system, 

so that the same bulk of gas was in contact with the catalyst surface 

throughout the duration of the exp.r{.nt, )"izing 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 sham by the very rapid 

response of the instrument to reactions occurring on the catalyst. 



Also, since the rate of diffusion is proportional to the square root of 

the absolute temperature, if a process is diffusion controlled this will 

be showa by the alight temperature dependence of the rate of reaction 

oonpar.d to that for a surface proosea. It may be concluded, however, 

that since the rates of reaction obtained in this aork obeyed the 

£rrhenius equation, diffusion to and from the catalyst surface was not 

1aort ant. 

	

2.4. The Mass 	ctrcnster 

The Associated Electrical Industries Ltd. MSIO mass 

spectrometer used for the analysis of the reaction mixtures was a 

general purpose 1800  sector instrument, suitable for the analysis at 

gases and volatile liquids. A At r"tio representation of the 

instrument is shove in Figure 2* ,% The gas was leaked into the ion 

source 'C', by the capillary Leak described abovs • Awre it was ionized 

by electrons produced by the electrically heated rhenium filament 'Y'. 

The ions were then accelerated through the alit 'S i ', into the uniform 

magnetic field, by a variable accelerating potential. Eqjiation 2.1 *  

shows that with a constant accelerating voltage and a constant magnetic 

field the ions follow semicircular paths the ratiti R of ihich vary with 

the n1/e ratio of the ion, 

	

m/e 	a 	 2.1. 

aher. 71 is the magnetic field strength and V Is the accelerating voltage. 

By variation of either the iiisgnetie field or the accelerating voltage all 

the ions of am m e ratio could be focussed through the alpha alit "- 2' 

and the collector slit 9 3' onto the collector plate 'V. 

The ion current was prsamplif ted using an electrometer heed 

type M1403 with an input resistance of 10 ohes and a time constant of 



I S. 	The sial was then further amplified by a 'plug in unit' and 

recorded as a trace on a 'unvic' .en recorder. 	sensitivity range 

changing device of 1000 to I in seven ranges cii the amplifier, allowed 

each peak to be measured and recorded at its maximum sensitivity. 

Initially the instrument 	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 voltage of 40 to 

2000 V d, c. Later the permanent magnet was replaced by an electromagnet 

of variable field strength 0 to 9 kG. Four fixed accelerating voltages 

of 2 kV, I k1, 500 V, and 250 V allowed four mass ranges to be scanned, 

the automatic scanni.ng time being variable from 100 to 5000 a. 	Using 

the electromagnet .odified instrument and smaller slits '', 932' and  

ts 
31" 

the unit mass resolution of the instrument was increased from 80 

to 300. 

The ion chamber of the mass spectrometer could be evacuated 

to a pressure of 10  3 ,c 1m 2  using a i9strovac 03.5 water cool.d dittuaion 

pump backed by a ctrcvac 1i. I rotary pump, an orifice plate situated at 

'L' reducing the pumping speed to I 1s. Oil from the diffusion pump 

was jreverted from reaching the ion chamber by a liquid nitrogen trap. 

The pressure inside the ionization chamber was measured by a Yetrovao 

VG-3A ionization gauge using a gauge head 'A' styli Jo. 298092. The mass 

spectrometer cold trap required rel.nishing every twelve hours. If the 

instrument was to be left unattended for longer than this period, the ion 

gauge was turned oft, 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 cil contaminating the source. 

25. Volume Calibrations 

A bulb of volume 143.31 ml at 230t, determined by calibration 

with water, was attached to the gas handling system at '1)' • in Figure 2.1., 
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by means of a gri*ind glass Joint. The apparatus was then evacuated 

and the bulb filled with air to a pressure measured an the manometer. 

The tap to the bulb was closed, the remainder of the apparatus was 

evacuated and, then, by successive expansions into the various parts 

of the apparatus, the corresponding volumes ser obtained at 230C and 

at O. Those necessary for the calculation of partial pressures are 

given below. 

Ieaotion Vessel 'C' at 23 0C 	201982 Al 

Risotian Vessel '(.' at OCC 	211.33 ml 

Ice Trap 'F' 	at O' 	 9007 ml 

Mixing Bulb 'E' 	at 23CC 	578.22 ml 

Dosing Volume 'V', at 23q 	60.68 ml 

Knowing the pressures of the reactants in the dosing volume ly e , and 

the mixing volume 'E', the pressure of the gas, and hence the number of 

molecules in the reaction weasel could be calculated at any temperature. 

2.6. treparation and turific&U2g of atrial 

before attempting to purify any of the gales used in this 

work, the apparatus was evacuated until a 'sticking' vacuum was obtained 

on the kaLeod gauge. The storage bulbs were then flamed r.eatedly, while 

under evacuation, to dosorb any impurities from the glass walls. 

iydrg*n and Deuterium: Hydrogen and deuterium were obtained in lecture 

bottles from the latheson Co. (9 01- 918/5 'pure') and were admitted to the 

storage bulbs at 'A' by means of the mercury bubblers 'B' (Figure 2.1.). 

The "hy3rogen"* was then purified by diffusion through the electrically 

heated palladium thimbles 'J' • Before collection was coaeenoed the 

apparatus was flushed with "hydrogen" and the flaming of the bulbs 

repeated. The gas line was then isolated from the pumps, and the 

* in this section "hydr.g.n" 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 leakage and, secondly, to condense out 

any remaining impurities in the "hydrogen". The palladium thimble was 

then heated and the pure "hydrogen" collected in a two litre bulb. 

T)itfuiian was generally carried out overnight, the "hydrogen" being 

generated at approximately 2 kNui 2  hr. After a suitable quantity of 

"hydrogen" had been collected the palladium thimble was turned off and 

the bulb isolated from the rest of the apparatus. The u.rity of the 

"hydrogen" was then measured mass spectrometricafly, it always being 

air free and having an atom purity greater than 98", the impurity, if 

any, always being the other "hydrogen" isotope. 

Deuterium gas was always available in cylinder., but could 

be generated, if required, by the electrolysis of deuterium oxide, the 

details for which may be found elsewhere (92), 

Liquids and Gases: The g.as used were stored in bulbs attached to the 

apparatus. The liquids were held in tubes attached to the apparatus 

by cone and socket joints. They were thoroughly degassed by repeating 

a cycle of freezing, pumping, and thawing the sample several times. 

The liquids were stored at liquid nitrogen temperature to prevent the 

liquid vs.pcur dissolving in, and eating away the stopcock grease and 

hence contaminating the liquid with grease. 

The sources and methods of purifying the various gases and 

liquids used are given in the appropriate sections dealing with their 

reaction., 

2.7, The Fr,p*rion of the et4 Catalysts 

The platinumsilica and platinum on )-alumina catalysts 

are described in Part II section 3.1. 
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The technique of using evaporated metal films in the study of 

catalytic reactions is well established 	and, £.rovided that 

adequate precautions have been taken, they provide a reproducible, 

clean metal surface. Full detail, of their preparation are given in 

Table 2.), Nickel was prepared 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 

.i1 taneou.ly with the evaporation of the platinum- With both 

metals, to clean the surface, a light preliminary film was thro'ui and 

discarded. It this was not done the first film from these wires was 

not as active as subsequent ones. Only one film could be throwa from 

a platinum wire as later ones were very light and irreproducible e  ith 

nickel more than one film coi.i16 be thrown from each wire, though in the 

case where the exchange reaction was carried out on heavy films the wires 

were evaporated until they burnt out. 

The gas line was pumped and the reaction vessel baked at 

450q overnight, whilst under continual evacuation by their separate 

pumping system.. fter evacuation 'sticking' vacuums .re registered 

on the respective McLeod gauges. An ice bath was then placed around 

the trap at 'F' (?igur. 2.1,), Thile the filament was being outg)asad 

with the reaction vessel at 4500C 9  a reaction ixture 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 heed across the tap to prevent any back diffusion of 



TALE 2., 

THE PLi-ARTION OF 2kE. LAt AT ) : ' IL kS  

source of supply and 
cislity 

hethod of 
preparation 

Outaas ing 
current 
(' 

vajor&tion 
current 

(A) 

Time (mm.) 
for 

10 mg. film 

11atinai Jcmsin, katthey & Co. Ltd. 0.0 m of 0.1 me die. 6.5 7.7 20 
spectroscopically Ft wire wound  on 0.15 m 
standardised of 01 	me L wire 

Nickel 0.15mof0.5medjs1, 4.7 6.6 10 
Mi wire 
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the hydrocarbon. The mixtures were always prepared to the nearest 

00 rem with the aid of * burette reader. After ontgasaing the wire 

the furnace was removed and the reaction vessel closed off from the 

pumps. While the reaction 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 nonesl exchange experiment the reaction mixture was admitted to 

the film either at 0°C or at temperatures balom sero 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 furnace. Normally only one reaction was 

carried out on each film, the film weight being determined by weighing 

the fi1.,nt before and after evaporation. 

The procedure described above was used when films were used 

as the catalyst. For the solid eataly.ts, hover, an activation treatment 

had to be used. This was applied at the stage in the procedure described 

above, where previously the filament was being outgaased and the film 

thrown. For the platinum-silica catalysts, after outgasaing at 140 0C 

overnight, the catalyst was heated at 80 0C for 1 hr. in 10.0 kl4m7 2  of 

deuterium. The reaction vessel was then pumped for 5 ama, at 80, 

and a further f.o 	of deuterium admitted to the reaction vessel at 

80006 ;.ft.r licating at this temperature for 1 hr., the reaction vessel 

was pumped for 10 mine, and the reaction mixture admitted to the catalyst 

at reaction temperature. For the platinum supported on -alumina 

catalyst the activation treatment used was that described by Hightower 

and Kembail (. 
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XCHA.NCE 	AUiI( 	1 

...j. Introduction 

ihe at factory quantitative analysis of chemical mixtures 

by mass spectrometry requires certain conditions to be satisfied. 

These have been described by Beynon (95); 

The mass stiectrum  of any component must be unaffected by the 

presence of another component. 

er 
The mas s,.,ectrum of a mixture must be a linear suosition 

of the spectra of the various components. 

he i::n bcsni intensity for any component rztst be proportional 

to the partial ressure of that component in the reaction vessel. 

The mass a 1 ectr'um, which is characteristic of any particular 

molecule, must remain stable over a reasonably long period. 

The sensitivity of the mass spectrometer must remain reasonably 

constant. In this 'ucrk, changes in absolute sensitivity were not very 

important as the percentages, of isotopic species present were calculated 

from their sum at a particular tine. 

For exchange reactions all the above parameters muit be 

independent of the weight of the molecule. 

Conditions 1 9 2 9 , and 5 have been shomn by other workers to 

be satisfied. -ondition 4 was ahoi 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 riii 	it for non exchanged and fully  exchanged species. This 

aspect will be dealt with in greater detail later. 
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.2. The k4as L, ectrometric AnaLais of the Feaction ixture 

The experimentally roduced mass spectral data could not be 

used directly to compute the percentages of the isotopic aecies. it 

was first necessary to subject the observed mass spectra to a reliminary 

treatment, and then to aply corrections to account for background in 

the mass spectrometer, the occurrence of natural isotopes, and 

fragmentation of the molecules caused by electron impact in the ion 

source. The treatment of, and corrections to, the data were apL lied in 

the toUowin order, 

Preliminary TreatiLet: 	A ty.icl wasr, a1 ectrum i' shei in Ficure .35,  1, 

It can be seen that this consists of a number of peeks of varying 

intensity, which, provided the ions are all singly charged, are 

separated by one mass unit. 	inetic run at a. fixeE1 temperature 

consisted of a number of these aectral scamt. taken at definite time 

intervals. The roliminary tretment involved r€u;n. the hei..ht of 

each or the peaks, to the nearest millimetre, and converting them to a 

common sensitivity. The peak height corresponding to each mass was then 

lotted against the time at which the scan w.s taken, no allowance being 

made for the fact that within each scan the peaks were separated by 

definite time intervals, .mooth curves were then drawn through the 

points for each ass, to eliminate small variations of the mesa spectrometer 

sensitivity and alac any minor fluctuations due to the recorder. To 

analyse the data kinetoaUy, six to eight times were selected at regular 

time intervals, and the eeak height for each mass corresponding to a 

particulir tiaz. read from the graph,, the heights at any time being 

interpolated to allow for the fact that the masses were separated by a 

finite time interval. 

Background: taokgroun: vas always present in the mass spectrometer and 

was due to two causes: 
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- 	 - 

:eidual gas in the mass spectrometer ion chamber. 

Inherent backgxuund. 

The background sectrum due to the residual gas  was produced by 

ionization of the air molecules and water vapour always present in the 

ion ckiauber, and the carbon monoxide given cit by the filament. 

Corrections for this were applied by taking a background scan during 

the catalynt preparation, and after the reaction mixture had been pumped 

away upon completic.n .f the reaction. The two background scans were then 

averaged and subtracted off the peaks to which they contributed in the 

hydrocarbon mass spectziun. 

The inkerent background was much more difficult to determine. 

it was produced by hydrocarbon species from .revioua experiments whioh 

had been adsorbed on the walls if the ion chamber and the glass walls of 

the inlet tube. Leakage of the reaction products into the mass 

spectrometer caused desorption of these species, whose rasa spectra 

contributed to the mass spectra of the reaction pr- ,ducts. This 

inherent background could be reasured by leakage of the reaction 

mixture into the mass sectrometer at a temperature at '*iioh the 

hydrocarbon would not react over the oat alyst, any peaks present in 

the mass spectrum corresponding to deutersted molecules would thus 

be cue to this inherent background. After measurement it was 

allowed for in the normal way. 

Natural isoope: i juiy of the elements as they occur in nature 

contain small amounts of heavy isotopes. Carbon and hydrogen are 

found in two isotopic forms, 12(;  and 13( 	3 	respectively, 

thus the mass spectra of hydrocarbons will contain peaks at *ss 

numbers greater than that of the parent molecule due to the presence 

of these heavier isotopes. since in exchange reactions 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 accurate measure of the amount of exchange it is necessary 

to take into s000imt the contributions to these peaks from the 	and D 

originally present in the hy'lrocarbcm. Since naturally occurring carbon 

and hydrogen contain 1.081 	and 0,016 D respectively, the heights 

of the peaks at M + I and M + 2 for  a hydrocarbon of mass M can be 

calculated relative to the peak height AM at was M by suitable use of 

the isotopic abundances given aboveo  br a hydrocarbon CnBa 

ino IV  + i 	 to 081 
+ 	a ( 

o.oi 6 S\1 00 	5.1. 
IV 	 ~"i8.919 ) 	s99.98A1 )J 

and 	100 
ii. 2 	(n-i) 

( 	

£( i.o8f" 	mi- i) ( 	 3* 2e  
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 Cnlia)x the values of the corr ect ions are obtained by 

substituting a-a for a in the above equations. 

Uorr.eting for isotopes thus entailed the subtraction of these 

isotopic contributions due to peaks at ba masses. This was dons on a 

systematic basis starting With the lowest masses and working upmaz'da to 

the higher masses using the corrected heights at every mass to calculate 

the contributions to the higher mass... 

?rantation Corrections a when 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 molecule., an electron 

can transfer its enerv and cause transitions between the electronic 

energy levels of the molecule. If the energy of the electron is greater 
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than the icniztion potential of the molecule, positive ions may be 

produced in accordance 'd.th the Franck-Condon principle. As the energy 

or the electron beam is not homogeneous, higher energy electrons may 

produce further dissociation of the molecule by breakage of the carbon-

hydrogen bonds. A typical mass spectrum of a hydrocarbon of i*se will 

thus show peaks at muses -1, 1-2, V.-3 etc, due to this secondary proosse. 

In order to deterjjiie the isotopic content of the partially exchanged 

hydrocarbon molecules the contributions of these isotopic fragments to 

isotopes at loier .nssee must be taken into account. 

To reduce these contributions to as small a value as possible, 

the mass spectrometer was operated at low electron voltages. However, 

because the sensitivity decreased vith decreasing electron energy, a 

compromise had to be reached between sensitivity and extent of fraF,sentation, 

The values of the electrun energy normally used were from 1 3-25&V depending 

upon the hydrocarbon., 

'or the majority of the hydrocarbons used in this work, the 

cracking or fragmentation pattern of the hydrocarbon was assumed to be 

independent or either the isotopic substitution or the position of isotopic 

substitution in the molecule. The fragmentation corrections could then 

be oalcu3.atd on a statistical basis, This was normally calculated by 

computer, the programs bsing given in a later section; an illustration 

of how this was done by hand calculation is wiven below. To calculate 

the corrections on a statistIcal basis the fragjstntation pattern of the 

light hydrocarbon was determined before each experiment, this was necessary 

because the frsentation pattern varied from day to clay. 

If the peak heights for themass" at -1, -2 9  etc of a 

hydrocarbon or mass , after correction for naturally occurring isotopes, 

are described by iJ-i, -2 etc., then the fra&uentction factors fj may 

be defined by 
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Taking butane as otir model, and applying statistical reasoning to the 

molecule CH6D, the fragmentation scheme shows in Table 3.1. say be 

derived. 

TABU 3.1. 

CALCIJL.' ''1ON U THE 	 CHEB FOR CH6D4  

Number of traau 

Units lost 

i.ethod of 

loss 

4robability of loss 

taking place 

I H 6/lOt1  

2 D 4/Io n 
HK (6,'I0'W9) f2  

3 HD or DE 2(6/1094/9) f2  

(4/10.,'9.4/8) 5 
(I4/10/9) f 2  

HkID, 1WI, Dliii 3(6/10.5/9.4/8) 5 
5 LW, DDH, DlW 3(6,lO.4/9.y8) 5 

, HD 
4(4/lo.5/9.LJ 8.W7) £4  

DMM 

(6/1o.V9.4/8./7.2,/6) f5  

6 DM (4/10.Y9.z/8) 5 
iditi, 	DDI*I, 	1FJ.i, 

6(5/I0./90 4/8.7) f 
fl)I, HDfl), MM 

LiiIIILD, cbinaticms 5(6/ic. 5/9•4/8.!è/7•W6) S 
MOM (61o.,9.W8.37.216'1,5)f6  

etc. 
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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 numericsl values of fj into Table 3.2, the actual 

numerical values for the corrections may be calculated. 

The fragmentation corrections were made by & process similar 

to that used for the isotope corrections but starting instead with the 

highest mass. The resultant peak heights after correction were then 

used to calculate the isotopic distributions and phi value of the 

hydrocarbon entering the mass speotrc*neter at the time the scan wa.s 

taken. 

The methods used for the mass sectr&metric analysis of the 

isotopic propanes, which due to the large differences between the 

fra.geentation pattern, of C 3 4  and C3D8 could not be calculated 

statistically, will be discussed fully later. 

)., The Final gui)ibrLw of an E&ph&=C Zee.oti 

in the exchange reaction between a hydrocarbon CH 2m and 

deuterium, two kinds of equilibria will be established at equilibriums 

An equilibrium distribution between the total savunt of 

deuterium in the gas phase hydrogen and the total amount of deuterium 

in the hydrocarbon. 

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 distributed between the hydrocarbon molecules, and the value 

of 0 at equilibrium (where 0 is the average number of deuterium atoms 

in 100 molecules of hydrocarbon) can be calculated by purely statistical 

reasoning. Thus for a hydrocarbon Cnflm 
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TABLE 3, 2, 

FRAGMENTATION FACTORS FOR ISOTOPIC B1JrAN 

art Umber of .au idta lost 

1ieu1s 2 3 4 5 6 

4 10 
68 0 f 1  0 f2  0 

41W9  67 101 r 101 
1 r 
52 52 103 	- 103 

4U2D8  66 
5l 

452 
45 2  2 

153 

15 

2 153  154 

10 15 15 40 24 
e307 

65 10 	1 1_ 
152 

1.. 
120 

L. .1... 
 O 4  

2.. 
10 4 

r 1  + 
5 

r2+ jt2+r3 .f3. t3 	F4 
414D6  64 

152 30
f3 210 14 35 14 42 15 

63 
t1 + f2, 3Tl4 

12 	3 4 5 + 21 f4  

• L t, +  
62 

61 
15 15 5 t+t3  f3+f 4 f 35 12o 

-L 
f3 
	

12 
4*7D3  o1 

152 243 

f I . r2 .r3  frr3,r4  r4+ 	 r5 
H8D2 

452 15 	3 3 t4 9 t5 15 f6  

2 10 3  51& 
i f  
25 5 

'elo so t 
f3 
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100 in (no, of deuterium at oms) 	
).4. 

(no. of deuterium atone + no. 

of hydrogen atoms) 

Thus if the ratio or deuterium molecules to hydrocarbon molecules 

initially present in the gas mixture was P:i, then 0.0st in given by 

equation 3.5. 

4) 	100 in (2L. ; 	 - • 5. 
2p+ 

Experimentally it is found that 4 is slightly greater than 

This is due to thta fact that the carbon-deuterium and the carbon-

hydrogen bonds do not have the same bond strengths, the deuterium 

prefering to be incorporated into the"hydrocarbon" rather than into 

the gas phase "h'rogen". 

Values obtained for the second type of equilibrium are fairly 

close to those expected for a random distribution of the hydrogen and 

deuterium atoms among the various isotopic hydrocarbon species. ?hug 

the values of the equilibrium constant, for the reactions 

t'1 
Cnlbn 	m-2 '2 	 'R"I 

K2  
Cn!L.1L + Ci5 .3 D3 	2C nJ. 02 

- 
..'. , 

can be calculated from a combination of terms in the appropriate 

bincinial expansion and may be expressed in general terms as 

M 
3.7. 

( i..1')(i+1 

\\ 	//\ Is 

where the symbol ( 	represents the number of ways of selecting i objects 
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from a group of rn identical objects. The interconversion equilibrium  

constants calculated in this way were in good agreement with those 

derived exerbnent ally. 

3,4. Determinptict of Rate Constants 

The rite of incorporation of deuterium into the hydrocarbon 

can be determined from the parameter q, defined by equation 3 9 8. 

= 7  i di 	 30 8* 

where di is the ercentage of the isotopic species containing i deuterium 

stoam at time t, ke has been mentioned in the revioua section, the 

calculated value of L tia usually less than the experimental value. 

If we derive a parameter a from eqjaatin 3.9. 

L g 5 
	

3990 

then for any experiment using a apaciric hydrocarbon 

.10. 

Provided all the hydrogen atoms in the hydrocarbon are equally susceptible 

to exchange, and isotope effects upon the rate of reaction are ignored, 

the curse of the exchange reaction will be given by the first order 

equation 

..11. 

where k is the rate constant equivalent to the number of deuterium 

atom entering 100 molecules of hydrocarbon in unit time, and O, is 

the equilibrium value of 4) defined by equation 3,10. 
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Integration of equation .5611 yields the first order equation 

- log 	 £ 	k, t 
	

ASIPS10 

2.303 

Failure to obey tai equation say be due to a number of factors which, 

as they are of fundaental importance to the results in this thesis, 

will be discussed more fully later, The rate of disaparanoe of the 

ligjit hydrocarbon is given by the empirical equation .5.1 3 analogous to 

equation 3.12. 

- log a0-d) 	- 	
k0 t/ 2-303 (100-do,,,) 	3. Is. 

( 100_d0 e;,j 

where d0  is the percentage of the 'light' hydrocarbon at time t and 

d0  and 100 are the equilibrium and initial percentages of this species 

respectively, if the ratio of d.uteritsn to hydrocarbon used is large, 

d0 will, be negligible and equation 3.1.5.  siaplies to 

log do 	= 	 - 	 .5.14. 
2.50. . 

lquation 3.14. is the one that has been used exclusively in this work. 

The value of the parameter I defined by 

U 	 .. 15, 

is a very important quantity because it represents the mean number of 

deuterium atoms enteriw the hydrocarbon molecule in the initial stages 

of the reaction, 

3.5. ; Lastios 

The rate constants calculated from equation. 3.12 and 3.14 are 

constant 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 

determined by carrying out the reaction with a series uf different 

react .)n mixtur.'.. 

The L'eon for this apparent first order kinetic behaviour of 

an exchanse reaction can be seen from a cn.idsraticn of the processes 

occurring during the reaction. On admission of the reaction mixture to 

the catalyst, two things happen: 

he surface concentrations of the adsorbed species build 

uij to their equilibrium values and remain constant. 

The exchange reaction coencea and eventually leads to 

eui1ibriui bet.en all the s.soies in the system. 

roces 1. ) v.il'. be rapid but (b) cannot go to completion until all the 

gas phase has been adsorbed and desorbed and hence throughout most of 

the time required for the exchange reaction there will be equilibrium 

ccer.trstiona of the different types of adsorbed species. The only 

thnC Phich reduces the rate of exchange from ite initial value is the 

approach of the isotopic content of the "hydrogen" and "hydrocarbon" to 

their equilibrium values and this as can be seen fras equation 301. 

leads to apparent first order kinetics. 

3.6, Cojauter -rogrW for the tati.tioal Analysts of the Results 

The mass spectral data for the hydrocarbon. (excluding propane) 

were analysed on a statistical basis, as described in eotion 3.2, by 

means of a. oputer. The flow chart showing the steps followed by 

the computer is given in Figure 3,2., and the general program, which 

was written in Atlas Alutocode and run on an English Electric T.DY9 

computer, is given in Appendix 1. 
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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 catalytic fission of the C-halogen bond 96.98), C-C bond 	and 

the C-14 bond 0;  and of the exchange reactions of asines ('°), and 

diethyl ether (102)  with deuterium. The majority of the investigations 

have, however, been concerned with the exchange reactions of hydrocarbons 

with deuterium (79 1, 103,  104) or heavy water (105),  hydrogenation-

dehydragenation reactions ( 71, 106, 107) , and hydrocracking and 

isomerisation reactions (108-110) 

Although self poisoning has been reported for the exchange 

of hydrocarbons with deuterium on other metals (83) so tar as is known, 

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 :nderson and Avery (+2) showed that the hydrooracking 

and isonerization of saturated hydrocarbons on platinum films at high 

temperature, Vrooeecled by the formation of an ccai-triadsorbed 

intermediate. 6ince platinum is known to be capable of propagating the 

multiple exchange process past a quaternary carbon atom via an crdiadsorbed 

intermediate (50)s  and because the high i.cmerization activity relative 

to the hydrocrac king activity is due to the ready formation of this 

xcy-triadeorbd intermediate, it wan hoped that the self poisoning of 

the exchange resctiot. IMight be exhibited by the use of neopentane, which 

can only exchange all twelve hydrogen atoms initially by the interconversion 

between a- ant' ay- adsorbed intermediates, it will be shown that at lowish 

temperatures (20 to 180) no discernible self poisoning of the exchange 



- 4.) - 

reaction was observed for the exrhange of propane, butane or neopentans 

with deuterium; but presorbing neopentane or a neopentane-deuterii 

mixture at high temperature on a presintered film did reduce the activity 

of the film for the subsequent exchange reaction of neopentane with 

deuterium. 

One of the most surprising features found in this work was 

the very large reduction in activity that was observed when the exchange 

of butane and neopentane was carried out on preaintered 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 film upon sintering. 

Although the texture of, and the nature of ohemisorbed 

molecules on, the surface of platinum supported catalysts have been 

well characterized (uu116,  little attempt has been mad*, however, 

to correlate the activity of platinum films with that of platinum 

supported catalysts. The exshane of neopentane with deuterium was, 

therefore, carried out on some supported catalysts  to determine how 

the activity and mechanistic characteristics of the exchange reaction 

on these catalysts compared with those on the films, 

if one looks at the broad spectrum of reactions, involving 

hydrocarbons, which can be catalysed 'by platinum, in each type of 

reaction a separate entity roceeding through its oen specialized 

intermediates; or are they all related in some manner via an underlying 

mechanism, the particular facet of vhiob is predominant being determined 

by the experimental conditions? Why does platinum appear to differ in 

its otalytic properties from the other metals in 'roup V.11 of the 

periodic table? It is hoped to answer these questions, as well an 

explaining why latinuzn acts in the way it does towards the hydrocarbons 

studied in this work, 
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2, 1. Surface Ar 

The surface areas of the platinum films wore measured by two 

methods: 

rypton adsorption at .196°C. This method gave the 

surface area of the platinum which was available for ithysics]. adaorptios. 

Hydrogen.-deuterium exchange at 0°C. This method We the 

surface area of the platinum wPIiCb we.e capable of chemisorbing hydrogen, 

and thus an indication of the oata]jtioal],y motive area. 

1(175tçs adaorptiau The apparatus used to study the adsorptionof 

krypton on the film is show in Figure 2.1. It consisted of a general 

purpose ges line and a reaction vessel system Identical to that show in 

iir. 2.2. (Part 1). The apparatus was built and used by Mr. G.B.B. Scott 

to study the surface areas of, and the d.cc.position of alcohols on, 

titanium films. 

The volumes needed for the calculation of the results were 

measured at 2300 using helium gas and the results extrapolated to zero 

pressure. The following value, wer, founds 

VR  The volume of the reaction vessel 	 188.0 ml 

V2  The volume bounded by taps T 1-T7 	 36.2 ml 

V3  The volume bounded by the tap T5 and the loLsod 

gauge out off 	 7.80 ml 

The McLeod gauge bulb volimie 	 68.9 ml 

YX  The totsl gas volume (V2  + V3  + v) 	 11209 ml 



) TO PUMPS 

HELIUM 	
TO PUMPS 

Tr IflN (AtI( 

FIG. 2.1 	B.E.T. 	APPARATUS 
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With taps T2, T 6  and T closed and tops T j-T5  open the gas 

Line and reaction vessel were evacuated, ihile the reaction vessel was 

being outgassed. After utgusiug the wire, top T 1  usa closed and the 

film prepared at O; taps T and T ware then closed and T left open 

The reaction vessel vas then surrounded by liquid nitrogen and a doss 

of krypton admitted to V 1. The krypton pressure was measured by raising 

the mercury in the cL.od gauge to the standard mark 'C' on the closed 

capillary lith 'A'. The height of the mercury level in limb 'B' from 

the standard mark 'C' was thin read and the mercury level lowered to 

just below the Leo4 pp cut-off. Tj was then opened and the krypton 

expanded into the reaction vessel where some was adsorbed on the film. 

After equilibration T j  was closed and the residual pressure in V measured 

as before. A further dose of krypton was than adeitted to V, the pressure 

read, and the gas expanded into VA  by opening Ti. After equilibration T 

was closed, the pressure read, and the dosing procedure rejeated a ner 

of times. After completion of the adsorption isotherm the film w.s 

warmed to O, the krypton was pmeped off and the adsorption isotherm 

reneasured. 

The surface area of the sintered platiiva film was determined 

by prssintering the film at 250°C in vo for I hr, cooling to .i963 

and measuring the adsorption inotheza as previously di.crib.d. 

Due to the large temperature difference between the reaction 

vessel (_1960C) and the gas line (23°C), when? 1  is opensd, the thermal 

transpiration effect will tend to make the pressure in the reaction 

vessel lose than wild be expected on the basis of the gas lawa. Sines 

this effect YR is dependent upon the equilibrium pressure, a factor f 

allowing for it was determined by using helium which doss not adsorb 

on the glass. Using a blank reaction vessel, the apparatus was 
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evacuated and T 1  closed. The reaction vessel was then surrounded by 

liquid nitrogen, and some holim admitted to 1r The p1'55IU25 was read, 

T opened, sad the equilibrium pressure read. 

The equations used for the calculation of the results are 

given below, all heights being in en, and pressures in units or Na'20 

The relation between the height H at the enreury in the 

capillary 'B' and the Pressure F is given by 

p. 00303997H. 
	 2.1, 

In general, if P is the gas pressure contained in V, then the 

voleneV of gas inVis given by 

_3"\ 	 10 	I] at J.T.1., 	2.2. - ' 	
(1.o1.2) 

letting TX (273)/(296)(1.01332) • icr2 be denoted by A. then A has the 

value 10041  i22r'1 , and h.s the voli. of a sontsinad in V.  

corresponding to any pressure P is given by 

Va]. (N.T,P.) - 1,OJ,1 • fO" 3  P. 	 2.3. 

If P3  is the h.liun pressure before eqjiilibration and P0  is the hs].tun 

pressure after equilibration, then the volun.e of h.liun before and 

after equilibration are given by 

V   a 	ii P1  . jg-3 Al (N.Y.?.) 

'C - 
	 J0041 PC S i" al (N.T.P.) 

and the volune of heliun VG contained in the reaction vessel is given 

by 

• TB 	V0 

1.041 (P3 - P0) . icr 3  Al (N.Y.?.), 
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0 	 1.0 

or (b) By utilizing the Branaue,ett end Teller (16) 

equation 

(L-.i.) 	'e 	 2.6. P/(k - F)yal/ 	+ m•MC e 0 	e 	 0 

,where v is the monolayer volume of krypton and P0  is the saturation 

vapour pressure of krypton at -196. 

Inspection of equation 2.8 • shows that a plot of d( P0 M P) v against 

P./Po  should be a straight line, the monolayer volume being obtained 

from a combination of the intercept I and the slope 3. 

i (N.T.P.) - 	+ S 	 We 

The surface area A may then be calculated from 

A 	_6.92 	19.5 y 
	

0
2"200. 

22.41k 

ydroenDeuterium exchange: In the present vork an attempt Ma made to 

measure the surface area of the platinum films by a variation on the 

method reported by Hell and Lutiriiski 
(117)  for supported catalysts. 



-19- 

Buically this methad consisted of covering the surface of the metal 

with chemisorbed d euteriom and than emhajgirg it with hydrogen. The 

resultant mixture of isotopic hydrogens being ana]j sad mass speatrcaetrtoally, 

using 70 V as the ionizing potential. 

Before the experiment the mans spectrometer was calibrated 

for hydrogen and deuterium as the sensitivity fluctuated from day to 

day. After baking out, the reaction vessel was surrounded by an to. 

bath and the background mass spectrum measured. A knowa pressure of 

hydrogen was then expanded into the reaction vessel, and the peaks at 

masses 2,3 and 4 scanned manually using the mass spectrometer fitted 

with the permanent ,taget in place of the eleatromawiet. The as 

phase was then pumped off and the background mass spectrum remeaaursd. 

Further doses of hydrogen ware then exp.nded into the reastion vessel 

and the procedure repeated. This calibration was then repeated u14 06t 

deuterium instead of hydrogen. 

The reaction vessel was rebaked, and the film pzepar.d &t O. 

Deuterium was than admitted to the film at  OOC the gas phase pmep.d off, 

and the chemisorbed deuterium exchanged with hydrogen at 0. The 

hydrogen deuterids produced being wessured nasa sp.ctrtr'ioaliy. 

The filin was then flushed with deuterium to remove all traces of 

hydrogen and hydrogen deuteride from the system, and the area rsmsuured. 

The film was than aintered in vacuo at 25M for 1 hre and the area 

measured as described above. 

As a basis for calculating the surface area it was assussd 

that all the oheaisoz'bed dsuterium was produced as hydrogen deuteride 

after .hangi with the hydrogen. From the calibration graph the 

number of che sorbid deuterium atoms could be calculated, and by 

ass"g that each deuterium atom occupied an area of o608 rd the 

area of the film could be calculated. 
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2*  2e  Miii Spectrometric Analyses 

The electron potentials used to ionize the molecules, along 

with some typical frap*entaticn patterns are given in Table W e  The 

potentials used provided adequately large peaks and only a moderate 

amount of fragmentation of the molecules. 

T4IE 2.1. 

RMrZATIc*I PTERN8 OF THE MOLUL 

Molecule 
Ionizing 
Potential tj f 2 f 3 f4 

$athans 20 0,546 0.0196 0 0 

Fropene 17 1.135 0.1695 0.393 0.0361 00665 0.0324 

£.rd.ut.rOprosM. 17 0.781 091015 0.2385 0,064 0027 00224 

Butane 30 0.198 0.078 0.0782 0,0129 0.0374 0.0044 

N.op.ntan. 20 0.01 0.0088 0 0 0 0 

* The f factors have been described by equation 3.3., (Part i). 

The iotopioill.y substituted methanes, end butanes vers detexined, 

assuming  statistical loss of hydrogen and dsuterius atom under electron 

impact, as described in Part I. motion 3.2. The isotopic neopentanes 

could not be analysed in teams of substituted n.opantyl molecules 

because, under electron impact, neopentaxw 49antitativelY loses a 

..thyl group even at icra sing potentials close to the appsaranos 

potential. The isotopically substituted n.opent.nes more therefore 

sf513' sed as the tert-butyl ions, though still assiing atatistioal loss 

of both hydrogen and deutsrius atoms. 



- 51 - 

With an ethylene-ethane mixture, the ethane fragments 

contribute to the peaks due to ethylene. Analysis of the gas mixture 

fron the hydrogenation  of ethylene on platinum was therefore based on 

the mass 30 peek for ethane, and the mass 26 peak for ethylene. 

Thu.s if the mass spectrum of the ethylene-ethane gas mixture at any time 

t is described by 	• corresponds to mass 30 and 	to mass 26, 

and the ethane fragmentation pattern is similarly described by b g  then 

after natural isotope corrections have been applied 

at time t the amount of ethane present is given by &( 

and the amowit of ethylene present is given by a4-a0b4. 

Roaver, since the sensitivity of the mass spectreter is not the seine 

for both ethylene and ethane, in order to calculats the actual percentage 

of the ethane and ethylene present, these sensitivity factors mast be 

introduced. 

If l33.22 Nm72  of 02116 in the reaction w.aeal give a peak 

height at 'Us$8 30 of C mm 

and 133,322 N' 2  orC A in the reaction vessel give a peak 

height at mass 26 of I) ma, 

Then the sensitivity factor c is given by 

GI/D 

actual C 2H6  present in the reaction vessel at time t 

- ao  

and the CP, present - G (a 	a0.b4 ) 

and C16 	100 a/ta + G( *4-a0b4) 

C 	 4)} , 	4 	a 0 Q  

M 
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The isotopic propanea could not be araly'id statistically due to the 

large differences between the man .petrs of propane and 

perdeutsropropsne. The variousoWwmes devised, and the results obtained, 

from them are described in section 3.2. 

2.3. (he*toali 

Uydrogin end Deuteris The preparation and purification of these gases 

have already been deoribed in Part 1, section 2.6. 

U.t1pne 5  IJAM and EthvlgM These gases mere obtained in cylinders 

from the Mathes Ca, mc,, az were "C,i." grade pure. Before use  

they were frosen in liquid nitrogen and dspsaed by repeated PORPings 

thawing, frssaing, pwVUS cycles. They were them fractionated an the 

apparatus, the middle fractious being stored in bulbs attached to the 

gas line. 

'rQans and Butane s Propane and butane were obtained in cylinders fras 

the Phillips P.trole.s Co, and were of 'res.h grad.0 purity. Before 

us* they were frosen in liquid nitrogen end dsgsssed before being stored 

in bulbs on the gas line. 

.opentano was a standard simple obtained fzca the Department 

of Scientific and Industrial Research, Chemical R.s.aroh Laboratory 

(99.98k "pure"), before use it was degassed and stored in a bulb. 

2.4. PXMIAM 

The standard reaction mixture consisted of 0.67 kNm 2  and 

6.7 irJa 2  of hydrocarbon and douterium, respectively in the ndiiiig voliass 

whic), after expansion, gave pressure, of 0645 and 4.5 kNa2 in the 

reaction vessel at oq.  The reaction mixture was normally prepared 

during the period when the film was being throen and wsa allowed to 

equilibrate for 30 sins to ensure adequate i4r4ng  of the gases. The 

gas mixture mo normally admitted to the film at O QC and the 



tperature th.n raised rapidly to that at vhich the reaction began to 

cur. 

In experiments involving presorytion the procedure was to 

$(it the material to be pzesorb.d as described above for a rsaotant. 

While it waa remaining in contact with the film it the desired temperature 

the cxc. as was removed from the mIxIng volume and the aub.sasnt reastion  

aixturs prepared. The removal of the presorbate was achieved by pumping 

for 10 gins at the preacrpticn temperature. The aission of the reaction 

mixture was then accomplished in the usual way. 

In experiments using the solid catalysts, the gas mixture was 

prepared ihile the catalyst was being stabilized at the reaction 

temperature. After stabilization the gas mixture was attted at this 

t.uiperature. 
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w'r III 

RBULTS 

30. Surface Areas of the C ataIvats.  

The platinum-"ca 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 

awa&rized in Table Ni. 

TA&IE 3.1. 

LATiNU. - 3I11CA CATALYSTS 

l0.0k Platinum on Davison grade 70 silica. -surface Area 215 m 2g 1  

Catalyst 
Reduction 
temperature X

71(2W)(220) 
 size z Proportion

platinum area m2C 

-r 

1iat 
Rite C 2H/H2  

-80 
( mole 	1;!2 OC > 580 nm A-ray 00-16 

66VAP/140 140 7.0 	6.5 	795 0.77 4.84 14.6 

668/AP/500 500 10.0 	905 1000 0089 5003 1.6 

The platinum on .saltin* wa.e a sample of a ocemercial 

platfox,ning catalyst supplied by Universal liiatthey Products Ltd.; the 

catalyst consisting of 0.375; platinum on v-alumina with fluorine promoter. 

The characteristics of this catalyst have been described by Hightower and 

ZeibaU 	• 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. 375J. platinum 

•. I g of catalyst contains 0.375. 10-2 g of platinum 

I & mole of platinum 	195.1 g 

I g platinum contains 	6023. 1023 atoms  

195.1 

. 1 F, catalyst contains 	6,0219.75). i 	atoms of Platium  

195.1 

If one assumes that the area of a spheric.l atom when it is 

projected onto a plane is the same an that of a square the dimensions 

of which are given by the diameter of the atom s  then since the Pt-Pt 

bond length in 0.275 nm, the area of one platinum atom is approximately 

given by 0.275 20  1O 8m2. 

I 

, . I g catalyst 	 (o.375)(0.275) 2(1.1).2  of platinum 
1.951 

- 0,9631 02  of platinum, 

and this value was used to convert the experimentally determined rates 

into absolute 

Krypton Adaorition: The results obtained for the adaor tion of krypton 

on in unaintered platinum film are given in Table 3.2. and the adsorption 

isotherms and B.E.T, plots are show in Pigures 30. and 3.2. respectively. 

I aothsi,n ii was Obtained by evacuating the krypton from the film at 0, 

recooling to _J96CC and then measuring the adsorption of krypton upon 

the film, Figure 30, 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  

cryst all it ., 
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TABLZ 3*  2e  

6oat'rIoN OF IR(2I ON AN t2ISIER) FLI1WM FILM 

P0  a 0.3906 kNnl" 2  

Vr.ssure 
Isotherm 	NO-2 

	

Jquilibrii 	Vol. of gas 

	

P. NM--2 	VA. 102 
NE"2  

• p.p) , 

51.56 3.678 3,40 	386.9 0.2796 0.0094 

78,30 10.70 4,64 	3790 0.609 0.0274 

62.24 20.23 4.93 	37094 1.108 0.0518 

87,84 33,20 5927 	357.5 1176 0.085 

LI 	51.56 3.68 1.14 7 	386.9 0.655 0.0094 

3908 14.41 2.54 	386.19 1.140 060274 

44.99 9.27 2.84. 	381.33 1.922 0.0518 

55.16 2003 3,17 	370.47 2.933 0.083 

For the sintered filra, the reaction vessel was warmed to OOC  

end the  krypton punped off. The temperature was then raised to 250 

and the film sintered, while under evacuation, at this temperature for 

1 hr. The results obtained for the adsorption of kr'yijtcfl are given in 

Table 3,3.0 aM the isotherm aM B.E.T. plots are sheen in Figures 3.3. 

and 3.4. respectively. 

The figures show that in the range of relative reuure used, 

the adsorption at krypton on platima gave iaotbszwa with a vary 

pronounced plateau. It was thus possible to measure the monOla3er 

voitwies accurately from both the B..T, plots, and the 'paint B' values 

obtained from  the adsorption isotherms. The results obtained are given 

in Table 3,49 which shown the excellent correspondence btwsan the areas 
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TABLE 3*  3*  

Isotherm Pressure P Nor 

'Equilibrim 
pressure P5  

Vol. of gas 
adsorbed 

VA. 10 	ml 

pp 
S 

Nm2 
 

"(PrPe )v 
Cd 

e/1, 

III 27950 1.92 1.836 383.66 062691 0.0049 

36.87 8.36 2.109 382.24 1.037 060214 

24.98 11.49 2.188 379,11 1.385 0.0294 

2801 14973 2.283 375,87 1,717 000377 

24.32 16.51 2047 374.09 1.880 0,0423 

calculated by the two uthoda. These areas could not, however, be used 

directly to convert the experimental rates into absolute units. It 

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

adsorption of the krypton upon the glass surfaces of the gas haplixzg 

system. This blank area was determined by measuring the geometric 

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

factor of 1.7. The blank area of 0.0794 a2  obtained was then subtracted 

from the exp.riaental areas to give the film areas shown in Table 3.5., 

which also includes the results obtained by other workers. 

TAME 3.4. 

SURFACE AREA OF Tifl F11S 

Point B 13..T, Point B B.',T. 
Isotherm Type of 

film used monir vole monolayer vol, surf ace 
area u2  

surface 
area a2  2  Vm• I 	ml Vm•l 02 ml 

I uneintered 4.65 5903 0.2541 0.2634 

II unsintered 2,73 328 00431 00721 

III slntered 29 02 2,28 0.1059 0.1194 
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TABU 3.  5. 

COB ECTD URFME AREAS OF THE ItATIIW}L YIU 

Isotherm Type of film 
B.Z.T. 

surface area 

1 uneintered 00 1840 

II unsintered 0.0927 

III sintered 0.040 

uneintered 009139 118) 

unsintered 00000 Oig) 

i.r.a 09040 (119) 

(M)  maintered 00200 

The surface areas 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 iBotherra I and Ill contained in 

Table 3.5* were used to convert the experimental rates into their 

absolute values. 

dr-dsuterim exchenaes The results obtained for the calibration 

of the mass sp.otrcineter for hydrogen and deuterium are given in Table 3.6. 9  

and have been plotted in ?iire 3.5.  No atteept was made to measure the 

calibration line for hydrogen deuteride. 

The results that wire obtained for the calibration of the 

was spectrometer are subject to an error in the pressure measurements. 

Due to the construction of the gas line, the calibration doses or hydrogen 

and deuterium had to be expanded from the dosag volume (60 ml) to a final 

volume of 880 ml. The pressure of the gas in the doming volume was read 
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TABLE 3,6. 

CALIEUTION OF TffL I'&A SPCTRUMXR 

Pressure of hydrogen 
in reaction vessel 

Nxn 2  

Hydrogen peek 
height 

M 

Pressure of deuterium 
in reaction vessel 

N 2  

Deuterium peak 
height 

IS 

5803 2.575 W e  66 2.200 

32958 20375 28.00 1.420 

32.58 2.275 23.20 1.200 

28.80 1.775 2000 0.920 

23,20 1.475 14.67 06750 

11.20 0.975 

8,40 0.375 

to an accuracy of ± 15.3im 2, and since the pressure varied from 

133 to 540 NI 2  calculation showed that the error in reading the 

pressure varied from kproximatelyt 20 to 5 0resp.otively. 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 

.çgument assumes that there was no error in the volume measurements, 

or that there was no adsorption of the gas on the glass wal].s of the 

W  1,1M  during  the espanaicna. This latter assumption is very m1iko1y 

and adsorption of the gas would, therefore, reduce the pressure from that 

calculated. The error in the volume calibrations has been estimated to 

be + 5,; thus the total error in the pressure of the gas in the reaction 

vessel has been estimated to vary from ± 25 for the iciest pressure used 

to + 10 for the highest pressure. Tb..e error ranges have been shout 
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on the calibration graph. 

The calibration curve for hydrogen deuteride was assumed to 

lie equidistant between the calibration curves for hydrogen and deuterium. 

The validity of this assumption can be sham 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 

H2  + D2  

• 	 - 	________ 
. S • 	

- 	2JEt2 

Due to the isotope effeot g  if one uses equimolar quantities of hydrogen 

and deuterium 	4. For the purpose of this argument it is assumed 

that K: - 5.9, From Figure 595.  at a pressure of 26,7 Nin 2  

D'23 = 0.180 in 	 0,1305 a 

and substitution of these values gives LLD = 0.151 in, compared with 

the value obtained from the graph of 	= 0.1525 in. This supports 

the assumption that the sensitivity of the mass spectrometer for 

hydrogen dsuteride would lie equidistant between the sensitivities for 

hydrogen and deuterium. 

The surface 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 is &n to the fact that this method 

gives the area which is available for the chemisorption of deuterium, 

which may 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 thee. 
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TABLE 3.7. 

SUi(FAOE AR-Mb OF tUT1NUk FILMS 

Type of 
film  

.eak height of hydrogen 
deuteride prouced 

mm 

touxace area 
m2 

Average 

unaintered 500 0,0385 

570 0.0444 0.0428 

620 0.0454 

aintere' 40 0.0284 

370 0.0266 0.0262 

250 0,0237 

surface areas to convert the experimental rates into their absolute 

values. This was not done for a number of reasons: 

The large error inherent in the pressure measurements. 

The gases used may not have been 1OC( atom pure. 

(o) The amount of hydrogen deuteride produced was YOU 

ii.11, the accuracy of its measurement depending upon how accurately 

the background hydrogen deuteride could be measured. 

3.29 ]ass ec 	Jnalysis of the 15212pic 1401-M- 23  

As has been mentioned in iart I section 3.3., for the 

satisfactory analysis of a mixture of isotopic molecules, several 

criteria must be obeyed; 

(a) The product distribution obtained after the correction 

of an equilibrium tixture should be the sass as that calculated fr 

the appropriate binomial cpausian. 
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(b) The interconversion equilibria must be obeyed. In 

general this is not quite true. icwYsr, the correlation between the 

observed and calculated interconversion equilibrium constants becomes 

better with increasing sir.e of the psratIn hydroaazton. Thus the 

constants hold for hexane, but not for methane. It was assumed that 

JA the case of propane, the correlation eculd be exact. 

(a) After correction at the mass spectrum for natural isotopes 

and fragmentation the peaks at messes less than that of the parent 

moleci]c should disappears  as they can only arise from contributions 

due to the fragsientation of the molecules at higher massese 

Table 3.8*  shams the effect of correcting the meas spectrum 

of an equilibrium mixture of isobopto propanes, by a statistical treatment. 

This indicates that the contributions of the jeska at higher masses to 

those at lower masses t  due to frageentatio, have been overestimated; 

indicating the inaccuracy of using the some set of fr*gs.ntation factors 

for both the oar'on—hyth'ogan and carbon douterizen bond die soc iationa. 

TA]LE 3.8. 

EQU=MaUM DlZI33JTI1( 07 1UI0PIC £'ROPA$T 

UI=ZlXG A STATISTICAL TRENT 

utir1t. Omtent 
- 

d_2 	d_1  
- - 

r -  
do  
- 

d 1  d2 	1 43 
- 
- 
- 
45  
- 
- 
d6 
- 
- 
d7 
- 

dLj  

izpsz1i1.a 	Peak kniats 47 135 236 M 274 592 923 U4 6 

pam he1gha after liotaple xW 

rj ,ga1ai COflCtI .2 0.7 3.42 48.2 5.1 35.7 0972 156.1 5C3 62 315.5 

of isotopic species 0.21 ''14.2 1.55 2.2 oo4 9.61 )1i6 37.37 19.1*3 

Bhual&l dlstrfta&Uon with 

• 0 0 0.L5 11.Iil 
- 

27.0 
- 

y.L1 
- - 
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It 	(121) that the carbon-deuterium bond strength is 

approximately 10'' greater than that of the carbon-hydrogen bond. Thus 

under electron impact in the mass spectrometer there win be a tendency 

for the C-H bands to be dissociated more easily than the C-I) bonds. The 

presence of deuterium atoms in the molecule also has an enhancing effect 

upon the relative probability of losing hydrogen and deuterium atoms 

under electron impact. Thus as the number of deuterium atom 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 fraentation 

patterns of C]18  and C3D8 (83), and because the extent of fragmentation 

was large even for low electron energies, this variation between the 

mass spectra of 03H8 and C 3D8 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 

prepared by repeated e*thangs of propene with deuterium over a tungsten 

film at 100°C. Table 3,9. shows  the result obtained from this 

experiment. The perdeuteropropans prepared contained approximately 

TABTJL 3- 5. 

MASS SIRUM OF 	DEfEkOOi'AUZ ;L?rER 

ISOTOPIC GOidION 

Deutarhim concant dj4  d 

- 

d 

- 

d 

- 

d0  

- 

d1 

- 

d., 

- 

d3  
- 

d14  

- 

d5 

- 

d6 d.7  d8 I
- 

ek heIght 9,5 L2 141.9 2.14 6.2 2.6 17.7 14 1.6 1.1 108 2.2 196,9 
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1 of C3D7R, The contributions that this would make to the d6, ¼.' 

and d peaks would be negligible and so the fragmentation factors 

for Cj)8 were calculated directly from the data in Table 399. The 

fragmentation factors for Cffl8 and C)8 are ihon in Table 300. Due 
to the very large variation between these two sets of factors it was 

TABLE 3.10. 

FRAGIc L GTCiLi FCI 

C1sctxn tioleoule t0  ti 4 t5 f6 

voltage V X C. C3Xf C34  C51 C3X' C3X34  C3X,; 

17 
C  

1.000  1 • 1350 0.1695 0.393 0,3361 0.1665 0.0324 

17 C33D8 1,000 0.781 0.1015 0.2385 0.064 0.127  0.024 

not surprising that overoorreotion of the mass spectrel data occurred 

'wben the results were calculated on a statistical basis, It was 

therefore n.oessary to evaluate a correction scheme which took into 

account the different probabilities of losing hydrogen and deuterium 

atom from the duterated 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 np.ctrum of each of the deuterated 

species was knovau Theoretically, each of the deuterated propanes 

could be prepared and their mass spectra 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. Thus the mass spectrum of 0 3CII20l) would not be 

expected to be the same as that of CHD2CD2CU3. Effects of this 

nature 'would make the preparative and analytical problems almost 

insuperable. 
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It my be readily sboi 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 deteriatrked by high resolution mesa seotrcsietry, for example an 

I903, are described by aj for i - 0 to 81 and if the mass spectrum 

obtained from the low resolution S10 used in this work is similarly 

described by bj for i - 0 to 8, where i in the deuterium content of the 

molecule; then after natural isotope correction b7 and b8 will be 

tr.nent pure. By normalizing the two sets of spectra so that b8 - so 

the following scheme may be devised. 

%mb8  

arb7 

a6b6-a8f2 8 ..e7±'1 7 

8`4a
b47a8f 8_a7f 7.4a6f26_a5fj  

a, wb 1  

a*b0_a f88_a6f66_a5f55_a4f 4 a f33_a2f22_aj  f 1 1  

etc., 

where f refers to the fra.ntatiat factor for the loss of A mass 

units from a molecule containing B deuterium atoms. 

By using five mass spectral scan., for different extents of exchange, 

the various tAB  factors may be calculated. Both of these methods of 

analysing the data were not considered further due to the very involved 

nature of the 'pork, and so a method of analysis using a general computer 

program was looked for. 
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If t111 , feto. refer to the probability of losing ow 

hydrogen and two hydrogens atoms etc. from the completely protonated 

species; and fiD and f etc. refer to the probability of roving 

one deuterium atom and t'io deuterium atoms etc, from the perdeuteropropane, 

then the first improvement applied to the purely statistical approach 

we.e to replace the f1 , f etc. terms by fiDs  f etc. in oases where 

the particular traentation being corrected for involved only carbon— 

deuterium bond diseociation* Tor rd.xed franentatiom, i.e., frageentation 

involving the lose of both hydrogen and deuterium atoms, the 'light' 

hydrocarbon factors were still used. The results of applying this 

treatment to the  experiments], data of Table 5.8. are ahowi in Table 3.11. 

TALE 3.11. 

zçUIBiUiI - -, !,QL)UCT IzTRIBUTluli OkiJ 	BY uB 1rI now OF 

'HiAVY'FC'i 	;lEuIU T JcS 1 TYT'T1TiCAL 	FIOD 

- 
Dsut.rhaccntm*tof1.cu1. 

- 
d.j 
- 

- 
do  
- 

- 
d1 

- 

- 
d2 

- 

- 
d3 
- 

- 
d4 
- 

- 
d5  
- 

- 
d6 
- 

- 
67 
- 

- 

8 
- 

Peak Imight aftsr eorrsl;ian .18.9 -.6 .63.7 31.1 0.27 24.8 312,3 E0.9 606.8 315,5 

Pize.nt.s of lactepic apealu .1.86 .133 1,63 0.01 1.30 16.34 3440 31,74 16,50 

$tnIa1 dis$rtbutIm with 	.69.27 
- 

0.00 

- 
0.01 

- 
0.12 

- 
0,91,  
- 

4,65 

- 
14.80 

- 
29.43 

- 
33.41, 
- 

16.63 

- 

Assuming that the hydrogen only and deuterium only fragmentations have 

been adequately corrected fat, the persistently low value for d as 

showi in Table 3.11. suggested that there was an overoorrection for 

the fragentatiCn involving the loss of one hydrogen atom and one deuterium 

atom from C 3D.U. it would appear from these results that, for systems 

like propane where considerable fragmentation 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. 

Gault and Kball (83)  in their study of the exchange of 

propane with deuterium on palladium film devised a method of analysing 

the isotopic mixtures. They asawsed i 

That the sensitivities of the parent peaks of the nine 

isomers C?8  to C3D8  were equal. 

That the chance of fragmentation of each carbon-hydrogen 

or oarbon-sieuteriws bond was independent of the nature of the other bonds 

in the molecule. 

(o) That the formation of each fragment ion could be 

described by a successive dissociation of carbon-hydrogen bonds, 

selected on a statistical ba sis and multiplied by factors for the 

chance of each individual dissociation. 

Let n A YX  be the height of the peak corresponding to the fragment ion 

OUX..D relative to the height of the parent ion C?xPy4.  Let the 

fragmentation pattern of C?8  be described by 

- f/f_1  

where f represents the amount of the £ th fragment  and corresponding 

factors P i  apply to the fragmentation of C 3U8  Than the general expression 

for the relative height of any fragment ion is given by 

terms n terms 
IS 	

in 
y 	x(x-1)--(x-n+1)y(y-1---ky-m+1) 

n x 	 7,  7,96 1  -IT ~
j  

ij'm+n+ I 

and this expression was used to calculate 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 equilibrium 



mass spectrum is shown in Table 3.12. Conparison or Table 302. with 

Table 3,11. shove that the values or the corrected peak heights for 

d5-d8  are unchanged, because they are not dependent on mixed 

fragmentation corrections: The d 0  to d4 corrected peek heights are, 

however, dependent upon these mixed corrections and show increased 

values over the previous methods used. 

TALE 3.12. 

CALCULIAIQN 

DI&TaBJJrIoN 

Oi TRE EU1Lil IU 1'ROPUC 

KEI$ALL BY TIM kUc1) OF GAUUI &E 
- 

Dsutarftm eatr.ent of the molecule 	d.,1 do  

-__ 

d1 	62  

- 
d3 	d 	d5  

- 
d6 
- 
d7 
- 
d8 

Peak imights after correctimo -6,73 .38.1 .48.8 56.4 7,0 30,5 313.3 620.9 606,8 315,5 

Pircante ot i.otopic species .1.95 -2,50 2,99 0.36 1,36 16.01 31,82 31,10 16,17 

sInmlal distribution with 

0 • 	631.26 00 

- 
0,01 

- 
0.15 

- 
1.15 

- 

53 	16,08 

- - 
30.7 1 5- 03  

The lack of improvement obtained for the isotopic analysis 

by using this method was disappointing, but it indicated that there 

enat be an effect involved in the extensive fragmentation of isotopto 

propane s,  that had not yet been accounted for in the correction scheme. 

One of the assumptions made by Gault and Kemball (83) was that the 

chance of frageentaticci of each carbon—hydrogen or oarbon-deuterium 

bond was independent of the nature of the other bands in the molecule. 

This assumption is not quite true because as mentioned earlier the 

carbon-deuterium bond dissociation energy is 10 greater than that of 

the carbon—hydrogen bond 
(121) • It therefore seemed appropriate to 

develop a scheme where this effect would be taken into &ccount. 



- 	 - 

Evans et al. (122) developed a quantitative description of 

the differing probabilities for the loss of hydrogen or deuterium atoms 

from a molecule, in terms of the 4 and P factors given below. 

probability of deuteritmi leaving CE) 

?robsbility of an individual hydrogen leaving CHj) 

r 	irobabUity of individual hydrogen leaving CHD 
Probability of individual hydrogen leaving CH  

These definitions have since been modified so that the 11 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 P factors defined above refer to the probability of 

losing one hydrogen or deuterium atom from the monodeuterated species. 

Schissler at ax. (123), however, painted out that as the number of 

deuterium atoms in the molecule increased there was a tendency for l-  to 

increase. It has also been found 	125) that the probability of 

removing a hydrogen atom from the deuteroethylensa relative to the 

probability in C 2R4  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 atom from C 2H and decreased 

with the number of hydrogen atoms in the molecule. For the etbylenss the 

probability of removing a deuterium atom in 0.90 in perd.uteroetbylsne 

and is very nearly equal to the a priori probability times (0.90)2, 

(0090)3 and (0090)4 in molecules containing 12 and 3  hydrogen atoms. 

The probability of removing one hydrogen atom is equal to the.! priori 

probability times  1.10, (1,10) 2  and (1.10)3 for molecules containing 

1, 2 and 3 deuterium atoms. Since the factors 1.10 and 0990 are nearly 
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reciprocal, all the factors could be represented by positive and 

negative powers at the constant 1.10. The relative probability, 

Rl,m,n  of removing ihydrogen  atoms and m deuterium atoms from an 

ethylene molecule 	as compared with the probability of 

removing hydrogen from 0 2H is given by 

E111+m(n-5) 
- 

, J1flfl 	ALm,n 

where AL,m,fl  is the jk Priori probability and K a 1 6 10 for ethylene. 

Per the propanes it was hoped that an equation of this form 

could be used for analysing the isotopic mixture. By writing a cputer 

program utilizing 

ln+m(n-9) 
	

3.1. 

.a.,lfl,fl 	
A1925, 	K 

Where R, 	 is the relative probability of removing 1 hydrogen atoms 

and m deuterium atoms from a propane molecule C 31D as compared 

with the probability of removing hydrogen from C Jff and by varying the 

value of K used to calculate the equilibrium distribution from the data 

in Table 3,  8. it was hoped to find the beat value of K which gave an 

adequate analysis of the experimental data. The results obtained are 

shown in Table 3.13. Assuming that the terse allowing for loss of 

hydrogen or deuterium atoms only are correct, the changing values of 

the peak heights d0.d4 with increasing K must be due to inaccuracies 

in the mixed frasntation term. 

Asencmi.ya and Pattie (126), however, showed that for the 

deuteroethanea, the weighting factors s for the loss of hydrogen 

from a molecule containing it deuterium atom could be expressed as a 

power series 

it 
ah  * 1.095 



- 71 - 

TABLE 3* 1 3- 

Y4!EIATICRI OF THE EQUILIBRIt84 PRODUCT DISTRIBUTION 

1Th 

DSU$rIIR Oonnt of Un taGLOpIC mlembs 

4.3 4.,Q CLI d,, di d d d 45 d 

1.00 14.51 -14.33 '21.92 - 3,24 '10,20 -61,14 .14.76 16.50 4.93 175.12 521,34 603,03 313.10 

1.01 1600 • 8.51 .19.80 1.70 4. -5656 16.66 20.71 0.09 178.45 518.76 603,03 313.10 

1.W 17.13 3.74 •17.90 • 1.30 0,68 -47.38 "20.25 20.03 8.44 181.31  515,75 603.03 313.10 

3.03 18.00 • 3677 16. • 4.814 4.95 -40.71 -e3.69 19.2816.47183661 512.29 603.G3 313,10 

1,04 18.80 2.00 -13M • 7.92 8.83-34.31 -27,01 18,4424.10185.41 508.36603.03313.10 

im 19.514 4. .14.91 •10,58 12.35 "28.74 •30.23 17.47 51,33 186,76 503,94 603.03 31300 

1.06 20,23 7,02 .14,08 012,86 15.55 0"35 •33,37 16,35 38.18 187.70 109.0e 603,03 313,10 

107 20,27 9.30 -13Je -14.80 18.45.1 8,33-36,4315.0644.69188.28453.57603.03313.10 

hOS 21.48 11.45 •12.67 -16.43 21,0 '13.64a.42 13.5750.74188,5587.58603,03313. 1 Q 

1,C9 22.06  13.16 .12.07 .17,10 23.50 '9,27 42.36 11 .
89 56.44 188.57481.01 603.03 313,10 

110 22.61 15,42 .11.514 .18.92 25.70 '5.20-45.214 10.Q61,73 188,40 473.86 603,03 313,10 

1.11 23.14 17.25 -1 1 .08 1 -19-45 27973 1.43'48.10 7o97 (6-51 188.12 W.C9 603,03 313.10 

3.12 23.50 19.63 -11.03 -18.63 27.41 2.0-50,94 5.8070,98 187,80 457,4e 6603.03 313.10 

1.13 23.75 22.31 .11.27.16.13 25.69 3.221-53M 3-5574.02 117.53 448,61 603,03 313.10 

1.14 23.98 24,84.11.55 .13.77 24.15 8.56.81 1.30 MQ5 187.42438,85603,03 313.10 

1.15 24.16 27.14 .11.84 .11.79 22,88 10,35607 -0,83$o57 187.37 128.37 603.03313. 10 

1.16 24,30 29,19 .12.12 -10,27 21.89 11,93.'66,43 12,69 ft.26 108,10 417.14 603.03 313.10 

117 2444 31,10-12.42 -8.93 21.11 13.28"72.12 '4.09.96 1 09,154.13603.03 313.10 

118 24.58 320 86 .2,74 • 7.80 20.51 14,43'77,91 4.76,47 190685 392.32 603.03 313.10 

1,19 24,73 34655 -13,09 - 4.90 20,31 15.46 43.72 04.40 80.59 193,37378,66603,03313,10 

1.20 24.87 36.14-13.46 -6.23 20,30 16,47'09,45 2,58 77. 196.89 3%.13 '6013.03 313.10 



and, ainarLy that the weit.0 il 	 factors b  
j  for the loan of a 

deuterium atom from a molecule containing a hydrogen atoms oi1d also 

be expressed as a power series 

b.- O.9lO. 

Since the mass spectral analysis of the deuteroetasnea can be edecpaately 

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 deuteropropanee. For an adequate analysis of the 

mass .psotr, equation 3.1 @  must explain: 

The tranentaticn pattern of C 3U8. 

The frssentation pattern of C?a. 

(a) The increased probability of losing hydrogen atoms and the 

decreased probability of losing deuterium atoms fran a pattisUy deuterated 

molecule. 

If f and f for i a I to 6 are the tragentatiom factors of propane
LH  

and perdeuteropropane respectively, then from equation 30. the 

traentaticn pattern of propane is given by 

0 
* 

Sine. 	for 1 a 1 to 6 and aanao equals f/f for y.ial to 6 and 

equals I for 1 a I to 6 and m-nuOt then criterion (a) must hold. 

For perdeuteroprOparle equation 391. becomes 

R 
l,m,n a  j.,a,n 

and since Ai,m,u is the A priori probability, that is I for izl to 6 and 

io then R0,1,8  only 	 for IC equal to 1.455. Calculation has 

ihoel that 
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(i.455)' for m - 2 to 6, 

therefore criterion (b) does not hold. 

It is rather difficult to decide whether criterion (a) is or is not 

adequately satisfied by equation 3.1. If we take the case of C 315D5, 

for the loss of one hydrogen atom equation 30. given 

A. ,1U0fl 
- V8K 5  - fJt 111 	 3,2,, 

the probability of losing one hydrogen  atom from C 3Hj)5. 

For the loss of me deAerius atom 

Ri,m,fl - 5/8 1 	- 	 3.3. 

r'e fj is the probability of losing one deuterium atom from C 35D5 , 

and for the loss of one hydrogen deut arid. molecule 

R 19mon 0
2./8.5/7. K 1 
	

3.4. 

%herefi,is the probability of losing on. HD molecule from CJ5D 5. 

It is likely that equation 3.2o would be obeyed since it has bean based 

upon the fragmentation factor for the loss of a hydrogen atom from the 

completely protonated isomer. Equations 3.39 and  3.4., however, which 

involve the loss of deuterium from the molecule are not based upon the 

fragmentation factors for the loss of deuterium atoms but upon the 

fragmentation factors for the 1.oes of hydrogen atoms from the completely 

protonated ieowez, It in therefore nn1ik1y that any of the frageentations 

involving deuterium stoma have been adequately corrected for. 

The scheme that was finally evolved for correction of the 

mass spectra of the isotopic propane* may be regarded as a combination 

of the methods of Sault and Keaball (83)  and Dibeler et ai. (1 • In 

this final form however, the Dibelor approach has been extended to 
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include the use of deuterium fragentation 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 propanea d5  to d8. Using the values of the d7  and d8  peaks 

shown, along with the interconversion equilibrium constants, the peak 

heights expected for the d5 to d8 compounds, after allowance for 

f ranentation  may be calculated. These values are shown in Table 3914. 

colunsi 3. 

In terms of fragmentation corrections 

- d 	_d.fd8 - d.fd7 ugalo. 	6expt. 	8 w 	7 

where f is the fragmentation factor for the loss of A atoms of hydrogen 

or deuterium from a molecule containing B deuterium or hydrogen atoms. 

TABLE 3.14. 

Deuterium Experimental 	Txpected value for 
content 	peak heights corrected peak height 

d8 	315.50 	 315.50 

d7 	606.81 	 606.61 

d6 	953.43 	 510.70 

d5 	903,19 	 245.60 

• 	d7 	 - d • . f1i - d6.xpt - dalO. 	
ID 

d 7  

substitution of the relevant values gives 

tjff  - 0.3234. 

* Thank p are due to r. R,60 Dovie who derived this section of the work. 
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Previous methods of analysis  would have given the result as 

d7 	118 
f 	- 	f 	• 0.1419. 

11! 	IH 

Thus the presence of the deuterium atoms in C 3D 7H enhances the 

fragmentation of the hydrogen atom by a factor of 2.279. In keeping 

with the ideas of Amenomija and Pattie (126) 

a (i.125) 

Table 3,15., gives the values for the frap.ntaticn factors for the loss 

of one hydrogen atom from each of the isotopic propane.. 

imi1arlj 

a7  
'50sla 	

- d7 1D  d6  iu 
D 

. d7 • d5 expt d5  cab 	d ' 6 j 
1D 

Substitution of the relevant values gives 

a7 
f 1  • 065998. 

Previous methods would have given the result as 

a7 
ID 	f 	• 0.6834. 

So the secondary fragmentation effect has in this ass, reduced the 

extent of fragmentation of a deuterium atom from C 3D7R by a factor of 

0.8776, 

••• b - (0.8776)m 

The corresponding factors for the loss of a deuterium atom from each of 

the deixterated propanes are shown in Table 3.16. 
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TALE 3.1,. 

PRTLTION FACT= FOR THE LO. UF C(E l!(OQ!II 

VOK  ThM TIM DIMRATM MDT ,FZULU  

Deuterium 	 B 
number 	

kr*MtStiCfl correctice factor 

do 
do 	 in 0 

118 
d7 	 U 

. (1.i25) 	
tdl 

1)1 

1418 	.125)6 d6 	2/8.fjH.(1 	 ItH 

• 
 118 

. 5 (1.125) 
d5 

1/2 • 1111 
118 

• (1.125) III 

8t1H 
118 

. (1 .125) 111 

d2  4/8 • . (1.125) 2  f 
d2 

d 1  7/8 . 
. 0025) 

I 	 '8 • f. 	, .1.125)0 
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TRATAION FAGTOk3 FOR TIM LOBS OF ONE DE.E1X1 

AOL FROM TRY.  DEUTKRAED MOLECW 

Deuterium 

number 
raeutation oorr.ction factor 

B 
t' 

8/8 . . (0.6776)0 d8 
ID 

7/8. r. (0.8776)1 fb 

6/8 , f 	 . (0.8776)2 r d6 

4 5 5/8 . f 	 . JD (o.8776) ID  

a4  . , (0.8776)4 f ¼ 
ID 

Id 3  '8 . . (0.8776)5 I  ID 

d2 2/8 , 
de 

f 	 . (0.8776)6 ID 

 

a2 

1/8 • f 
d8 
ID • (0.8776)7 

d1 
1D 

d0  0 f 
 do 
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If we redefine 

• robabil.ity o one deuteriW ieavigC5)' 
tatistics1 vrobability of one deuterium leaving C1iD7 

MA 

r 	
robability at one hydrogen leaving yp 

:tatistica] probability of one hydrogen leaving C17D 

then, -( a 068776 and r • 1025 9  ..nd 1' 	i,r. 

Zzaiples of asie correction terms are given below 

Yor an isotoia propme containing L deuterium atoms, the correction 

term for the loss of one hydrogen atom is 

T - (8L)/8 . A (1) • 21, 

where zii OrL  and A (1) is the appropriate Gault and Kesball .xjre.aios.; 

similarly for the loss of one deuterium atom 

T • W8 • B (i) • Zn, 

where ED . 	and B (1) is the appropriate Gault and Kaiball expression. 

If A refers to the Gault and Kesba31 expression for the Osle under 

consideration, then for the loss of x hydrogen atoms from a molecule 

oonts1-E L deuterium atoms 

T • A • (zjjZ , where 21 

mg for the lose of y deuterium atoms  

T .A(ZD) 7  where ED 

In the cases where both hydrogen and deuterium atoms are lost from the 

istoiio molecule this mixed tragamntation term is obtsinsd by regarding 

the loss of the hydrogens and d.uteritsns as being two distinct ooSurrenoes. 



!he total 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 atone and y deuterium atom 

is given by 

T - A ( j)X ()Y, 

This correction scheme was applied to the equilibrium isotopic propane 

data of Table 3,8., with the result sho'm in Table 3079 

TABLE 3.17. 

UILIB1IUt 	DLTBIBurION OF IScflOFZC PRDPANEB  

Deut.rfta aaflint 

- - 
d 	4. 	d 	dl  d 

- 
d 

- 
44 d5 

- 

'6 

- I d7  

- 
de 

Corrected pest bsi$a 40.31 22.45 01496 -13.47 -3.45 .40,21 1540 75,19 "35 5147 600 35I3)  

pose 	too of testopic ap.eI.s -0.76 -0.39 2.27 0.87 I.24 13.74 29A s.5 179 

8inial d1etr!bstt00 with 

V 	- 	6 74,96 
- -- - 

0.00 0.01 
- 

0.10 1  0.80  1  
- 

4.17 
- 

13.8828.8 
S 

%.3 T7 

* 0,8929; 1' - 1,1200 

The correlation between the observed and oalculatsd equilibrium 

distributions in excellent for the isotopic propane. d3-d8. Although the 

d2 corrected peak is still qjaite negative, it does not devalue the 

results greatly, since negative peaks are not included in the calculation 

of the percentages of the isotopic sp.ciea. Thum with respect to the 

latter the 62  peak is regarded as aeio, which is more or less the value 

given for the 62  species by the binomial distribution. 

The scheme which has been developed for the analysis of the 

isotopic prOpan.s is a very flexible one. In general, the value, of 
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-i1 and /"to be used are determined from the experimental equilibrium mass 

spectrum after isotopic oorr.cticn, If the 'equilibrium' mass spectrum 

used to calculate 11' and , is not in fact an equilibrium mixture of 

isotopic propanea, then little correlation will be found between the 

experimental distribution of propanea after correction, and that 

calculated from the bthomial expression. It also follows from the 

correction scheme that ii must be 41 and 1 must be 1. The values of 

4 and /T  also depend upon the mass spectrometric conditions but should 

be constant for any series of related propane and perdeuteropropane 

fragmentation patterns. 

Although it has been shown that for adequate analysis of the 

isotopic propane a the extended Gault and Zimball-Dibol.r treatment is 

necessary, in oases where the extent of fragmentation in low and the 

differences between the 'light' hydrocarbon and perdeutero hydrocarbon 

fragmentation patterns are smell, the fully extended scheme may not be 

r.iu1uirsd. Thus the analysis of a mixture of isotopic isaeric butenes 

can be adequately analysed by the Gault and Keinbaii. treatment (127)• 

The computer program used for the analysis of the isotopic 

propanes is given in Appendix II. 

3.3. The Emchanim of Pop*o with Deuterini 

At temperatures greater than 4OCC the exchange of propane 

with deuterium on unaintered platinum films proceeded at a readily 

measurable rate. The rates of exchange k0  and k, which were 

calculated from plot, of the apparent first order equations 3,12. and 

304., were converted into their absolute values by assuming that the 

surface areas of the films, as measured by krypton adsorption, wsre 

independent of their weight. Figure 3.6. shows two typical rate plots 

obtained for the incorporation of deuterium into the molecule; and 
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the rates of exchange and the type of rate plots obtained are auarized 

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°C and then progresel vely increasing the reaction 

temperature. In the osse 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 rate 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 reaction temperatures of 760C and 

1180C; above and belov these temperatures straight line rate plots 

were obtained. This curvature, which was tentatively ascribed to 

progressive sintering of the film and not to progressive self poisoning 

of the airfaoe during the reaction, will be discussed fully later. 

TABLE 3.18. 

XC CG ei iOPANE LTH DZUTNUUN. ON UiINThR}) 1LATI2B 'ILM 

Rite of rseetim 
soil f 1s 2. io.'16 P1 Typs of rite plot 

CarbaM 

1() l$ 

4 39 1.596 0.281. 5161 8 8 C 

118 1413-,46.4 7.143-2.68 2-,6.45 Ca ca C 

114 17.59 131 3,30 8 8 C 

172 20.87 4.311 L84 8 8 C 

191 11.71 8.00 1,46 8 8 C 

1 $ 1 55.3 	25 7.84-,14.62 7.05-, 5.68 ci ci C 

8:- itr1ght line went rtrit order plot 

CR:- ewwsd rate plot; reaction IlcwIfl( done 

C:- cU1tMt caxm 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 Kydrocracking. 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 proportional to the 

absolute temperature; and the total carbon count determined mass 

spectrcmetrics]ly is proportional to the total pressure of the isotopic 

propane i in the reaction vessel. Therefore, the carbon count will be 

proportional 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 balance from that calculated on the basis of the gas 

laws, out be tue to either desorption of 'propane' from the surface of 

the film, or further adsorption of 'propane' in some form upon the surface. 

Figure 3.7.9 which was obtained by applying the above ar$witent to the 

data of experiment 4p 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 obtained by Addy and Bond 
(128)  for the exchange of propane with 

deuterium on a 5, platinum-pumice catalyst. They (128) did not, 

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 .x,.rimental rates were, therefore, 

converted into absolute units by assuming a value of 210 ml for the 

volume of the reaction vessel system; and using a value of 11.67 

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 

6 -alumina catalyst. Those assumptions will produce a degree of uncertainty 

in the relative position of the Arrheniva equation plot for their results. 

It in oonai4ered, however, that the rates will not be affected by more 

than a factor of ± 3. 

On the unaintered films the exchange reaction did not obey 

the Arrhenius equation over the complete range of temperature. The rates 

of exchange k0  and kq at 90C and 760C wire, since these were the initial 

reaction temperatures used in the experiments, judged to be the ones least 

liable to have been affected by changes in the nature of the films. The 

activation energy (o  a 81.34 k J mole 1 ) and pre-exponential factor 

(log10 A a 29.07; A in mole s 1m 2) were, therefore, calculated from the 

line drawn through these two points. At temperatures greater than 80°C 

deviation from the Arrhenius equation was observed, the parent activation 

energy tending to a negative value. Above this temperature the 11t values 

were less than those obtained initially, i.e., 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. 

From Fiare 3,9. which showe the course of a typical reaction 

with time, and Table 3.19e 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 substantial amounts initially. This coupled with the fact 

that the M values were greater than one indicated that the molecule was 

undergoing extensive multiple exchange. The initial product distributions 

obtained, which showed maxima in one case at the d211  d4  and de 

deuteropropanes and in the other at the d3 and d8 deuteropropanes, did 

not vary much with temperature, although the M values did increase with 
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TALE 3, 19e  

INITIAL F10DU0T DIVERIBUTILMS FOR THE EXCIANG 

OF P}FAJfE WITh DIMM UM  

 

 

Catalyst T 
Percentage deuterium content , 

k0  lao d 1 	d 	d3  - d4 	d5  d6  d.7  
- 

d8 

film 39 5.5 12.8 59 8 14.5 	3.8  7.3 17.4 33.0 5.61 5.55 

film 76 6.5 	8.511,5 810 	5.5 12.0 17.0 31 9 0 7.03 5.57 

.5.68 

1 Ptu.j*iaioe 100 11,814.6 14.4 127 90 8,0 12.8 16,6 - 4.51 

150 2099 12.5 13 8.8 	7.4 7.6 11,7 18.1 4929 

200 180 	7.7 70 9.1 	7.1, 6.9 139 8 29.2 - 5.02 

250 17.0 	5.7 792 10.5 	8.0 6.3 13.3  32.0 - 5919 

200 17.7 	8.4 6.2 6.5 	7.8 9.7 1397 3.0 502 

temperature up to 118, Although these isotopic distributions agreed 

c1jaite 'well with those obtained by Addy and Bond (128) a  the large maximum 

which they found for the monodeuteropropene was not observed for the 

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

applied to the results by the method of Gault and Kembal]l, 	the initial 

product distribution for the exchange reaction at 390C did show a large 

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

scheme used by Addy and Bond (128)  did not provide an adequate analysis 

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

initial product distributions. 
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3.4. ie EiLkIAM of Butane with DeuterA 

The exchange reaction of butane with deuterium me studied on 

sintered and unsintered filas, the weights of which varied from 7.25 to 

11.50 ag, At temperatures greater than 3000 butane exchanged readily 

on the w,ainter.d tilasj however, presintiring the fun. at 25000 in 

VsCUO tnr I hr necessitated reaction temperatures greater than 110°C to 

give readily measurable rat., of exchange. The nature of the rate plots 

and the rates of reaction obtained are .tirid in Table 3.20. 

TABU 3.20. 

THE EXCHANGE0i BUTANE WITH Dwrl% 

01 RATINM FILMS 

Catalyst 
conditions 

Rates of reaction 
mali •12_io-16piot_obt&ined* 

're ap.  
I 1(910  

Type of rate 

lO0d 

I 
t 

ooimt ko 

unaintered   38 5. 1-03  \4 3CR V cR 4.85 0 

48 1705 2.62 VSCR Y3CR 655  C 

61 37.87 5,80 VSCR YSCR 6.51k C 

73 103.70 12.11, S 8.54 C 

1% 25.74 •int.red 

 

a 

3.75 3 5 6.9 C 

2300C in 120 37.96 6.16 3 S 6.15 C 

vacua tor i' 212.60 27.98 5 7.67 C 

1 hr 162 11+9.0 19922 8 S 776 C 

to 196 355,8 76.38 8 3 4.65 C 

* VSCR z very slightly curved, i.ee  a retarded reaction 

:- straight line rate plot, i.e. the reaction obeyed 
apparent first order kinetics 

t C :- 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 an unainte red films a alight retarded curvature of 

the plots was generally observed; but when using presinter.d films 

this curvature was no longer apparent, the reaction obeying apparent 

first order kinetics. 

In all cues, for the reaction at any temperature, a constant 

carbon balance was observed. The criterion for this constancy was based 

upon there being less than a 5? change in the total carbon count for the 

isotope butanes during the course of the reaction at any temperature. 

Within this constancy limit, however, a certain degree of variability 

was observed. In saw cases the carbon count was found to either increase 

or decrease slightly with time, and in others the behaviour was variable. 

No overall trend in the behaviour of the carbon count was apparent. 

Figure 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 	for the hydrocracking and 

iscmarisaticai of butane on sintered platimm 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 

that the activity of the sintered films for the exchange reaction was 

ench greater than that for the hdrocrackig reaction. The Arrhsniva 

parameters and activity factors for the exchange reaction are given in 

Table .22. 

At all temperatures on both the sintered and unsintered 

films, all ten hydrogen atoms in the butane molecule were readily 

exchangeable, each of the deutarated species being produced in 
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TABLE 3,22. 

ARPH!NIt I'A.WWM AND ACTIYITT FACTORS  

Apparent activation j ire-exponential factor 	Activity 
Catalyst 	energy Eç 	I 	logj0A A in 	factor at 

kJmole1 	 mole elnr2 	780C 

I 58039 25.88 1.00 

II 61.80 24489 0.031 

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

ich shoiis the course of a typical reaction with time, and by 

Table 3. 2% which gives the initial product distributions for the e:xchsnge 

reaction at different temperatures. 

TAME 3.23. 

U4ITIAL PRODUCT DISTROuTIM FOR THE NXBWGE OF 

mJTANE WITh 	;:iCIN 1LATlXU FIL3IS 

Cnti1vet end 
	 iercentage of isotopic species 

I 	conditions 	''" 
used 	d1  

- 

d2 	I d3 ]d4  d5 	d6_1d7  - 	 ______ 
d8 	d9 	d10 	ICO 

unsintersd 	38 	7,45 15.3 8,0 6,2 0,5 	5.9 9.0 10,8 14,0 170 	4.85 	5.98 

48 	25.0 6.4. 6.3 5,7 6.9 	7,0 7,8 8.5 14,0 25,0 6.55 	6,52 

49 	18.1 7.7 7.2 5.26.210.38.3 6,710.3 20,15.8 	503 

62 	17,0 7.0 443 3.5 4.0 	6.5 6.0 7.0 12.5 32.21 6.5 	6.50 

69 	13.7 6.8 6.8 6.4 7.8k12 8.8 i0,312.7 15,6 5.8 	5.93 

sintered at 	116 	13.6 4,7 4,5 1.8 2.4 	6.8 4.2 1 . 3  112.0 4801 6-9 	7.3 

25000 for 	120 	18,3 94. 7.6 4404.2 4.,75 699 	9.9 30,4. 6.15 	6.05 

I u, 	148 	15.8 5.0 5.0 25 2.8 	2.9 2.1 11.019,9 34,0 7,11 	6.95 

unsintered 	1 .5 	24,5 26.5 19.5 10.0 7.5 	5.0 3.5 2.0 	065 0 	2.74 	2.74 
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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 amounts of the more highly deuterated species and the LI values increased 

with increasing temperature. The initial product distributions generally 

showed mamma at the d1, d6and djo deuterobutanes. In only two cases 

was divergence frca this pattern observed, the initial product distributions 

for the reaction at 38J and 48 0C on unsintered films showing rooldme in  

the former case at the d2,  d5 and d10 deuterobutanes, and in the latter 

case at the d1 and di0  deuterobutanea. 

The exchange reaction on the unsintered films showed some degree 

of irreproducibility with respect to both the initial product distributions 

and the rates of exchange. In general the rates of exchange in these oases 

were less than those plotted in Figure 3.10. When butane was presorbed 

on an tmsintsred film at 1450C for 45 mme the subsequent exchange reaction 

showed 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 

'*mpoisoned' reactions. Presorbing oxygen at 1450C  for 45  mm.. anhe ed 

the rate of the subsequent exchange reaction by a factor of 4.5, though 

in this case approximately 8' of the 'butane' was lost over the duration 

of the .xperimsnt. 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 producedo The final 

distribution given in Table 3.23. is an extreme exseple of this behaviour, 

where the production of the large amounts of the perdeuterobutane has been 

suppressed. There appeared to be some 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 1450C for 45 mine, in vaouO reduced 

the activity of the film for the subsequent exehange reaction by a 

factor of 80, compared with a reduction in activity by a factor of 

450 for a film sintered at 2500C. 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 bioi. No estimate of the 

area could be made because, although the number of the thermodynamically 

controlled defects could be aalculate, sintering of the film will be 

both temperature and time dependent. 

3.5, The Ehze of Neopentane with D.uter 

The exchange reaction of r eopsnt an. with deuterium was 

studied on sintered and uhsintered evaporated film., and on platinum 

supported on silica and 	ai.umna. The catalysts used are described 

in Table 3,24. 

TALE 3.24. 

C-ATALYSV,USED  

Catalyst symbol 	 Nature of Catalyst  

£ unsintered film 

B Film presintered at 250°C in vacuO 

C Film presintered at 200°C in deuterium 

I 0,37%,  Pt on i-alumina; 	fluorine promoted 

ii iO• 	Pt on silica; reduced at 140°C 

111 10.0 ii on silica; reduced at 5000C 

IV 10,0 	It on silica; reduced at 5000C (reactivated) 
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The rates of exchange k0  and kç were calculated from the plots 

of the apparent first order equations 3.12. and 304. (Part I), and were 

converted into absolute units by assuming that for the films, whose weights 

varied from 5,4. to 16.4 mg, the surface areas as measured by krypton 

adsorption were weight independent; and by using for the supported 

catalysts the known surface area of platinum which we. available for 

ohemiaorptiori. The shapes of the rate plots and the rates of exchange 

for the reaction on the different catalysts used are summarised in 

Tables 3.26.-3.28.; while Table 3.25, dives an explanation of the 

symbols used in these tables. 

TABLE 3.25. 

13 10'.14)L 

Symbol 	 Leaning 

S Straight line apparent first order rate plot 

YSOR Slightly curved rate plot; 	reaction slowing down  

OR curved rate plot; 	reaction slowing down  

CA curved rate plot; 	reaction accelerating 

C constant carbon count 

4' carbon count decreasing with time  

carbon count increasing with time 

V variable 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 unsintsred films a very slight 
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TABLE 3.260 

XCHANGE OF NEOF'rc.ANE WITH DvznIUI ON UNSIXTERED 

'ITThTm FILMS 

Catalyat sorpticn ccndltlaia 
ip, 

Is.et1 	is'e 
Dla g 'l2 	1o"15 

M 

o 
________  

TWO 0' 1 	PlOt 
cartm 

4 1og(i-) 1 

A Ncns 20 2.083 2.0  1 ym V8CR C 

41 20,80 26.48 1.43 8 8 C 

48 14.14 19.68 1,40 1 8 C 

50 28.18 45.96 1.63 Y$C$. VC& C 

65 47.51 70.96 1.18 8 8 C 

8 39.58 99.17 1,67 VOC& 8 C 

80 10.85 119,e 1.48 V8C* V8CR C 

90 295,14 - Y8CR C 

94 148.1 26&6 2.14 Yam C 

122 655.4 - VWR C 

* lWUaiwaI 99 1648  23.91 1.45 8 8 C 

150'C tcr 60 31.47 45.38 1,14 6 6 C 

I hr. 68 123.2 211i,8 1.74 C 

80 8Z.99 U19.0 1.77 S S C 

88 84.43 125.9 1.18 YBCP. YSCR C 

103 • 52.8 - S a C 

£ EthtaalCS'C 57.5 15.9 23.45 I is S S C 

for 1. 77 62.77 10466 1.66 ysm VSCR c 

98 • 199,4 - VSCR - C 

A rnvaw at 105'C 66 A25 09.89 1,$4 vem VSCR C 

for lir. 89 127.5 205.0 1.61 YR Y8C C 

105 • 298.8 • S Ili,  C 

£ NsspentsIID2 m$ 81.5 63.05 1,2 1.63 a S C 

105C for 1hr. 1C8 • Ie03.3 w TWA TUCh C 

A Stbylins at 116'C 78 7.213 10.86 1,51 5 $ C 

for I In, 105 17.Z 31.45 1.81 8 8 C 

116 19,16 28j4 1.48l$ 8 
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TABLE 3.270 

XCHANG.E OF I.EOPOTAND WITH DEUThRIULI 

31NTERED piTiwmi FIU1$ 

ta1at eIUa 
?. 

C 

ft"glan rotas 
ia rla1m. 

_______  • 

I  I IJ* o( tt 	p3 
I 

k, k 	- 1( 	'.$)  

C Mini 87 o.$.7 i.664 1095 a c 

1M7 19036 2.31 a C 

170 (060 195,6 2.81 2 s C 

I lIcul 101 )7. 5o57 

106,5 ?.Js 12.$ 1.10 2 $ C 

1*3 3&70 Dow 1 116$ a z c 

147J0 7553 1. a C 

1* I*.7 481.5 206 a a c 

17M 127,5 286.7 2.26 TIC& C 

B Is 136 2,16 3.31 1.53 TICP. ?a C 

U 2VC fir 1 	', 1 %63 95O 1.40 VC* VLC* C 

$ 4tInsD,m 152 6,97 11.00 1.65 $ a C 

5o'cf'11r. 19 most WS? loop a c 



TABLE 3.280 

XCHA1GE 01? EOPETANE WITH DEWERIUM ON 

PLTThD1. St P0BT1D CATALYSTS 

cm*..ui swat 
Iwo 

Ts 
isI4II 	i*ks 

"is s 1i'2. tolS 
k-A 

?y... of i*t. mial 

10971,  
269 100 1163-4I, 2069+58, 

1.j 
l4. 	CA C 

1965 too 1I.6 Z.3 1.42 8 C 

16.5 14 IU9.6 159.1 1 415 a 

6.4 134 257.0 735.7 3.10 S C 

52, 115.1 1421 C 

1965 149 )42.* 637.5 1.86 VCk 

601, 179 610.5 2%60 .42 

142 54 1.09 i 	i C 

72.2 56 1.6 6,581,50 is '5 C 

72.2 88 io.aB ;5,72 1.43 C 

7201 9065 8.92 14, 1.60 I C 

UI 1I1,.I 1) 1934 2.70 1,02 3 4 
11609 157 1.23 3091 :411, CA 	C2 C 

11468 176 264i6 3,$1, 1.57 3 	3 4 
111,,6 256 15415 27.2 1,21 8 	$ C 

IT 11791 .23 3.11 5,08 1.61 .t 

117.1 295 1  *. 15,63 1.71 3 V 



- 94 - 

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

on presintering the films at high temperature this retarded curvature 

was no longer apparent the reaction obeying apparent first order kinetics. 

In the cases'iere either methane, .thane, propane, ethylene or a 

neopentane-deuterium reaction mixture was maintained over unaintered film 

for 1 hr. at 105, the shape of the rate plot obtained for the 

subsequent exchange reaction depended upon the hydrocarbon preaorbed. 

When methane, ethylene or a neopentane-deuterium reaction mixture was 

presorbed, straight line rate plots were obtained. However, when ethane 

or propane was presorbed a alight retarded curvature of the rate plots 

was obtained. Differences in the rate plots were also observed for the 

experiments 'where neopentane, or a nsop.ntane-deuterium mixture was 

presorbed at high temperature upon a sintered filn. When neopentane 

itself was pzeaorbed at 220 for 1 hr., the subsequent exchange reaction 

obeyed apparent first order kinetics. However, when a neopentane-deuterium 

mixture, (deuteriai :neop.ntene - 10; 1), was presorbed at 250 for 1 hr., 

the subsequent exchange reaction showed a slight retarded curvature of the 

rate plots. The exchange reaction on the supported catalysts obeyed 

apparent first order kinetics. In only one onse, that for the reaction on 

-alumina at 1OOCC 'was retardation of the exchange reaction observed; 

and in only one case, that for the reaction an the silica catalyst which 

had been reduced at 5OO 9  was an accelerating rate observed. 

Tables 3.26.-.28 also give the carbon counts that were 

obtained for the exchange rsact ion. The films gave constant carbon 

balances at all temperatures. With the supported catalysts, however, 

the behaviour was variable, though mainly constant. In those cases 

where carbon was being lost f rom the system the change *as of the order 

of 15 
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The Arrbeniva equation 4ots for the rate of disappearance 

of the tlight'neopentane are shown in Figures ;.12. - 3.14. At 

temperatures greater than 200C neopentane exchanged readily on the 

unainte.red tUrns. At these low temperatures no eidenoe was obtained 

for progressive self poisoning of the exchange reaction. This in 

illustrated by Figure 3.12. which shows that the presorption of 

saturated hydrocarbons upon the uneintered films at 105 0C for 1 hr., 

only produced a very small reduction in the activity of the film for the 

subsequent exchange reaction. The preso.rption of ethylene at 105 0C for 

1 hr. upon an unsintered film, however, reduced the activity of the film 

for the subsequent exchange reaction by a factor of 12; on increasing the 

temperature above the presorpticm temperature the exchange reaction 

continued at a steady rate, the apparent activation energy tending to 

zero k J mole- 

i, 

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 aintering during the reaction. The exchange 

reaction was, therefore, carried out an presintered films to provide a 

base to which presorption effects upon the subsequent exchange reaction 

could be referred, kresintering the films necessitated reaction 

temperatures greater than 60 0C to propagate the exchange process and 

Figure 303. 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 found when a hydrocarbon was presorbed upon a presintered film. 

Presorption of ricopentane itself at 220 10C 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 neopentane-deuterium reaction mixture was pre sorbed at 2500C for 

lhr. 

The Arrhenius plots for the reaction on the supported catalysts 

are shown in figure 3.14, Although the rates of exchange were reproducible 

there were considerable differences in activity between the catalysts; 

the platinunL on -alumina catalyst being the most active, and the platinum 

on silica catalyst chich had been reduced at 500 0C the most inactive. The 

downward pointing arrows shown for some of the rates of exchange on the 

platinum 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. On 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 Arrh.nius equation parameters for the exchange reaction are 

given in Table 3.29.8  which also includes the temperature for which the 

rate of disappearance of the 'light' neopentane 	116 mols  

8lsr2. This corresponded, for the reaction an the unsintered films, 

to an experimental rate of I.' mm 1 . The table shows that preaintering 

the film, or presorbing saturated hydrocarbons on an unainter.d film 

increased the apparent activation energy of the exchange  reaction; 

whereas pr.sorbing saturated hydrocarbons on a sintered film decreased 

the apparent activation energy. The temperature given in column 5 are 

a little misleading as a measure of oatilytio activity. Although the 

reaction on the films can be con e1ted by this method, as can the 

reaction on the aujportecl catalysts, clue to the differences in the 

Arrheriius parameters between the films and the supported catalysts any 

correlation between the two groups of catalysts by this method would 

be misleading 
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TABU 3.29. 

sRHENItE PAwL!E1 

1 &pparent 1ogA 
Gatalyetl 	.or$ion conditions 	

activation A in 
used 	 energy 	mcis 5-mr2 

kJmole l 

T°C for 
k03.4. 

inols $ 	J 
--p- 

A none 46.43 23.80 60 

A Saturated hydrocarbons at 105°C 

for 1 hr. 5504 25.00 67 

A Ethylene at 10500  for 1 hr. 4.3.27 t 21,28 t 120,5* 

B none 62.80 25.39 97 

B Ieomntane at 2200C for 1 hr. 45.31 21.27 171 

B Neopentane-D2 at 2500C for 1 hr. 40.36 22.40 127 

I none 25.08 20.67 44 

II non. 32.17 20.65 135 

II]. none 32.83 19.42 321 

* i.xtrs.polated 

1-  1... than 98°C 

Activity factors for the catalysts could, however, be caloulated 

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

using extrapolated rat es, the catalysts were divided into two groups: 

(a) The exchange reaction on the un.intsred films, and the 

normal exchange reaction on the sintered films. 

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

sintered films. 

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

were calculated relative to the reaction on the unaintered films, In 
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the oaae of group (b) the temperature chosen was 152 0C, and the activity 

factors were calculated relative to the reaction on the sintered films. 

The results obtained are given in Table 3.30 9  which showe 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. 

TABL! 3.30. 

ACT1VITI FACTORS 

Group 
used 

Catalyst 
- ortion conditions 

Activity
factor 

A A none 190 

A Saturated hydrocarbons at 1050C for 1 hr. 0.841 

A Ethylene at 1050C for 1 hr. 060852 

B none 0.1580 

B B none 100 

B Neopentan. 	D2  at 2500C for 1 hr. 0048 

B Neopentane at 2200 	for 1 hr. 0.0412 

I non. 0.813 

Ii. none 0.106 

i11 none 0.0051 

The initial product distributions obtained for the exchange of 

neopentane were different to those observed for the exchange of jropane 

and butane. This is illustrated by Figure 305. vddah shows the course of 

a typical reaction with time,, and by Table 30. which give, the initial 

product distributions for the exchange reaction on the catalysts studied. 
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TABL 3.31, 

INITIAL PRODUCT DISTRIBUTION6 FOR THE KICUANGE OF 

NEOVzNTANE ITh DEUTERIUII 

catalyst lyit aorp&Ia cxd1t1ofls TOP. 
ercentagedeuteriumcontent 

100 used  
- - - - 5 - - 

69 

A none 2035.53,01,5- - - • 1,01 1.05 

A naw 6581,615,32.60,5 - - • - 1,12 1.22 

$ now 101 90.7 4.6 4.4 0.25 - • • .12 1.14 

I nuis 1065 89,1 4,1 5.6 0,3 0.15 0,15 0.15 0.15 0,3 1,24 1.22 

5 Neop.ntMe at 2200C 

for 1 hr. 155 88.7 5,01 5,26 0,5 0.5 • - - - 1 6 15 119 

$ Nicp.t.en.-D2at 

250C for 1 hr. 152 94,0 2,5 3,6 0,15 - - - - - 1.24 1.10 

at 105'C for 1 hr. 59 91,0 4.9 3.9 0.1 • - - • - 1,09 1.13 

A CH 1 at1'C for 1hr, 60 87,310,3 2,1 0,4 • • • • • 1 1 08 1 1 16 

A C2116at105'C tar lhr,57.595.2 2,57 2.06 0.4 - • • • - 1.12 1,00  

A C3H8a%105'C for l hr. 66 095 7.5 2.5 0,5 - • • • 1.15 1.14 

A NKSflt1flS 
- 

02  at 

1(5'C for 1 hr. 81.5 77.1 15,0 6,0 10 0.4 0,25 0,t.3 0,C5 0.05 1.22 1.34 

A C04 a1105'CtorIbr.78 95.0 4,4 00 85 • - - - - - 1.06 1.13 

A Clj4 .t1(5'C for 1 hr, 105 89.5 7.0 3.1 0,5 - - - - - - 1,13 

I acne 116 942 6,0 1.8 - - - - 1,09 1.10 

II acne 5695.34,0 0.6o.1 - • • - - 1.11 1 1 06 

Ill none 129 87.1 8,3 4.6 - - - • - - 1.2 115 
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Although neopentane reacted readily on the catalysts, only the d1, d2 

and d3 deutero tort-butyl ions were produced in substantial amounts 

initially, the relative amounts being d2 4  di ' d. The distributions 

almost invariably showed the absence of isotopic species containing more 

than four deuterium atoms; in only two cases was propagation 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 d2 7  d3, this group arising from the 

reaction on the unsintered films and the supported catalysts. 

and (b) Those for which d27 d3, this group arising from the reaction 

on the sintered films. 

The k values although close to were significantly greater than one, and 

increased with increasing temperature. This effect was also shown by the 

initial product distributions, the mounts of the isotopic species 

containing more than one deuterium atom increasing th increasing 

temperature. 

The Arrhenius equation plots for the exchange reaction on the 

catalysts showed the excellent reproducibility that was obtained. This 

is also illustrated by Table 3.32, where the results obtained in this 

work are compared with that briefly reported by Gault at al. (82)  in 

thdr study of the hydrogenolysis of en dimethyloyclopropane with deuterium 

on platinum films. 

T.A.BT 	39 32. 

EXCHANGE Of NWiLMANS iJTH DUTERIUM 

ON WSPT1R!D FLATIMM4 FIDIS  

Temp. Experimental 
rate Ito 	mini 

Percentage of isotopic s ecics 
d9 d1 	I dd 	13 d4 d5 d6  d7 dn[ 

50 0.6 96.212.65 1.14. 0.1 1.44 

48 0.77 9.3.4 15.05 1.5 0.1- - 

- ----- 

- - - 1.44 

(82) 
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In contrast to the straight chain paraffins studied noopentane 

did not exchange readily to produce isotopic species containing more than 

four deuterium atoms, Figure 3.16., which compares the Arrhenius plot 

for the exchange of neopentane with deuterium on sintered films with that 

obtained by Anderson and Avery (42)  9  shows that the rate of disappearance 

of the 'light' neopentane k,, at 1270C  was faster than the rate of 

hydrocracking and isocterisation by a factor of 4365. An attempt was 

therefore, mad* to rationalize this discrepancy in the following manner. 

For neopentane to exchange all twelve hydrogen atoms initially it must 

form an cY(S  -di Adsorbed intermediate, If one looks at the initial product 

distributions for the exchange reaction on sintered films, then any 

isotopic species containing more than three deuterium atoms must have 

been produced by the formation or this intermediate. Therefore, if A 

denotes the total percentage of the isotopic species d4-dg,, the rate R 

of the exchange process producing these species is given by 

and similarly the rate S of the exchange process producing the isotoio 

species d1-d3 is given by 

& a k0  - R. 

Figure 307., which compares the Arrhenius plots for these two rates of 

exchange on sintered films with that of Anderson and Avery 	shows 

that It the temperatures required to propagate the exchange reaction the 

rate of multiple exniange R is comparable to the rate of hydrooracking 

and iaanerization. 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 distributions could be accurately measured, the rate of multiple 
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exchange R will be subject to sow error. &n attempt was, therefore, 

made to extend the temperature range and accuracy of measurement by 

measuring the initial distribution at high temperature. It was proposed 

to do this by admitting the reaction mixture to the sintered film at the 

reaction temperature. However, when the reaction mixture was admitted to 

the film at temperatures ranging from 1450C to 170°C no exchange of the 

molecule was observed at temperatures less than 25000. 

The Arrhenius equation parameters for the exchange processes 

R and S given in Table 303. will be subject to quite a substantial error, 

due to the inaccuracy in the measurements described above. Though this 

error will amount to probably + 6 k .1 itole 1  in the activation energy, 

the results will still be qualitatively correct. 

TABLE 3.33. 

ARII1US ij. zri 

Activation energy Pre-exponential 	Potivity 
Process E0  factor lOgiQ A 	factor at 

k J mole -1  A in mls 	i2 	1270C 

Jiydrocracking 	2) 87.86 25.2 0,0002 

138.80 3.71 0.021 

74.29 26.97 10 OCOO 

j,69  lie o4change of .ethane with euteriwa 

The exchange of' methane with deuterium has been studied on 

unsintered and sintered platinum films, the weights of which varied from 

8.1 to 12.7 mg. ..ethane in contrast to the other hydrocarbons studied 

was much more difficult to exchange, reaction temperatures greater than 

i8OOC being required to dive readily measurable rates. The rates of 

exchange k0  and kq are summarized in Table 3. 34. 
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TBL1. .34.. 

Y.Cli'.NGE OF 	T!tANE ;ITi Dr1RIuK 

wli  L ?INU F.LU 

-- 	

I 

.ste of reaction 	Type of rate plot 
G.rou* 	L.atalyst 

used 
Tem. nols s'm'. 	10" 	Oütalflea A) 	k4 RAD On 

k 	balance 
log( 	4) I  log do  

A 	Unsintered 195 26.89-7.67 44.82-13.57 CR CR 	1.66 	C 

A 	Unsintered 242 62.99 99.59 S 	11.58 1 	C 

B 	Unsintered 195 5.66-1.67 9.86-4.98 OR CR 	i.66 	C 

B 	U  242 13.72 21.69 S 1.58 	C 

3intered 183.5 5,92 8,14 S 	1,38 	C 

at 250 212 17.20 28.62 S S 	1.66 	C 

for 1 214 27.20 41.84 1.57 	C 

hr. 239 5007 b3.37 3 3 	1.72 	C 

* . using a value of 0.04 in2  for the surface area 

B 	N 	I 	II to 0. 181 in2  

reaction obeyed ajparent first order kinetics 

C.c rate jot curved, i.e., reaction slowing down with tine 

t C carbon balance constant 

Figure 3.18, shows two typical rate plots obtained for the 

rate of incorporation of deuterium into the molecule. As in the case 

of the other hydrocarbons studied the type of rate plot obtained 

depended uon the catalyst pretreatment, then the exchange reaction 

was studied on sintered filmr the reaction always obeyed apparent first 

order kineticse n the unsintered films two types of rate plot were 
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obtained. At the initil temperature used a very retarded curvature of 

the plot was obtained; however, on increasing the reaction temperature, 

this curvature disappeared and the reaction obeyed a:.arent first order 

kinetics. 

The Arrhenius equation plot for the rate of disappearance of 

the 'light' methane k0  shown in Figure 3.19* also includes the results 

obtained by Xewbsll (130) for the exchange of methane an unsintered 

platinum films. Kemball' a results ahich re obtained using a different 

gas ratio than that used for the results re s orted in this thesis, were  

converted r use in :igure 3.19. by apjioation of the pressure 

deendenoy equations vAtich he reported; and by oonvertin the surface 

area shich he had determined by the chemisorption of hydrogen 	into 

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 film 

and those reported by Kmbell 130)  obey the same Arrh.nius equation, 

reuires some detailed explanation. The Arrheniue plot was derived by 

the auperkc.i.tion of the absolute rates of exchange for three grouys of 

catalysts: 

The results of J(eaiball (1 	for the exchange reaction 

on unsintered films. 

The results obtained in this work for the exchange 

reaction on sintered films. 

(o) The results obtained in this work for the exchange 

reaction on unsintered films. 

The derivation of groups (a) and (b) has been explained above. In the 

case of group (c), at the highest temperature used in the experiment 

the rate of exchange was converted into its absolute value by using the 

surface area of a sintered film. For the initial reaction temperature 
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where a, retu'dedly curved rate plot w ubta,ined, the rates of exchange 

were converted into their absolute 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 msint.red films, The krrhenius 

parameters for the exchange reaction are given in Table 3.359 

TABLE .3.35. 

flJ14iU6 ,u &.:; 12126  

Apparent activation 1re-exponentia2. 	Temp. °C fox' 
I 	energy E0 	factor logiQA 	k0  s •4 10 16 

k J niol.e 1 	A in mole 	i2 ic] s-mr2 

900 3 	 25.94 - 	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. 0*  

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 di and d4  deuteromethanes, 

the monodeutercinethane being the predominant isomer. Within each experiment 

the M values and the percentages of the more highly d.ut.rated species 

increased with increasing temperature. It was not possible to compare 

directly thea. distributions with those or Kball (130)  due to the 

different gas ratios used. The two sets of results were, however, similar, 

emball observing the production of all four diuteranethanes initially, 

the species containing one and four deuterium atoms being the predominant 

isomers, 
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TALE .36. 

INiTIAL YWDUCT DISTRIBUTICL FOR THE EXCHAIW1 

OF wfun WITH DZUTMUM  

Catalyst 
Temp. 
ac 

Percentage of isotopic species 

ko, 

Ban  
100 a 1  d d3 a 

4 

Unsintsred 195 64.35 16.0 7.25 U.40 1. 66  1.83 

film 242 62,0 15,0 900 14,0 1,58 1.75 

246 46.75 12.0 14.0 27.25 2901 2.60 

film 1830- 132.2 17.1 8.65 12.0 1.52 1.70 

Sintered at 212 6590 15925 6.5 13.25 1.66 1.68 

2500C 214 64.6 16.15 7.83 11.35 1.57 1,66 

for 1 hr. 239 65,0 1365 7415 14.0 1.72 1,71 

3.7. The h-ydrozonati An of SWUM 

The hydrogenation of ethylene has been studied on sintered and 

unaint.r.d films over the temperature range -98 9C to .35. The mess 

spectral data were analysed by the method described in Fart II section 

2.2. 9  and the rates of hydrogenation sham in Table 3.36. vere calculated 

from the zero order plots of percentage .thane against tisis. 

The satisfactory analysis of the mass spectral data that was obtained 

even at low extents of hydrogenation is ahowi by the zero order rate 

plots in Figures 3.21. and 3.22. 

One of the surprising features of this work was the now-

equivalence of the apparent activation energies for the reaction on the 

two kinds of films. This is illustrated by the Arrh.nius equation plots 

sho'ui in Figure 3.23., vEiers pr.sintering the film, instead of reducing 
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TABLE 3.37. 

RATS OF HTDROG!(ATI0N OF MMM 

ON FLATIM Mia  

Type of film 
used 

Reaction temperature I 
o 

Rate of hydrogenat,cn 
mols jlm.2. 11b 

Unsintered -98.0 4.94 

-98.0 4.54 

.88,0 8.30 

-77.0 15975 

..intered at -74.0 0,96 

2500C for -59.5 7.24 

I hr. 270.3 

the  activity of the catalyst by altering the pretexpoiienti&l factor as 

expected, also increased the apparent activation 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 

were carried out on different films; and not by using one film with the 

reaction cycle, hydrogenation on an unsintered film, sLntering it 250 0C in 

vaouo, tolloied by hydrogenation on a sintered film. The krrheniva 

parameters are given in Table . 38, The low value fo,zid for the 

activation energy on the unsintored films, appears to be a real 

Phenomenon and can not be explained by a diffusion controlled process. 

TABLE 3.3g. 

ARIiau 1AMER3 

Apparent activation I [re-exponential 
Ulm energy 14 factor loi Q 
used 

Unsinterl 

k J mole- ' A in mole 

16.47 - 	 21.56 

intered 59901 31.35 
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,B. iiuman of Reaulte 

The exchange reacticna or propane, butane, mothane, and 

neopentane with deuterium have been studied on various platinum catalysts. 

The rate plots that were obtained from the kinetic acpations fell into 

two groups. When the exchange reactions of the hydrocarbons were studied 

on unwintered films the plots were usually retardedly curved. However, 

ten using presintered films or supported catalysts this curvature was no 

longer apparent, the reaction obeying apparent first order kinetics. 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 faster rate than the primary 

hydrogen atoms. 

Butane and propane were readily exchangeable on unsintered films 

at temperatures greater than 350G, all the isotopic species being produced 

in substantial amounts initially. The initial product distributions always 

shoved a maximum at the p.rdeuter000mpound, at low temperatures both 

molecules also showed a maximum at the d2 deuter000mpow*d; but at higher 

temperatures this maximum had disappeared and was replaced by one at the 

monodeuterocompound. Contrary to expectation neopentane exchanged readily 

on the unaintered films over the same temperature range as Propane and 

butane, but not all the hydrogen atoms were readily exchangeable only 

species ocnts%n-ng up to four deuterium atoms being jroduced initially. 

The roducticn of species containing more than ane deuterium atom initially 

indicated that all three hydrocarbons 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 energise 

was shown by the fact that the M values and amounts of the more highly 

d.uterated species increased with increasing temperature. No evidence 
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was obtained to indicate that the exchange reaction was being progressively 

self poisoned at the low temperatures required to propagate the exchange 

process on uneintersd films. This is illustrated by the fact that the 

pre.oxption of saturated hydrocarbons upon an unsintered film at 105 0C 

for 1 hr. only produced a very moll reduction in the activity of the 

film for the subsequent exchange of neopentane. 

Fresintering a film at 25000 for 1 hr. reduced the activity of 

the film for the subsequent exchange reaction of nsop.ntane by a factor 

of 60 and of butane by a factor of 32.3. With both molecules reaction 

temperatures in excess of 800C 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 aiim shape 

as those obtained for the higher reaction temperatures on the unsintered 

films. No evidence was obtained to indicate that at temperatures less 

than 10000 the reaction was being progressively self poisoned. Some 

evidence for the formation of irreversibly adsorbed species was, however, 

found when the exchange reaction of nsopontana was carried out on 

sintered films which had been prepoisoned with n.opentane or a neopentans-

deuterium mixture at high teaperattire. When neopentane itself was 

px.scrbed at 2200C for 1 hr. the activity of the film for the subsequent 

exchange reaction was very much reduced, and this reduction was greater 

than that observed when a n.oyentsn..deuteriva mixture was prssorbed at 

2500C for 1 hr. 

The exchange reaction of rtaopentene on the platinia supported 

catalysts was similar to that on the films with respect to the initial 

product distributions. The Arrhenius parameters ware, however, different 

the apparent activation energies being lower. These catalysts wax., 

however, quits active, the platinum an 	aluin1 ps catalyst having an 
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aotivit,y similar tQ tuat of a s.itered i'ilm. 

It is often said, especially with reference to organic chemistry, 

that the first member of a homologous series is anomalous in its reaction.. 

This also appears to be true in the case of exchange reactionse ilethane 

in contrast to the other hydrocarbons studied was very difficult to 

exchange, reaction temperatures in excess of 180CC being required to 

propagate the exchange process on both sintered and unsintered films,, 

The Arrhenius plot showed that on both types of film the reaction obeyed 

the same Arrheniva equation, an exact correlation being found between 

the results reported in this thesis and those of Xemball ' • Although  

methane was difficult to exchange all four d.uteromethsnes were produced 

initially, mI{Ma being observed at the monodeutero- and perdeuterthanes. 

Within each experiment the M values and the percentages of the more highly 

deuterated species increased with increasing reaction temperature. 

The Arrheniva equation parameters for the exchange reactions 

summarized in Table 3,39. show that sintering the films increased the 

TABLE 3,39, 

.REN1US PARAYTEIS FOR TH XCHA14GE 

T1J 	T 

C3P$t 
am 

Iloiseuls 
pperL ast1vat1 

snezy N 
kJ sole 1  

Pr,..xpet1a1 
tseLr I1O  A 
Alnaolas"m2 

T. In 	C for 
which k0 . 3.4.10 

-Ioe  

thiatntsrid C3fi8 81.34 tI, 29.17 £12  66 
25.86£0.60 53 £0.2 

• la..ciii 43 'IL603 23.8050.60 60,5 il.3 

Gintered C14 90.24 16.70 25.94 AP.70 180 

tI$ 1.C4R10 61.90 8 . 10  24.0911 . 03  

(250'C fOr 1 sw.) IarCsIl2 62.80 4.79 25.Y) £0.62  97 £ 

Pt-4A120 D51112 25,08 2,3. 11  20.67 1p. 42 44 L9.3 

P6I(l0'C) fl!2'105112 
331715.50 20.65 t2,28 135 tO.8  

Pt-6102(500'C) 2512 ±•5 - 	19.2 £0  - 	2Le.7 

II I x2, z3  could not to selculatid. 
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apparent activation energy of the reaction; and although the results 

have not been illustrated by a diagram in this thesis, the exchange 

reaction of the hydrocarbons on the two types of films showed the 

compensation effect. 
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l3C1J3SIO4 

4.1 • urfaoe Ar.0 of the Film_ 

tetal film, 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 characteristics; and also because the reactions which 

compounds undergo on them can be related directly to the nature of the 

metal and not be influenced by any effects which, for .zawple, the 

support might introduce. On the atomic scale, hover, films of one 

metal may differ considerably from one another, and it one is attempting 

to correlate one's ot 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 surface area A of, for example, a metal film pill 

be dependent upon the following variables* 

The weight of the film. 

The geometry of the reaction vessel system. 

(a) The preparative conditions. 

(a) The temperature of deposition. 

That is, 

A a f(a,b,c,d) 

and depending upon the metal all or some of these variables will be 

operative. 

Of the variables mentioned above, the geometry at the reaction 

vessel system wei kept constant throughout the duration of this work; 
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and the position of the fila.nt in the reaction vessel, the outgassing 

current,, the evaporation current, and the deposition time were kept as 

constant as possible. Even with these precautions, however, the weights 

of the files still varied slightly, but it is considered that these 

small variations would not have produced any substantial variation in 

the surface areas of the tiles used in this work. 

The surface areas and the surface structure of evaporated 

platinue files have not been extensively studied. In the reports that 

have appeared in the literature the surface areas of the film. were, as 

in the case of the areas reported in this thesis, usually measured by 

the physical adsorption of krypton at 770K.  The majority of the reports 

agree upon the applicability of the B.Z.T. equation for measuring the 

surface area. Thus Trapnell et .1. (120)  and Brennan it al. (118) 

that for the adsorption of krypton the B.E.T. equation is applicable using 

relative pressures as lov as 0,001, and Anderson and Baker (119) also 

found that the adsorption of xenuii on both sintered and unsint.red films 

obeyed the B.E,T, equation over the range of relative pressure 06001 

Pe/Po <00 06, Frennet et al (131),  however, measured the .urface area 

by both the B.E.T. and Kaganer methods and reported that though the 

areas as measured by the two methods agreed it high pressures they did 

not agree at low pressures; vidle Adsask it ai, (132)  reported that the 

adsorption of krypton did not obey the B.N.T. equation but obeyed the 

Yrsunduich equation. Although the consensus of opinion supports the 

applicability of the B,E.T o  equation, the values that were obtained for 

the surface areas varied considerably as shown, in Table 4.1. This 

spread in the results was probably caused by variations in the sise of 

the film cryatallites and surface heterogeneity* 
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TALE 4, 1, 

SURFACE ARE$ 

Gas adsorbed 
Sintering 

temperature 
3urf ace 
area 	2 

Reference 

krypton 0 0084 

250 0.04. 

0 00989 118 

I,  0 0.150 131 

40 002 120 

xenon 0 0.097 11 

U  262 0004 119 

The surface areas of platinum films have also been calculated 

from "hydrogen" adsorption measurements at 0°C and 13.3 kNm"2 pressure 

and at OOC using pressures greater than 0.4 kNII'2 (i19) These conditions 

were chosen because it is kno'usi that at OCC and at pressures greater 

than 064 kIs 2  the hydrogen adsorption isotherm in flat topped 
(119), 

and also to ensure that the weakly bonded structures reported for the 

adsorption of hydrogen at 73* (133)  wer, no longer present. Using 

this method xem.n. 3) obtained a value of 0.057 m 2p and Anderson 

and baker (119)  a value of 0.087 m2  for the surface area of an unsintered 

file, compared with a value of 0,043 a2  obtained in this work by the 

method of Hall end i..utinaici (117) • The accuracy of the results Obtained 

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 teolmique or accuracy of 

measurement, thus Keall 	used deuterium uthereas Anderson and 
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Baker (119) 	hydrogen. It ii, however, significant that Frennet 

St al. (ii)  have reported that the oheaiaorption of hydrogen was not 

reliable. Platinum doss not form a bulk hydride readily, and at the 

temperature and pressures used it is tvllkely 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 30. (i'art II) indicated that 

the adsorption of krypton on a film which had been deposited at OC 

was not reproducible. After determining the adsorption isotherm at 

770f and pping Oft the adsorbed krypton at 2730K, the volumes of 

krypton adsorbed for the subsequent isotherm at 77 0K we" less than 

those obtained initially for the sane relative pressures. There are 

a nuer of possible explanations for this behaviours 

Sintering of the film by the heat liberated during 

the adsorption. 

Diffusion of the krypton into the bulk mete] or between 

the crystallite.. 

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

of the krypton. 

Krypton in physically adsorbed on the surface of the film and hence the 

heat of adsorption will be similar to the heat of liquefaction of the 

gas. Tranell at al. (120)  in their study of the ohesdsor'pticn Of 

oxygen on a platinum film which had been sintered at 40°C obtained a 

value of 280 kJmo3.. 1  for the heat of ohemisorpticn at a coverage Q-<1, 

They 	°) also 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 appreciably. It is, therefore, 

extremely unlikely that the heat of physical adsorption of krypton would 

cause the film to sinter. 



- 116 - 

The surfaces of metal tiles are known to be heterogeneous; 

for example, the work function has different values on different crystal 

faces (j),  and the variation of the beat of ohssi.orption with 

coverage has been ascribed to a variation in the energy of surface 

sites The basis for using the B.B.T. equation to measure surface 

areas assumes that the nature of the adsorbent in of secondary importancop 

the krypton being physically adsorbed on the surface with a structure 

similar to that found in the liquid. Very little interaction will, 

therefore, occur between the metal atana and the physically adsorbed 

krypton an's the presence of high energy surface sites would not be expected 

to prevent desorption of the krypton upon warning to 0°C. 

The variation betwsen the isotherms for the adsorption of 

krypton say be regarded as a form of hysteiesis. It is know 

that nickel films *iich have been deposited at 0°C in vacuo sze micro-

crystalline in structure with an average crystallite size of 20-100 rim 

and interorystal gaps of approximately 290 mm. It is, therefore, reasonable 

to assume that a platinum tile which had been deposited at 000 in vacuc 

would have a similar structure. By aa.mAn.g that an unsintered platinum  

film consists of cylindrical crystallite. 60 na in diter and 7 mm in 

depth separated by interorystal gape of 2 ne, it can be sbon by an 

approximate calculation that part of the discrepancy between the results 

for the un.iritersd film may be accounted for if the krypton which has 

been adsorbed between the crystaUitss is not desorbed on warming the 

film to 0°C. This calculation assumes that the crystallites have flat 

tops and are non porous. This is extremely unlikely and the r..niiig 

discrepancy may be aocoimted for if it is assumed that the adsorbed 

krypton is trapped in pores an the film surface. 

.tal 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 nwh lower than the evaporation 

temperature. The structure of the film will thus be characteristic of 

the difference between the evaporation and deposition teaperstures. 

The film will, therefore, have excess surface energy and iill 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 characteristic 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 share1  

sintering the film at 250°C  for 1 hr, caused the surface area to 

decrease from 0.184 a2  to 0,04 m2, and by the results of Anderson 

and L.k.z' (119)  o totmi that sintering a platinum film at 262 00 

decreased the area from 0,0965 a2  to 0,0386 2•  

In this wirk it was assumed that the surface areas of the 

films were independent of their weight. The experimental rat.s of 

exchange were, therefore, converted into absolute units by using a 

value of 0.184 a2  for the surface ares of an unaintered C i3n, and a 

value of 0.04. a2  for the surface area of a film *ioh had been sint.red 

at 25000 for 1 hr e  in vacuo, The Justification for this assumption 

is aho*a by Figure 302. for the exchange of neopentane with deuterium 

on unsint.r.d platinum ti-la, whose weights varied from 5.3 to 16.4 ag. 

It was found that if the rates of exchange were assumed to be 

proportional to their weight the exchange reaction could not be described 

by a single solution of the atrrheniva equation. Instead th4W were 

separated into two groups iwhich comprised 

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

and (b) The exchange reaction on film. weighing 15.1 and 16.4 me. 
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The rates of exchange of saturated hydrocarbons with deuterium on palladium 

films have also been found to be independent of the weight of the film 

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 filing the surface area is slightly dependent upon 

the weight of the film, and it is very unlikely that for platinum film 

which had been deposited at 0°C the surface area of a film weighing 40 mg 

would have exactly the same  area as a film weighing 5 ag. There will 

thus be a relationship between the surface area A and the weight of the 

film I on the form 

A • S + C W, 

where B and C are constant for a particular deposition teer*ture. 

In the case of platinum ti]u B >C and the surface area will be virtually 

weight independent. 

4.2. Rate plots and Poi$Qnjxu of the Exchange Reaction 

has been mentioned in Part I section 3.4, that for an exchange 

reaction e'e the hydrocarbon molecUes are reversibly adsorbed on the 

catalyst euLiwe, the incorporation of deuterium into the molecules 

follows sjma'ont first order kinetics, Retarded deviation of the 

reaction from apparent first order kinetics may be du, to a number of 

causes,, vizi 

Non-equivalent hydrogen atom in the hydrocarbon molecule. 

Progressive self poisoning of the catalytically active 

sites during the reaction. 

Progressive sintering of the catalyst during th.rsacticn. 

(a) Inaccurate fragmentation corrections causing inaccuracy 

in the 0 values, 
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(.) Incorrect value f 0, used in the kinetic equation. 

The results that were obtained for the ezohange of the 

hydrocarbons with deuterium showed that the sh;es of the rate plots could 

be classified into two groupas 

(i) 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 group. (a) to (a) 

given above, to determine which is responsible for the effect described 

in group (2). 

The value of Ø which in used in the kinetic equation should 

be determined experimentally, This, however, was usually impractical 

and the value of Ø used was assumed to be 	 If it isgt. 

assumed that the shsnge reactions followed apparent first order 

kinetics, then if the experimental 4) value, are close to C adherence 
to the kinetics will only be observed 	 Leip. 

then either retarded or acceleratozr deviation from the kinetics will be  

observed depending upon whether the value of 0 used is greeter or lees60  

than 4) • As the exchange reactions were not usually studied at 4) 
values close to 0, it in unlikely that the retarded deviation of the 

rate plots observed for the reactions on the unaintered films can be 

explained on the basis of group (a). 

The value of 4) which is used in the kinetic equation is 

defined for any hydrocarbon C.R. by the e quation 

m 

i: 
i-I 

This implies that the percentage di of each of the deuteratsd molecules 

containing i deuterium atoms at time t is accurately knoen, Since the 

percentage of each of the deuterated species is calculated from the 
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es spectral data ter applying the fragmentation corrections, the 

accuracy of the 0 values will depend upon ho, accurately 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 

sri*l1 extent under electron impact. This argument only applies in 

those cases where large amounts of the more highly deuterated speeies 

are produced. It can be readily shomi that for a molecule which reacts 

slowly by a simple exchange process, the accuracy of the fragmentation 

corrections does not greatly affect the accuracy of the isotopic 

distributions. Of the hydrocarbons studied all underwent extensive 

multiple exchange. In the case of neopentane, since the extent of 

fragmentation of the tart-butyl ions produced by the quantitative loss 

of a methyl group from neopentane 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 inaccuracy in the statistical 

calculation of the fragmentation corrections. This conclusion will 

also apply to the exchange reactions of butane and methane. In these 

cases, althou,h the extent of fragmentation under electron imact was 

substantial, the reactions on the sintered films obeyed apparent first 

order kinetics under the some exchange conditions as those for which 

the reactions on the unsintered films showed deviation from the kinetics. 

In the case of the isotopic propsnes the mass spectral data were analysed 

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 

isotopic 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 as not caused 

by inaccurate 0 value., It cannot, however, be assumed that the converse 

of this conclusion in correct. Because the ( values are accurate, i.e, 

the plot Of leg 10 	) against time is a straight line, doss not 

automatically mean tLat the product distributions are accurate, It is 

)oasiblc that overoorreotion of some of the peaks has b er b ilanced by 

underoorrsctian of some of the other peaks,, thus leadiu to 'aoourat.' 

4i values but inaccurate product distributions. 

One of the basic assumptions in the derivation of the kinetic 

equation tu that all the hydrogen stoma in the molecule are equally 

susceptible to ex nge. If the molecule oontains groups of hydrogen 

atoms uhica are not sus1ly susceptible to exchange they will react at 

different rates, and the overall rate of reaction will be a composite 

of the ratss of exchange of the different groups of hydrogen atoms. 

The plot of logi( 4L -4) Again  time will, therefore, be non linear; 

the initial and final regions of which wiU, if the molecule contains 

two nan—equivalent groups of hydrogen atoms, approximate to straight 

line.. Initially the rate of reaction will be mainly governed by the 

rate of exchange kA  of the most easily exchangeabl, group of hydrogen 

atoms. After this group has reached equilibrium the rate of reaction 

will be governed by the rate of nr&sn g. kD of the least easily 

exchange able group of hydrogen atoms. The resulting degree of bviation 

from apparent first order kinetics will, therefore, depend upon the 

ratio kA/k,  and the methods used for separating the overall rate of 

exchange into its components have been described in the literature (1040  37) .  

Of the hydrooiubons studied propane and butane contain both primary and 

secondary hydrogen atoms,where" neopentane and methane contain only 
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primary hydrogen atom. All the hydrocarbon., however, gave a slight 

retarded deviation of the rate plot* for the exchange reaction on 

wsintered 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 equation, 

indicates that non—equivalence of the hydrogen atons in the molecule was 

not responsible for the retarded ieviation of the exchange reaction from 

the :inetic equation. It follows immediately from this argument that for 

butane and propane, although the primary carbon—hydrogen bond dissociation 

energy 13 approximately 16.5 kJ mole 1  greater than the secondary carbon' 

hydrogen bond dissociation energy, the reactivities of the primary and 

secondary hydrogen atoms on platinum films are similar. 

he 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 te*pereture. Progressive sill poisoning 

of the catalytically active sites or progressive sintering of the catalyst 

during the reaction will reduce the number of active sit.s available for 

reaction and hence cause a gradual reduction in catalytic activity with 

time. Since the retarded deviation of the rate plots shown 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 unit be based on onall elifferences in catalytic behaviour. 

It it is aseaied that the retardation of the rate plots for the 

exchange reactions an the unsintired 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 unaintered 

films did not differ very unob from those on the sintered films, This 



- 123 

indicates that praeintering the films has not preferentially eliminated 

some of the exchange sites, and one would, therefore, expect that it the 

exchange reaction on the unsintered films is being self poisoned it 

would also show this behaviour on the sintered films. One reason why 

this is not occurring 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 reasons for rejecting the hypothesis that 

the vet'irded curvature of the rat* plots was due to self poisoning. 

Anderson ind Avery 42)  postulated that an ctriadsorbed intermediate 

was the spates responsible for the hydrocracking and iaom.rtaatictt of 

saturated hydrocarbons containing at least three carbon atcwi on 

platinum films. The formation of this specits o  which it was hoped would 

be the intermediate responsible forth* self poisoning of the exchange 

zeaotim of propane, butane and nsop.ntene on pl&tlmsm fUme, meat 

occur from the prior formation of either an o(-  or an °C-diadsorbed 

intermediate. Gault, Rooney and Xembsll 	in their study of the exchange 

reactions of po1ym.thyloyelopntanes with deuterium on evaporated metal 

fili..s showed that o i wtsintered platinum films at 500C the hydrogen atoms 

in the gem dimethyl groups were being exchanged by an -diadsorb.d 

intermediate. They 	did not, however, obtain any evidence to 

indicate that the reaction was being self poisoned, nor to indicate that 

platinum was an active catalyst for the formation of -diadsorbed 

intsr'm. dint... 

If irreversibly adsorbed species are being formed on the surface 

of umsint.red 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 activity of the films 

for the subsequent exchange reaction than the adsorption of the 

hydrocarbons in the presence of deuterium at the same temperature. Also 

U tXb ..triadsorbed intermediates are responsible for the self poisoning 

of exchange reactions on platinum catalysts, the presorjetiofl of hydrocarbons 

%hioh cannot form -diadsorbed intermediates would not be expected to 

have the same deactivating effect as the presorption of hydrocarbons vhich 

can form c' c-diadsorbed intermediates. However, when methane, ethane, 

propane, or a neop*ntanedeutsrium mixture was presorbed at 1050C for 

1 hr, on an unsintered film, the activity of the film for the subsequent 

exchange reaction of neopentane was only very sli;atly reduced from that 

observed in the absence of the presorbed hydrooarbona nor was any 

evidence obtained to show that the presorption of 4 roysne or a 

neopentane-deuterium mixture produced a greater deactivating effect 

than the presortion of methane or etnane. Also when butane was 

1reaorbed at 1450C for 5 mini on an unaintered film the eubaeçuent 

exchange reaction of butane proceeded at a rate comparable with those 

for some of the normal exchange reactions. 

The conclusion that may be davsi from this argument is that 

at the low temperatures required to propagate the exchange reactions on 

unsintered films the retarded curvature of the rate plots vas not due to 

self poisoning of the emchan&e reaction. The retarded curvature mat, 

therefore, have been caused by progressive sintering of the film during 

the reaction, it was mentioned in section 4.1, that at temperatures 

greater than the deposition t.inperaturti platinum films are unstable, 

and reduce their excess surf ace energy by crystallite growth and the 

elimination of surface asperities. At the low temperatures required to 

propagate the exchange process on the unsintered f J.ms the films will 
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slowly sinter, and the resultant decrease in the catalytically active 

area would be sufficient to explain the slight retarded curvature of 

the rat. plot.. The platinum supported catalysts and the sintered film 

have been thermally treated at high teisperaturs and the metal 

crystallites may be regarded as being in a stable condition. )n both 

the.s types of catalyst the exchange reaction of neopsntana followed 

apparent r .ret order kinetics. The most striking evidence for the 

progressive sintering of the films during the reaction as obtained from 

the .uiange of methane with deuterium on platinum films. On sintered 

films the exchange reaction always obeyed the apparent first order 

kinetic equation. .n the unaintered films, however, two type, of rate 

plot were obtaifled. At the initial temperature A the rate plot was 

curved, and at the final  temperature B straight line rate plots were 

obtained. iowevez, it the initial rate of A was converted into 

absolute units using a value of 0,184 a2  for the surface area, and if 

the ranal. rat. of A and the rat. of B were converted into absolute units 

using a Talus of 004 a2  for the surface area, all the rates of emebaz*gs 

obeyed a .-urgLe solution of the Arrirenius equation; and this solution 

was m.eu uo.ysd by the .xohange reaction on the entered films. This 

result Indicates that the curvature of the rate plot was due to the 

film s2ntarthg during the reaction. 

1iwugh no evidence was obtained to indicate that the exoiano 

reactions or the hydrocarbons were being ..1f poisoned at temjjmraturss 

less than 1bO', evidence was obtained showing that it was possible to 

form irreversibly adsorbed species at high temperatures on sintered 

films* che pz'e.or'ption of neopentane at 2200( for I hr. on a sintred 

film reduced the activity of the film for the subsequent exchange reaction 

of zmopentane by a factor of 29.5; and the presorption of a neopentane- 



- 126 - 

deuterium mixture at 250 0C 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 irreversibly adsorbed species during the presorptions tags, the 

difference between the effects produced by the two types of presorption 

indicating that the presence of the deuterium me 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 0C nust be related to the 

stability of the platinum-hydrocarbon intermediates, because other 

organic molecules are known to form irreversibly adsorbed species. 

Thus Kesil and bit (101)  have shown the exchange reactions of 

amine., and Kembsll and Clarke (102)have  show the exchange reactions 

of ethers, on unsintered platinum films to be self poisoned by 

adsorption of the hetero-atom to the surface. Olefins will also 

poison the surface of platinum fume. Thus it has been found 
(138) 

that the exchange of propylene with deuterium oxide at low temperatures 

on unainter.d films is self poisoned. This is also illustrated by 

Figure 3.12# where the presorptian of ethylene at 105 for 1 hr e  on 

an umaintersd film osuasd a large reduction in the activity of the film 

for the subsequent exchange reaction of neopentane. This deactivation 

sust be duo to the extensive formation of irreversibly adsorbed ethylene 

species upon the surface by the initial adsorption of the ethylene by a 
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i' bond, followed by opening of the double bond coupled with extensive 

dissociation of the oarbon..bydrogen bonds. 

4* .% kecjii of !xohan 

The mechanism for the exchange of saturated hydrocarbons with 

deuterium On metal catalysts it generally believed to involve dissociative 

adsorption of the hydrocarbon on the catalyst surface by breakage of at 

least one of the oarbon.uhydrogsn bonds; and the nature of the adsorbed 

intezasdiat.s responsible for the seChanime can be deduced from the shape 

of the initial product distribution., their variation with temperature, 

and the magnitude or the M values and their variation with temperature. 

In general two main types of sachanism. are believed to be responsible 

for the exchange process an metal oatalysts 

(a) A simple exchange mechanism where the hydrocarbon i n  

adsorbed on the cat alyet surface by the dissociation of one carbona 

hydrogen bond, 

and (b) A ailtiple exchange mechanism which can arise in a 

number at ways, usually by the interconversion betasen mono- and ailtiply-

adsorbed species before desorption of the molecule into the gas phase 

occurs, 

Of these mechanistic types either or both may be responsible for exchange 

depending upon the catalyst used, the hydrocarbon, or the conditions of 

exchange s  

Anderson and Kembsll have shown 	that on metal film, the 

exchange of ethane ith deuterium can be represented by the following 

model 

	

Ki1, 	
12 

cx cx ______ 
2\2 

	

* 	* 	* 
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If a parameter P is defined as the ratio K241 it is possible by 

mathematical theory to calculat, the expected initial product 

distribution for certain values of this parameter. Thus it was found 

that for the exchange of ethane on molybdenum the calculated 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 

agreement (implying a multiple exchange process) • However, for son  

metals, notably platinum, where maxima were observed in the initial 

product distributions at the monodsutero.- and perdeutero ethanos, it 

was not possible to explain the observed distribution by a single 

value of the parameter P. In the caie of pl&tlisn.t agreement between 

the observed and calculated distributions could only be achieved if it 

was assumed that 	of the ethane was reacting with a P value of 2,0, 

and 46" was reacting with a P value of 20.0. This result must *ply 

that the two processes with high and lo, values of P are occurring on 

different parts of the surface, since .t is impossible by the 

mechanistic model shown for the two process.s, to occur on the same  

surface site, 

As in the case of ethane 	.0 the hydrocarbons studied in 

this work underwent varying degrees or multiple exchange. Although the 

general shape of the initial product distributions did not vary markedly 

with temperature, the M 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 E3 > E. The 

mechanism of exchange for each of the hydrocarbons can, therefore, be 

represented by a scheme similar to that shown for ethane, but employing 

different multiply bonded adsorbed intermediates. 
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The mechanisms of exchange for the hydrocarbons are deduced 

from the shape of, and the position of medaa 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 distribution.. Two oriteria will, effect the accuracy of 

the resultas 

(a) The accuracy with which the fragmentations corrections 

can be applied to the mass spectra]. data. 

1g (b) The accuracy with which the initial product distribution 

can be calculated from the corrected mass spectral data* 

The accuracy of the fragmentation corrections has been 

discussed in section 4.& with respect to the calculation of the 

values, and it was concluded that although the values were probably 

'aocurate' this did not necessarily guarantee that the product distributions 

were accurate. It can be concluded from the previous discussion that the 

mass spectral data for propane and n.opentane have been adequately corrected. 

The mass  spectral data for butane and methane mere, however, corrected for 

fragmentation by statistics]. methods, Since the extent of fragmentation 

of the.e molecules under electron impact was quite substantial (Table 2,1. 

p. 50) 9  it is probable that saw 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 

at small maxima may be open to question. 

The initial product distribution was taken to be the product 

distribution of the exchange reaction at 2 conversion. With the hydrocarbons 

used in this woat by the time that the reaction temperature had stabilized 

the conversion of the 'light' hydrocarbon was usually greater than . 

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 W e  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 initi*1 product distribution depended upon how accurately the 

extrapolation could be carried out, and this depended upon the initial 

conversion and the rate of conversion of the hydrocarbon under 

consideration, The M values calculated from the initial distributions 

should equal those calculated from the ratio of the rates of exchange 

and the tables of the initial product distributions given in Chapter III 

show that an excellent correspondence was usually obtained. 

The accuracy of the initial product distributions will, therefore, 

be mainly determined by the accuracy with itbiob the fragmentation corrections 

can be applied, and it can be carcLided that the initial product distributions 

for the exchange of methane and butane may be mabjeot to mom error. 

The exchange of methane vith deuterium on platinum catalysts 

has been studied by a number or workers. McKee and Norton in their study 

of the reaction on Ft-Ru alloys (139)  found that an platinum itself all 

four deuteromethanes were produced initially in the relative amounts 

CH3D> C112D2  ' CHD> CD, The distributions reported in this work 

and those reported by Kemball (0)  showed maxima at the ennodeutero.-

nd perdeutero methane*, and it is possible that the distribution 

obtained by MaX.. and Norton (1 	using a bulk platimm catalyst may 

be due to a contaminated surface, Ksmbafl (130)  has shown that the 

exchange of methane occurred by a combination of two mechanisms. The 

aonodeuteromethane was produced by a simple exchange mechanism via an 

-adsoz'bed intermediate, and the species containing more than one 

deuterium atom were produced by the interconversion 'between o( and 
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xi.iad.orbed intermediates. The results obtained in this work can, 

therefore, be explained by a similar mechanism. The main difficulty is 

to decide whether this -'diadsorbed intermediate in bonded to one or 

two platinum stoma. In bulk platinum the nearest neighbour distance is 

0.2775 na, and if it is assumed that the platinum-carbon bond length is 

the same as that in E}t( CH3) 41 i.e. 0.225 cm 	, then for the adsorbed 

methylene radical to be bonded to two platinum atoms without distortion 

requires a £?tCk)t  bond angle of 76.20 , compared with the normal bond 

angle of 109.5°  found in methane. if however, the adsorbed methylene 

radical has 	 sp2  configuration the carbon atom may bond to a platinum 

atom by a O bond utilizing one of the sp2hybrid  orbitals, the 

p orbital may than form a -,I bond with one of the t2 platinum orbitals 

to give a methylene radical doubly bonded to one platinum atom. This 

argument can only be qiilitative because it ask.s no allowance for the 

modification of the platinum orbitals by the neighbouring platinum 

atoms in the crystal lattice. It is probable, hoesver, that a methylene 

radical which is bonded to one platinum atom by a carbon-metal 0 bond 

and a p,, 	 bond vin be more stable than a methylene radical which is 

bonded to two platinum atoms. 

The exchange of propan. 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 

ounts initially, and the percentages of the more highly deuterated 

species increased slightly with increasing temperature. Since 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 atom., and in keeping with the mechanism 

proposed for the exchange of ethane 	it would be possible to exchange 

all the hydrogen stoma in these molecules by the interconversion between 



_ 132 

C'- and 6-adsorbed intermediate.. 

The exchange of these molecules by the interconversion between 

o. and 	adsorbed intermediates can be discounted because by such a 

mechanism it is only possible to exchange a azlmnn  of three hydrogen 

atoms in each molecule initially. The formation of -adsorbed intermediates 

alone can also be discounted as being responsible for the propagation of 

the multiple exchange process, because by the interconversion between 

and -adsorbed intermediates it is possible to exchange only fiie 

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 atoms respectively cannot be explained on the 

basis of this mechanism alone. It is possible, however, that the 

formation of Ko —and v6-adsorbed intermediates may be playing a minor 

part in the exchange mechanism, Thus Gault et al, 	in their study 

of the exchange of polyt}yloy4.opentanes on p].atiimm films found that 

at 500C some exchange was occurring in the gem di..thyl groups. They (50) 

did not, housver, obtain any evidence to show that cx-adsorbed species 

were participating in the exchange reaction. It will be shown later that 

C/ uiadsorbsd intermediates are not actively participating in the exchange 

Of n.opent.ne  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 prucess must, therefore, be propagated by the interconversion 

between speciss bonded to the surface at adjacent carbon ato.a. A 

number of intermediates maybe formulated, via., c, c*, or aUylic; 

and the initial adsorption of the molecule upon the surface can occur 

by dissociation at either a primary or a secondary carbon-hydrogen bond. 

Lesall and WOOd'S*M 	using an extension of the theory 

developed for ethane ') reanalysed the results obtained b, Addy and 
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Bond (128)  for the exchange of Iaoane on a platinum-pumice catalyst, 

and showed that agreement between the observed and calculated distributions 

for the reaction at 200 0C could be obtained if it was assumed that 80y' 

of the propane reacted pith a jr value of 19.0 and 20 reacted with a 

P value of 0.30. This dual distribution concept has been criticised by 

iyahsrs (14  who found that a reasonably good correlation could be 

obtained between the observed and calculated distributions for ethane by 

applying a steady state treatment to the adsorbed ethane species which 

were in equilibrium with each other. This is implied by Kemball and 

Woodward (ia)  who found that the distributions obtained by Addy and 

Bond (128) could also be reproduced with a single value of P by 

introducing the concept of (..triadsorbed intermediates into their 

theory. 

The distributions obtained by Addy and Bond (128) • which 

showed .aJrlma at the monodeutero- and perd.uteroprojanes at temperatures 

greater than lOOC, do not resemble the distributions obtained in this 

work for the exchange of propane. They do, however, resemble those 

obtained in this work for the exchange of butane, where pronounced 

maxima were obtained at the monodeutero- and perdeuterobutenos on both 

sintered and unaintered films at temperatures greater than 380C. it is 

thus likely that at temperatures greater than 38 the mechanism for 

the exchange of butane involves the interconversion between t-adsor'bed, 

-diadaorb.d, and cx4.triad.orbed or 11  allylic intermediates. 

Gault at al. 	have suggested that the presence of a mexialm 

at the d2-oonpound in the initial product distributions for the exchange 

of hexane on rhodium films was due to the direct formation of a diadsorbed 

intermediate. They concluded, however, that tro adjacent secondary carbon 

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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diaooiatin rijari ctxbon4iydrogen boic1a the i.nitial product 

distributions for the exchange of butane do not have a maximum at the 

d2-00inpound, (with the exception of the distribution at 38 0C which is 

considered inaccurate), and it is considered unlikely that the maximum 

at the d 2-oompcund in the distribution for the exchange of prosne at 

390C is due to the formation of this interumdiate, 

Kembafl and Zoodward 	in their analysis of the results of 

Addy and Bond 	developed a theory ' PI '  which included parameters to 

allow for differences in the resotivities of primary and secondary carbon-

deuterium and carbon-hydrogen bonds. If only the maximum at the 

perdeuteropropans is considered to be accurate 1  the distributions 

obtained in this work resemble some of those calculated by theory 'A'; 

however, they also resemble that calculated with a P value of 18 by 

the extension of the theory used for ethane (49), The distributions 

obtained are suimarized in Table 4,2. No evidence v6ax obtained in this 

work to suggest that the secondary carbon-hydrogen bonds were substant tally 

more re SOLLYC 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 Be  Butane and propane are similar in structure, 

TAB" 4.2. 

ILT1AX PrcAuCT LLTBrrIoK Lb T! ZXCHkiJ Oi" J:C AKX 

he ry 

1 'ercentage o 	isotopic species 

d1 	d2 	d 	a4 	d5 	d6 	d7 	d 

Parameters 
used* 
- - 

 6 	T 	R 

This 5.5 12.8 5.8 14,5 3.8  7.3 17.4 3.0 - - - 

work 6.5 8.5 11,5 8,4 5,5 1290 17,0 3190 - - - 

B 4.4 5,6 6,7 6.1 9.9 12.4 17.2 3.7 - - - 

11. 1,5 203 5,7 7,8 9,6 12,1 17,4 43.6 10 40 1.0 

A 1'5 2,3 12.4 14.0 13.7 13,4 14.5 28,2 10 40 0,3 

A 1,5 2.3 250 22.0 16.4 12.2 9.2 11.3 10 40 0.1 

A 2,0 '.8 9.5 11,9 12.3 12.1 12.7 o. 7 20 20 (.1 

As the reactivity of a primary carbon-hjirogen bend 
1 is the reactivity of a secondary carbon-hydrogen bond 
R is the reactivity of a carbon-dsuterium bond relative to that 

of a. carbon-hydrogen bond. 
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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 mechanisms, and the absence or a 

maximum at the monodeutero projane may be due to a by probability for 

iorming an X3triadsorbed intermediate, the molecule preferring to 

exchange mainly by the interconversion between ix-adsorbed and 13.-di.dsorbed 

u 	ate a. Although the mass spectral data for propane were corrected 

by using the specially derived computer program as described in Part II 

section .2., the presence of the maxima in the initial product 

distributions at deuterated species containing less than eight deuterium 

ta may Os open to question, in the case of the first distribution 

&tv 	ible 4,2, the rate of exchange was slow and hence any errors 

inherent in the experimental technique, or in the analysis of the results 

will produce quite a substantial error in the percentages of the ti.uterated 

species, in the case of the second distribution given in Table 4,2. the 

rate of oonveraion was high and the extrapolation of the exerinental 

product distributions to obtain the initial product distribution will 

have Deen subject to a substantial error. Therefore, although the general 

shape or tne initial product distributions will be true as will the 

absence of a maximum at the monodeuteropropane, the presence and magnitude 

of the subsidiary maxima are open to doubt, For these reasons no 

attempt has been made to formulate a mechanism by which they may have 

been produced, nor to attempt to reproduce the distributions by the 

insertion of suitable parameters into the theoretical equation. of 

Keaba].l and WOOdWSZ'd (129), 

It is considered that the machaniams for the exchange of 

propane aa butane are similar, butane exchanging by the interconversion 

between Xadaorbed, -diad.orbed, and 	-triad sorbed or ' sflylic 

intermediate.; and propane exchanging by the interconversion between 
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tx-adsorbed and °'sdiad.orbed interdiates, 

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 hydrocarbons. All the hydrogen 

atc*a in the molecule were not equally susceptible to exchange, the 

initial product diatributiun.s showing that only species containing up 

to three deuterium atoms were produced in substantial amounts, the 

di-s,.ciea being the kredoadjuwt isomer. binos neopentane contains only 

primary carbon-hydrogen bonds and & quaternary carbon atan two echemse 

can be formulated to explain the multiple exchange process: 

(a) The interconversion between ct-adsorbed and XA-diadsorb.d 

intermediate.. 

and (b) The interoonver.io between cx adaorb.d and -diadsorsd 

intermediates. 

The results i Andersou and Avers (42) 
indicate that at iOOQC  

the rate of bydrooracking and iaomerisation would be %. 10 1 2 Nola  a-1w,2 

compared with the rate of exchange for the species containing four to 

nine deuterium atoms of 1 4 90 10% so] s 1m 2. The difference between 

the two rates can be explained an follow.. In the deuterium exchange 

experiments the adsorption and desorption of neopentane by an -deorbed 

sj.oea without a carbon-carbon bond .hiit will be characterised by the 

incorporation of deuterium into the molecule and hence the rate of 

disappearance of the d 0-neopentane will be large, in the work of 

Anderson and Avery (42) the reversible adsorption of the nsopentsne 

without a carbon-carbon bond shift vUl have approximately the same rate 

as in the deuterium exchange experiment.; however, because they used 

hydrogen this reversible rate cannot be measured, and the rate which 

they obtained will be that arising from the disappearance of the 
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neopentane by & carbon-carbon bond shift, If one uses the rate of 

hydrocracking and isomerization given above it can be readily shove that 

if only one hundredth of the surface is catalytically active then the 

surface o' an unsintered film at 1000C 'would be covered by adsorbed 

neopentyl radicals in about 2500 e. Taking the extreme cue that each 

neopentene molecule fragments into five adsorbed methyl radicals then the 

surface 'would be covered by adsorbed methyl radicals in about 500 a, and 

if only one hundredth of these species are irreversibly adsorbed then 

the surface 'would be covered by irreversibly adsorbed species in about 

14 hr. 3ince the exchange experiments were carried out over a period of 

about 1 hr, . some  deactivation of the catalyst with time might be expected. 

The results reported in this thesis show that at temperatures lees than 

10°C no self poisoning of the catalyst 'a.s observed, and from the rates 

given above the rate of exchange by an *diadsorb.d intermediate is 

faster than the rate of hydrocracking and isomerization by a factor of 369 

This must indicate that the c( -diadeorbed species formed are essentially 

reversibly adsorbed. This ooclusicm is also illustrated by the results 

of 2infelt et al. 08) o in their study of the hydrogenation of 

cyolopropene an Pt.8 tO2  found that no hydrogenolysis occurred over the 

temperature range 79-102°C; and by the results of Anderson and Avery (ui) 

who found that the reaction of cyolopropane and methylaycloproane with 

deuterium on platinum film, We only deuterogenation products. 

Of the initial product distributions given in Table 3.31. p. 99, 

only two showed evidence for the extensive formation of species containing 

up to nine deuterium atoms. Anderson and Avery 2) have shown that 

-diadaorbed intermediates can be adsorbed on the surface of an 

unoriented platinwn film with minimum distortion of the molecule. The 

initial product distribution, given in Table 3.31. show that increasing 
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the reaction temperature did not greatly increase the probability of 

forming Xrdiadsorbed intermediates from the prior formation of an 

DC-adsorbed intermediate, Gault et al. 	i: their study of the 

exchange reactions of polymethyicyoiopentanee on unsintered platinum 

films showed that the exchange of the gem dimethyl groupa was occurring 

bj the formation of an -diadsorbed intermediate. The mount of exchange 

occurring in the gels dimethyl grous was small, and it is possible that 

the formation of the V-diaaorbed intermediate was being facilitated by 

the neighbouring i'allylio intermediate, ie,, the intermediate had  

the form ?', 6-adsorbed rather than c'(-adsorbed. Campbell and Keinbali 8) 

have shown that tert-butyl chloride can exchange on platinum films at 

0°C without rupture of the carbon-chlorine bond by the interconversion 

betseeu P-adsorbed and cq..diorbd  intermediates, the chlorine atom 

being f-bonded to the surface; and they concluded that the adsorption-

desorption of the alkyl chloride nEat be rapid because the initial product 

distribution showed that the d i -compound was the predominant isomer. In 

both these cases the mechanism 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 pronounced 

out-off at the d j-compoundj and it is considered that, although the 

interconversion between "adsorbed and -diad sorbed intermediates may 

be playing a minor role in the mechanism of exchange, the predominant 

mode of exchange is the tendency to complete the exchange at the first 

methyl group to react by the interconversion between cadsorbed and 

b..diadsorbod intermediates. 

It is possible to formulate two other mechanisms of exchange. 

Anderson and Avery (42)  have shown that for -butane the isomerisation 

activity relative to the hydrocrackir& 6  activity was increased bi using 

a 111 oriented iAatinum film, and this increased activity was explained 
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by auumin. that the 1-butane moltcu1e was adsorbed on the 111 plane 

by an K I W 1 101  -triadsorbed intermediate. It would be possible for 

neopentane to exchange its hydrogen atoms by the formation of this 

intermediate, giving a maximum it the drcomjound b,,,l the addition of 

three deuterium atoms. Unoriented platinum films do not have the 1f1 

plans preferentially exo.ed and this intermediate is not regarded as 

playing say pert in the mechanism for the exchange of neopentane. Another 

possibility is that some of the neopentane eight have ismrized to 

,1-,pentane uhich would then have exchanged on the catalysts. Of the 

catalysts studied the platinum an ..aluaina catalyst had been fired at 

h.ti temperature, and the formation of the most Etable :111: plane would 

be expected to be mat likely on this catalyst. The rate of isomerisation 

of neogentane at J000C is less than the rat, of exchange producing the 

iaotoic tert-butyl ionz containing one to three deuterium atoms by a 

factor at 104 t  and the isomerization of neopentsne on the E111 planes 

would not, therefore, introduce any complications into the meahanim of 

exchange. This is bova by the fact that no isotopic species corresponding 

to the exchange of 1-pentane were observed in the initial product 

distribution for the exchange of neopentane on this catalyst. 

4.4. Activities of the Catalysts for the Exobanae Ractics 

.Lne object of this work was to investigate the self poisoning 

of the exchange reactions of the icier aliphatic hydrocarbons on platinl 

catalysts. The results obtained, however, indicated that no discernible 

self kojeoning was observed for the exchange reactions of any of the 

hydrocarbons on the catalysts studied. It was fouz&d that the specific 

activities of w.int.red tibia for the exchange of propane, butane, and 

necpentsne were similar; but presinter2ng the films at 20 0G for 1 hr e  

caused a large reduction in the activit1 of the films for the exchange 

of neopentane end butane. The pre.orption of saturated hydrocarbons on 
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the surface of unsintered films did not alter the activity of the films 

for the subsequent exchange reaction of neopentane. However, are these 

result" a feature of platinum as & catlyat or are they caused by using 

a contaminated surface? In this work the films were evaporated with the 

reaction weasel closed off from the kvmking 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 at the gas mixture. The films 

nay, however, have become contaminated by slight traces of oxjsn 

admitted with the reaction mixture. 

There are a number of reasons for concluding that the films used 

mere essentially non-contaminated. Ozygen is known 	to ohemisozi, on 

platinum; the preeorption of oxygen on an unsintered film at 145 00, for 

45 mins. did not, however, reduce the activity of the film for the 

subsequent exchange reaction of butane but enhanced it slightly. Any 

oxygen adsorbed on the film would react with the deuterium in the reaction 

mixture, and it has been shown 	that the pre sorption of deuterium 

oxide at 0°C on platinum films does not affect the activity of the film 

for the exchange of propylene with deuterium oxide. Platinum films 

consist of large crystallites and thus have a low platinum dispersion, 

oiart .t al. (143)  have, however, shown that the hydrogenation of 

cyolopropase at 0C on low dispersion platinum supported catalysts was 

not susceptible to oxygen poisoning. The most conclusive evidence for 

the cleanliness of the surface is given by a canparison of the results 

obtained in this work with thou reported by other workers. The rweulta 

obtained in this pork for the exchange of neopentane on unsintered films 

agreed with that rspoz'ted 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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molecule.; and an excellent correspondence was observed between the 

results obtained in this York for the exchange of methane and those 

reported by 1(eabsfl. 	It may, therefore, be concluded that the 

results reported in this work for the exchange of the hydrocarbons were 

not obtained by working with a contaminated surface. 

Although the initial product distributions for the exchange of 

neopentans 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 ititude of the Arrhenius parsters. 

The supported catalysts were less active than, and the apparent activation 

energies and pre-exponential factors were laser than those obtained for 

the exchange reaction on, the wisintered rums. 

In etion 1.4., p. 8 it 'was stated that diffusion to and 

from the catalyst surface was not rate determining for the reaction. 

studied, The lower )rrhenius sratera for the reaction an the supported 

catalysts eanwt be due to this diffusion controlled process because the 

ratL of exchange are not proportional to the square root of the absolute 

temperature, which 1s the relation characteristic of a iiftusion controlled 

process. The diffusion of neopentane within the oatlyst pores may, 

however, have important consequences. Femball (5) has reported that 

neopentane exchanged on palladium films by a simple exchange process, 

one deuterium atom being incorporated into the molacule on each interaction 

with the surface. ')*r at &L (61) studied the kinetics of the 

neopentanewdeutsriva exchange reaction on palledtum..silica—alumina and 

found that the character of the reaction was modified by desorption 

and diffusion. They (61)  observed that more deuterium was being incorporated 

into the molecule than 'would have been expected from the results of 

leabal]. (51)  however, they found that this discrepancy could be removed 

by applying corrections to the kinetic data to allow for an enhanced 
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probability of exchange while the molecule was inside the catalyst pores. 

A comparison of Tables 3.27. and 3.2 7 . shows that at higher reaction 

temperatures the M values for the exchange reaction on the supported 

catalysts more significantly greater than those for the reaction on the 

sintered films, and it is Considered that, although this diffusion within 

the catalyst pares will not have hEd any significant effect upon the 

mechanism of exchange, it may be responsible for the lowered Arx'heniva 

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 specific 

activities of the unsintered films for the exchange of propane, butane, 

and neop.ntane are similar, Boudart et a]. (1)  have introduced the 

idea of facile and demanding reactions; a facile reaction being one 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 tependsnt of the support or the degree of dispersion of 

the metal. Thus the hydrogenation of cyolopropane 	the dehydrogenation 

of oyolohex*ne (145), and the hydrogenation of benzene (146) on various 

platinum supported catalysts are facile; whereas the hydrogenolyais and 

isoinerization of neopentan• on platinum supported catalysts is a demanding 

reaction 

Dorling and csa 46) have shown that for the hydrogenation of 

benzene the specific activity of a platinumi.silioa catalyst which had 

been fired below 400°C was greater than that for a platinum-'silioa catalyst 

which had been fired at 50O; and Table 3.1., p.54 shows that the 

platinum-silica catalyst which had been reduced at 140 0C was more active 

for the hydrogenation of ethylene than the platinum-si].ioa catalyst which 

had been reduced at 500 0C by a factor of 9. The results obtained in 
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this work show that the platinum-silica catalyst which had been reduced 

at 140°C was more sotive for the exchange of neopentane than the platinum. 

silica catalyst which had been reduced it 5000C by a factor of 21. This 

met indicate that the variation in the specific activities of the two 

platinum-silica 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 catalyst@ coupled with the inaccessibility of soms 

of the platinum crystallites to the neopentane. 

The platinum on -alumina catalyst used in this work was 

fluorine promoted, and Myers et al. (147)  have shown for the exchange of 

butane with deuterium that there was an increasing tendency to exchange 

more hydrogen atom, in the molecule with increasing acidity of the 

catalyst. This must imply that there in some degree of co-operation 

between the acid sites on the support and the platinum sites. Table 3,30., 

p. 98 shove that the platinum on 'alumina catalyst was more active than 

the platinwn-eiliou eati.lyat which had been reduced at 140 0C for the 

sxohage of neo:entsna by a factor of 7.7; and although the degree of 

dispersion of the platinum on -alumina catalyst will be less than that 

of the plativpimi.silioa catalyst due to the higher reduction temperature, 

the presence of the fluorine promoter will increase the activity of the 

platinum on -alumina 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. 

ll the hrooarbons studied with the exception of propane 

gave good straight Arrhsnius plate for the rates of exchange on the 

films. In the cue 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 800C; and the M values at temperatures greater than 118 0C 

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 disappearance of the d 0-1ropane. However,, 

it is believed that this deviation was not due to self poisoning because 

the ajarent first order rate plots were straight, and Pigure j. 7. shows 

that "propane" 'u.s desorbed from the surface on increasing the reaction 

temperature. It is not known whether the echange reactions of butane 

and neopentane on unsintored films also exhibited this behaviour, because 

at temperatures greater than 1000C the 0 values were close to L 
Below 1000C, however, the rates of exchange for propane were comparable 

to those for butane and neopentane, and the deviation from the Arrhenitas 

equation at temperatures greater than 118°C may be due to sintering of 

the film. It is not possible, however, to formulate a opletely 

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 .ursaaz'izsd in Table 4. ., and the bond strength. of the 

hydrocarbons are given in Table 4.4. 

TA3LJ 4.3. 

A14Ii rAM!r!Rs 

Film 
used Molecule 

Apparent ac Lvat ion 
energy E0 

 

kJmolei 

i re-exponential 
factor loglq A 
A in l; s 

Unsintere Ci. 4 29.07 

.a-'zio 58.39 25.88 
'I 

12'512 46.43 2.8o 

Sintered CH4 90.24 25.94 
at 2500( .a-io 61.80 24,89 
for I 	'• I 	!2511 12 62,80 25.39 
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TALE 4*  4*  

D(4(I) 	
(148) 

Molecule 
Bond dissociation energy kJmole' 1  

primary C.M secondary C-H 

11-060 420 J96 

neo--C  P12 415 - 

C 3H8  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 hydrog*n on metal films; and the pressure dependency equations 

for exchange reactions show that the rate is proportional to a negative 

ousr of t deuterium pressure s  indicftting that deuterium is more strongly 

adsorbed than the saturated hydrocarbon. The specific activity of a 

metal film for an exchange reaction, as determined by the krrhenius 

equation parameters, will thus be dependent upon either adsorption/ 

desorption of the saturated hydrocarbon or the surface reaction. F or 

any exchange reaction the rate of disappearance of the d 0-hydrocarbon 

will be proportional to the pressure, the number or 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 exaa'g.tioe of the system. For a specific hydrocarbon exchanging 

on a stable surface the pre-exponential Vactor in the %rrh.nius equation 

will be approximately constant, and the rate of exchange will be governed 

by the apparent activation energy, which Will be a composite tent 

izvolvin.4 the heats of adsorption and 4..orpticn and the activation energy 
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for the multiple exchange process, 

The initial product distributions for the exchange reactions 

give some idea of the processes occurring on the surface of the platinum 

films. In the case of propane and butane all the isuterated species were 

produced in substantial amounts 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 

multiply-adsorbed intermediates was slow relative to the rate of desorption. 

These results indicate that the activation energy for the formation of 

multiply bonded intermediates is much greater for neopentsna than it is 

for either propane or butane, and that the rate determining step for the 

disappearance of the d.-hydrocarbon 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 specific activities of a particular platinum film for the 

exchange of different hydrocarbons is made more difficult because the 

spcifio activity may be dependent upon the apparent activation energy, 

the pro-exponential factor, or a combination of both. Taking the case 

of butane, Table 4.3. shoes that on the sintered and unsintered films the 

apparent activation 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 pro-exponential factor, and this fault 

indicate that the catalytically active surface area has been decreased 

to a greater extent than the apparent surface area. 

Althoui methane reacted 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 butane, indicating that the 

activation energy for the formation of an -iiadaorbed intermediate is 

greater than that for the formation of an ..or an N06-adsorbed intermediate. 

The 	ace of the kx'rhenius equation plots for the exchange reaction 

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

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

the nwh higher temperatures reaired to dissociate the methane carbon!.. 

hydrogen bonds all the available surface area is catalytically active, and 

the specific activity of the film for the exchange reaction is not 

sensitive to its structure. 

The exchange of neopentane on the unsintered and sintered films 

is acre complex since both the apparent activation energy and the 

pre.-.xponsntial factor increase on sintering; but it is unlikely that 

the decrease in the apparent surface area of the films on sintering has 

been accompanied by an increase in the n'ier of the oatlytioally active 

sites. The Arrheniva equation can be exkze cud in a form embodying the 

entropy oi adsorption and the heat of adsorption; and the variation of 

- 	the Arrhenua parameters with the type of film may be regarded as a form 

of the compensation effect involving an interpl&y between the heat of 

adsorption and the entropy of adsorption. Although it is not possible to 

give a completely satiefactorj explanation for this behaviour, the low 

value for uw 1 rs-zponential factor on the unainter.d films despite 

the tav.urabie activation energy may be due to a low probability of 

adsorption, loc., a lov, sticking coefficient caused bj interactions 

between the adsorbed neopentane molecules. 

The exchange of propane, butane sali  neoentans on the unaintered 

films occurred over approximately the same range of temperature, as did 

the exchange of butane and n.opentene on the sintered films. A comparison 

of Table L. with Table 4.4., however, shows that there is no obvious 
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relation between the bond dissociation energies of the molecules and 

either tne apparent activation energies or the pre-exponential factors. 

The adsortion of the hydrocarbon will necessitate the dissociation of 

at lout one of the carbon-hydrogen bonds, and the specific activity of 

the films for the exchange of the hydrocarbons must be governed, at 

least in part, by the strengths of the carbon-hydrogen bonds in the 

molecules. Since the Arrh.nius parameters vary from hydrocarbon to 

hydrocarbon, the specific activity may be more meinizigf1if it in based 

upon the temperature for a constant rate of exchange. Table 5.39. 9  

p. 110 shows that the temperatures for which the rate of disappearance 

of the 40-hydrocarbon on the unsintered fl-las was eçual to 3.4,10 16  moli 

are similar. Although these temperatures do not fail in the 

same order as the primary carbon-hydrogsn bond dissociation energies, 

the correlation bet.een them is quite good. Table 3.39s t  p. 110 also 

dives the temperatures for iich the rate of disappearance of the 

d0-hydrooarbon on the sintered tiles vex equal to ,..1O 16  

and a ou.iaon of these values with those for the primary carbon-

hydrogen bond dissociation energies of neopentene, butane, and methane, 

shows that an excellent correspondence was obtained. ?o evidence was 

observed in this work to indicate that the secondary carbon-hydrogen 

bondc v.ere substantially more reactive than the primary carbon-hydrogen 

bonds. This, coupled with the correlations given above, would indicate 

that even though the mechanism for the exchange of the hydromirbons 

are different the specific activity of the film is governed by the 

adsorption of the hydrocarbon by dissociation of a primary carbon-hydrogen 

bond. 

4.5. CQrDelptiofl with Other 17e ngIts 

The specific activity of a metal for a catalytic reaction will 

depend upon the nature of the metal and the molecule being adsorbodi and 
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for a particular reaction the specific activity may depend upon either 

the geometric or electronic properties of the metal. 0rcf the more 

fundamental. geometric properties of a metal is its radius, and it might 

be expected that the hydrogenation of ethylene would only occur on those 

metals having the correct metal-mete], distance to chend.sorb ethylene 

associatively by an c6-dia4sorb intermediate. Twigg and tideal (149) 

have, however, shown that although the ideal metal-metal distance is 

0.273 nm tne hydrogenation of ethylene is possible on metals having 

metallic radii between approximately 0.25 and 0-31 am; and although 

platinum and palladium have almost identical metallic radii the 

hydrogenation of ethylene at OQC on palladium films is faster by a 

factor of 7 than it is on platinum filnu (5.  The structure of the 

metal may possibly influence the reaction; thus the results reported 

in this work show that aintering the films at 250' decreased the 

specific activity of the film for the hydrogenation of ethylene and 

increased both the apparent activation energy and pro-exponential factor. 

Noaever, this result may not be significant, because it has been ao (150) 

that sintering a nickel film at 300 0C only decreased the s1?eoific activity 

of the film for the hydrogenation of ethylene by a factor of 2.5 without 

altering the apparent activation energy; and the apparent activation 

energies for the reaction on platinum, palladium, rhodium, and ruthenium 

supported on silica are similar (151)• It is, therefore, irobable that 

geometric effects play t.nty a very small role in determining the catalytic 

properties or metal surfaces, and a more likely correlation between 

platinum as a catalyst and the other Group VIII metals is to be found 

by considering the electronic properties of the metals. 

although the electron orbitals of an isolated metal atom will 

be altered when the atom is placed in a oryatal lattice,, a correlation 

W be expected between the adsorption properties of a metal surf we and 
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the formation of inorganic complexes. Thus the cheminorption of oxygen 

on platinum, palladium, and rhodium films has been shown (120)  to be a 

true ohemieoz'ption, in contrast to the results obtained on iron, cobalt, 

and nickel films which have been shown to be caused by the formation of 

an oxide layer. All the Croup VIII metals adsorb carbon monoxide; however, 

platinum and palladium do not form stable inorganic carbonyls, and this 

may possibly explain why they are not active catalysts for the Piscther-. 

?ropsch synthesis, whereas iron, oalt, nickel, and ruthenium are. At 

high coverages 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; i.e., the 

bond will have tvo components, a carbon-metal bond and a d 4  -p 1  bond. 

Xyholn (12) has concluded that the ease of d, -'- p- 
11 	

bonding is in the 

order ITt Pt -;' Pd, and he has stated that this is the major reason 

why palladium and platinum do not form stable cax%anyla. 

For the exchange of methane by a multiple exchange process an 

*-iadacrbed intermediate is necessary, and the structure of this 

intermediate may be the same as that of the carbonyls. On the Group VIII 

metals the order of activity for the simple exchange process in Rh 2 Pt 

Pd'Ni and that for the multiple exchange process in Rh Pt 	Pd 

If a]losanoe is made for the fact that Pijdrocarbons form strongly adsorbed 

species on nickel surfaces this will explain the l" position of nickel in 

the orders of activity given above; and the order of reactivity for the 

multiple exchange process will thus probably be RhiPt -d, which is 

also the sane order as the activities of the catalysts for the hydrocraaking 

of hydrocarbons to methane 	, and the order of 	p donor bonding 

given above. Sinee the multiple exchange of methane can only take place 

by the interconversion between -adeorbd and k<-diadsorb.d intermediates, 

it 'sould be reasonable to conclude that the formation of . 'diadsorb.d 
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intermediates in important in the processes leading to the formation 

of strongly bound hydrocarbon molecules on metal surfaces. 

The hydrogenclyeis of neopentane and neohexane has been studied 

on rums of nickel, rhodium and ielatinum (150 0 n nickel and rhodium 

t'ilas neobexane was more reactive than neopentane, whereas on platinum 

films the reaotivities were similar, However,, the tendency for the 

fission to occur adjacent to the 1,uater7t*ry carbon atom in neohexans to 

give ethane and i-butane decreased in the order ITt >>fli'Rh, and the 

activity sequence for the bydrogenolysis was Rh'Xi>?t. These results 

support the conclusion of Anderson and Avery (ta)  that the iydrogenolysis 

of neopentane on platinum films occurs by the formation of an 	-tz'iadsorbed 

intermediate. It is not possible, however, to say 'other the formation 

of the k-triadaored intermediate is derived from a precursor b—  or 

-diadsorbed intermediate, In the case of rhodium and nickel the greater 

reactivity of neohexane relative to neupentane indicates that on these 

metals the formation of an 9-triadsorb.d intermediate in more probable 

than 	trLadsorb.d intermediate. 

The results given above indicate that the ease of 

bonding was greatest for nickels and least for palladium. The case of 

d- p donor bonding will be the inverse of the previous order, 

i.e., the ease of 	- p donor bonding sill follow in the order 

id ' it >- t i. This desire of palladium to increase the electron density 

in Lts d. orbitals is shown by the ready formation of a bulk hydride, 

and the read, artioipation of ir-allylic intermediates in the exchange 

reaction of, for example, i,1, 0 5 0 4-penta msthyloyclopent.ns 

The exchange reactions of saturated hydrocarbons on the 

Group VIII metals can be summarized as follows. For methane on nickel 

films the perdeuteroccaQound was the mo st abundant product initially 

and this fits in well with the ready formation of a nickel carbide in 
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the Fischer-ropach synthesis. Rhodium and plat&ru' are both active 

for the vaalti L 10 exchange prooea, and palladium has a very low activity 

for the multiple exchange roceaa (130), For ethane and the higher 

straight chain hydrocarbons all the metals are active for the '?.neohanisa 

of exchange but some differences exist between them. Thus for ethane the 

efficiency for the multiple exchange krocess falls in the order 

Rh Pd 71t '-fli, but with the higher hydrocarbons where the formation 

of v,-  or ..al]ylic intermediates is possible palladium is by far the 

most efficient metal for the multiple exchange process. For neopentane 

a multiple exchange process occurs on rhodium and platinum, whereas only 

stejwiae exohange occurs on palladium smi nickel. This result for nickel 

is a little surprising in 'view of the results obtained using methane, 

but it may be due to the reaction self poiaoning 

Thert are, however, very wide differences between the metals 

with respect to the temperatures required to propagate the exchange reactions 

of the hydrocarbons, and this Indicates that the rate determining step 

W be the adsarptiaVdeeorytion of the hydrocarbon. Some idea of the 

relative activities of the metals is given in Table 4.5. 9  which in based 

upon the temperature for which the rate of disappearance of the d-

hydrooarbon was 3.4. 1016 	 The values contained in this table 

for some of the hydrocarbons will be subject to some error, because some 

of the Arrhenius dsraters were based on units other than a1s s l m 2 and 

some assumptions had to be wade about the surface areas of the catalysts. 

However,, it does indicate some general trends. Table 4.4. shows that the 

primary carbon-hydrogen bonddLasociation energies of ethane,, propane, and 

n.oentane are similar and are approximately 25 kJ mcl. 1  less than the 

bond dissociation energy of methane; whereas the secondary oaxbon-

hydrogen bond dissociation energy of propane is 16.5 kJ mole 1  less than 

that for the primary carbon-hydro.:en bond. The secondary hydrogen atoms 

'' 	i'.vil 	,b .'uc 	4 144fe 
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TAMS 4* 5o 

R!LAT1V. AC71VII 

.eta]. film 
Temperature ck2 

flCO5l.12 58 26 
C!!4 

Ed 12 106 165 20 

Pt 97 - 107 180 

Ni 5201 290 

Rh 17 -40 28 164 

this value will be high because ethane is known to exchange on 

nickel films at low teap.ratu'es, but the reaction in self poisoned 

approximately ten times faster than the primary hydrogen atons on 

nickel films 055), sn4 the greater reactivity of propane on rhodium 

relative to ethane and neopentane a.j possibly be due to the adsorption 

of propane by the dissociation of a secondary os.rb 4m-h$rogen bond. The 

behaviour of palladium is irregular, and the discrepancy between the 

value, for ethane and neopontane askss it difficult to decide whether 

the greater reactivity of propane is due to the greater reactivity of 

the secundary hydrogen stoma. The results for platinum have been discussed 

in section 4,4o where it was concluded that the reactivity of the primary 

and secondary hydrogen atoms were similar. 

In conclusion it may be said that platinum and palladium are 

relatively inactive for the exchange reactions of saturated hydrocarbons 

compared to the other metals in Group Viii, and this is probably related 

to tiLcir greater difficulty in dissociating carbon-hydrogen bonds. o 

support for this conclusion may be given bf the observation that these 

two metals, are very active olefin hydrogenation catalysts, and this may 



- 	 - 

be related to the initial adsorption of the olefin by a i bond. The 

orders of reactivity given above for the formation of -diadeorbed and 

ic -allylia 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 

ti — 	ienor 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 shoim by the fact that the exchange 

reaction, do not self poison and by the relative inactivity for 

hydroenolysis compared to nickel end rhodium, When hydrogenolysia ices 

occur the major result is the formation of products by the fission of one 

carbon-carbon bond. The high isomerization activity compared to the 

other metals most be related to the adsorption of the hydrocarbon by an 

'-tri.dsoi%cti intermediate iith the minimum of strain, the difference 

beteeen platinum and palladium arising because,, although they have almost 

identical metallic radii, Palladium tloei not readily form an 	-triadsorbed 

intermediate. 
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CILAk12 	I 

ITDUCTIc*I 

ho surface intermediates responsible for the exchange and 

ydrogenolysis of saturated hydrocarbons on nickel surfaces have been the 

subject of a large number of investigations 	i6, 119, 157 	The 

dissociative adsorption 01 hydrocarbons on nickel surfaces in the absence 

of "hydrogen' is knova to result in extensive dehydrogenation of the 

moleoujea, Thus,..right et al. (158) have ahuw that ethane adsorbs on 

a nickel film at 980C by the dissociation of two earbon-hydrogen bonds; 

snd Gaiwsy and Aemball (159) have shoin that the adsorption of oyolphaxane 

on a nickel-silica oat1.yst at temperatures greater than ,O°G, results in 

the adsorption of the molecule in the boat configuration by the 

dissociation of four carbon-hydrogen bonds. The presence of deuterium 

in an exchange reaction presents an added complication, because the 

foreation ui irreversibly adsorbed species aar not be so probaUe as it 

is in the absence of deuterium, uo.ever, although it is knova that the 

ohw4e reactions oi than. 	S  propane I 	 , -iutane 	), anti 

n.cpentane 	with deuterium on nickel films are self poisoned, no 

systematic study of the adsorbed species responsible for this behaviour 

has been attempted. 

The object of this investigation was to stud the intermediates 

responsible for the self poisoning of exchange reactions on nickel films 

by preiorbing hydrocarbons on the film, and observing the elf sets, if any, 

that they produced upon the activity of the film for, and the nature of, 

the subsequent exohauge reaction. Yor this approach to be successful 

all the criteria outlined in ilart 11 section 4.2* which would introduce 

ambiguity into the results have to be eliminated. The effects introduced 

by progressive sintering cl the film during the exchange reaction 
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necessitate using a molecule which reacts at temperatures less than the 

deposition temperature of the film (0 0c). The w.lecule used would also 

have to have a low extent of frs.entation under electron impact, and 

not contain groups at non equivalent hydrogen atoms. These conditions 

immediately ellM{rAt.d the lower alièt.tic hydrocarbons. The use of 

aromatic compound. was also eliminated because it has been show (103) 

that the exchange reaction of benzene on nickel films at - 50C was too 

fast for accurate measurement. The molecule chosen for study was 

ojolopentane, because it in known (159)  that cyolopsntane adsorbs on 

nickel-ailicatt temperatures close to 0°C in the absence of "hydrogen" 

by extensive dissociation of the carbon-hydrogen bonds*  

it will be shown that the exchange reaction of this molecule 

on both sintered and unsintered film, was self poisoned. On the 

unsinte red films reaction occurred at temperatures below 0, but 

presintering the films required reaction temperatures in excess of 

200' to propagate the exchange process. Nickel films are known to be 

very susceptible to oxygen poisoning (i dC), and an attempt was made to 

jugs the cleanliness or the system by comparing the results obtained for 

the exchange of oyclohexsne on unaintered films with those obtained by 

Anderson and Keabail io.) • The two sets of results did not compare 

favourably, however, and the reasons for this will be discussed fully 

later. 
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CJWTER II 

EX~ERLYWPL 

29 1. kus SDeotrometrio Analyses 

The isotopically substituted oyolop.ntanes and oyclohszanei 

were analysed mass sp.otrometrically; the fragmentation corrections being 

applied assuming a statistical loss of hydrogen and deuterium atoms as 

described in Part I or this thesis, The electron potentials used to 

produce the positively charged ions, and some typical fragmentation 

patterns f or the molecules are given in Table 20  1, Aue to the small 

extent of fragmentation of the molecules under electron impact an 

adequate analysis of the mass spectral data wee obtained by treating the 

loss of hydrogen and deuterium atoms by statistical atthods. 

TAME 2.1. 

FRA&E24TATION PATTERNS OF THE MOLECULES  

Molecule Ionizing 
potential 	

fl* f3  f4  r5  r6  

Cyolopentene 25 090361 0.0199 0.0531 0.0097 0.0084 0 

Cyolohezane 25 0.0584 0.0136 0.0082 0.0037 0.009 0.019 

* f has been described by equation 3,3, (Part I). 

2.29 Clemjoals 

Hydrogen and Deuterium2 The preparation and purification of these gases 

have been described in Part I section 2,69  

Cyclopentane and Cyolh*zans s Cyolopentane and oyclohezsne more obtained 

as standard samples from the Department of Scientific and Industrial Research,, 
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Chemical Research Laboratory (99.98 pure). Before use the liquids were 

degassed and stored in sample tubes surrounded by liquid nitrogen. 

2.3. 

The standard reaction mixture consisted of 0667 k$m"2  and 

697 kKar2  of hydrocarbon and deuterium respectively in the mixing volume, 

the pressures of the gas., in the reaction vessel after expansion 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 pressury of 

the hydrocarbon was allowed to dissolve in the tap peas* so that on 

subsequent preparation of the gas mixture the pressure of the hydrocarbon 

'would rein relatively stable 'while the gas mixture 'was equilibrating in 

the mixing bulb. The gas mixture was prepared while the film 'was being 

deposited at 0CC or high temperature, and was admitted to the film at low 

temperature. 

Nickel films are very susceptible to oxygen poisoning. To avoid 

this poisoning by oxygen or other gases liberated from the filament while 

the film was being deposited the filament was outgasaed for 1 hr., instead 

of the normal 30 .ins. In the oases there wintered films were used, in 

order to reduce the length of time that the film 'would be out of content 

with the gas mixture the films were deposited with the walls of the reaction 

vessel at the wintering temperature. This method of depositing the films 

had, however disadvantages, the most serious of 'which was adequate 

temperature control of the reaction vessel walls, since the 'walls were 

kept at a constant temperature by external heating, it was possible that 

the heat given out by the deposition of the film 'would, if the rate of 

heat conduction away fron the walls was not adequate, cause the film 

temperature to rise above that of the 'w.Ui 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 000 and then sintered at high temperature in a deuterium atmosphere. 

The prep&ratict of heavy nickel films was carried out in the 

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

they were evaporated until they burnt out. 
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1.— 177 XII 

fl!SULS 

•u.aCc £IXC3 o' th iilm 

Tho aurzaoe areas of nickel films have been extensively studied 

by Crawford et al* (150) who found that for a oaatant sintering toerature 

the surface area was gLven by the equation 

A • B + DI 
	

3.1. 

where A is the surface az'e&, B and I) are constants, and W is the weight 

of the film. 

They found that increasing the sintering temperature over the range 

254000C reduced the value of the constant D markedly, but had little 

influence on the value of the constant 1. since the sintering temperatures 

used in this work were not the same as those used by Cra'ord et al. 

the surface areas at the turns were calculated from their data in the 

following manner. ineection of the values of 7  indicated that they 

decreased exponentially with increasing tem,eraturt, and this was 

confirmed when the plot of log10 1) against TOK was found to be a straight 

line; and the values of B decreased linearly with increasing temperature 

between 100 and CX)°C as show by a ilot of B against T°(. 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 

calculated by substitution into equation I. 

cme or the films used in this wait were sintered at high 

temperature in deuterium to reduce the probability of oxygen poisoning. 

No sUovafloe was made for this in the calculation of the surface areas, 

because it has been shown 003)  that although the presence of deuterium 
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decreases the rate of sintering it does not alter the final value of the 

surface area; and it is considered that after sintering the films at 

300°C for I hi, the surface area would have attained its limiting value. 

3.2. The 1xchanse of Cv'clppentene with Deuterium 

The exchange of cyolopentane with deuterium was studied on 

sintered and unsintered nickel films; and the experimental rates of 

exchange were converted into absolute units using the known surface 

areas, which had been calculated by the method described in section 3.1. 

On the unsintered films, whose weights varied from 8.3 eg to 

13.7 s, when the gas mixture was &&dtted to the reaction vessel at 

temperatures varying from 1.630C to -230C no exchange was observed at 

temperatures less than 700C. In all oases the peak heights decreased 

with time, indicating that the cyclopsntane was either being strongly 

adsorbed on the surface of the film or absorbed in the tap grease of 

the reaction vessel system. In order to reduce the problems of 

interpretation caused by the films sintering during the reaction, the 

reaction temperature was decreased by using heavy nickel films. On 

these film which weighed from 26-38 mg exchange occurred at temperatures 

1... than 0Q. The rates of exchange and other data are marised 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 count. 

The curvature of some of the rat, plots at temperatures less 

than 0°C unat 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 decreased it, and it is interesting to note 
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TABLE 3* 1 9  

TIE Li.C}ANGE OL CCL 	TAM LL UID YlLikb  

!eaeticn 
W. 0C 

Rate of exchange 
sols 	ir 1 5 k 

0 

Type of rate plot 
obtained 

loio(1,.4) log .10do 

-61 •5.37-1.34 2,8--i.6i I VSCR 

-43 2.25 1,21 1.86 8 

- 7. 1.03 1 0 0 

-26 0.90 0.81 101 

-23 4.27-,2%G 5O.2-23.2 100 VC1 

o 1.c2 0.77 1.98 

0 1705-- 595 16,6i-1.3.) 1,03-2.7 CR 

23.5 13.02 4.66 2.60 

27. 0, 76 12.55 ..4 :3 

72 157.9-0.1 34.58- 10.99  14-554"2 OR 

rat. plot vs?) slightly ourved, react-ion slowly do=. 

Z. 	 straight aarent first order rate jot. 

CR :- urved rate plot, reaction slosing down 

that the eloper of the lines A and B are identical. The apparent 

activation ener (E z 33.8 kJ mole -1 ) and pre-exp<nential factor 

(logio A = 23.7; k in mole ritr2) were calculated from the straight 

line dr*'in through the initial reaction temperature for each experiiaent, 

an these will not have been unuly effected by self poising. 

The •xch.ne of oyolopentsne was studied on two kinds of 

heavy nickel films s 

(a) Those which had been deposited with the reaction vessel 

walls at the sintering temperature* 

end (b) Thote 'which had been sintered at high taimperaturs in 

deuterium. 
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In the cue of group (a) the reaction vessel walls were kept at & constant 

temperature within the range 269-276 0C while the film was being deposited. 

After the tilannt had fused, the film was heated at the deposition 

temperature £w a further period of tiu such that the total deposition 

plus sinterin, time was 1 hr. in  the case of group (b) the film was 

deposited at M in vacuo, and then sintered for 1 hr. within the range 

292-2980C under a a?resaure of approximately 2.5 kNer2  of deuterium. 

The deuteriurn was then pumped off at the vintering temperature. Since 

cyclopentane was Ioi to exchange on unmintered heavy films at 

temperatures less than 00C, for the first experiment on the sintered 

films the gU mixture was admitted to the reaction vessel at _4300 and 

the tem derature then increased gradually; no exchange was observed at 

temperatures is.. than 2000r.. ior the subsequent experiments the gas 

mixture was admitted at O and the temperature then raidly increased 

until exchange was observed at aperoiii.mtely 200°C. 

The itt..e of exchange are ewiiariaed in Table 3.2. and have 

been plotted according to the Arrheniva equation in Figure 3.3. which 

shows that cteusiVe self poisoning of the exohsne reaction was occurring. 

Increasing reaction temperature did not increase the rate of exchange, but 

as in the case of the reaction on the unsintered films tended to doreame 

it. The apparent activation energy 	75.1 kJ mole 1 ) an,re-exponential 

factor (logio A n 24.91 A in mole slm) were calculated from the straight 

line drawn through the points correspoitig to the initial reaction 

temperature for each experiment. As in the cane of the reaction 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 tem 1.erature were not usually constant,, but decreased 

linearly sith time as illustrated by figure 3.5. 	those oases where 

the carbon count decreased with time, the rate of disappsera&Oe of t 
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TALE 39 2, 

ZICHANGT CF CCLC TAJ! ON 1fAVY SI4TR) FILMS 

Sintering 
conditions 

Reaction 
temp. OC 

Rate of exchange 
mole 	'iii-2. 	116 

2960C for 1 hr 210 52478 5.66 93 

in D2  221 11.70 1.74 6.75 

280 19.26 2.20 8.76 

288 31.12 2994 - 

at 269- 210 44.95 6.65 6975 

276°C in 220 8.85 - 28.43 1.03-200 8,6--- - 

vaouo for 232 33.11-54.94 3.72-6.42 ,9--8.56 

1 hr 260 14.8-28.83 15.10-2.82 - 

0  261 50.29 6.69 7.5 
N 11.39 1.30 8,75 

total "oyolop.ntenes0  mw 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 "cyolopentans&' originally present in the 

reaction vessel, the " zero time" of the reaction was determined from 

the plot of loglo  d0  against time and the carbon count at this "zero 

ties" determined from the plot of carbon count against time. Table 3.3* 

which summarizes the data shows 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 disappearance of the total "cyoli,pentanes" 

was virtually temperature independent. 

The nature of the exchange reaction occurring on the uneintered 

and sintered films was different; and this is illustrated by Table 3.4* 

which gives the initial product distributions for the exchange reaction, 
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TAXI k.3. 

Temp. 
Type Of rate plot 

obtained * Carbon t 
balance 
with time 

Rate of disappearance of 
the total "oyclopentsnes" 

.o1i 	12•  iø'16  1og10(Q 4)  log10 d0  

210 3 C 0 

221 8 5 d.c 2.56 
280 "-s dec 5,46 

288 3 "-S dec 2.44 

210 8 8 dec - inc - 
220 VSCA YSCA doe 3995 
232 CA CA C 0 

260 OR OR inc 

261 3 8 dec 0.65 

261 -'-8 "-8 dec 2.30 

1219,  

S :- 	straight rate plot 
YSCA:- 	rate plot very slightly curved, reaction accelerating 
CR :- 	curved rate plot, reaction sloiiing domi 
CA - 	curved rate plot, reaction accelerating 

t C 2- 	 carbon balance constant 
dc:- 	carbon balance decreased linearly with time 
inc:- 	 " 	increased 	" 	 N 

dec - inc :- carbon balance decrease* and then increases with time  
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and by Figures 3.6.-3,8. which show the course of some typical reactions 

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 U values calculated from the ratio of the rates of exchange 

will be less accurate than those calculated from the initial product 

distribution.. It was not possible to measure the initial product 

distributions for the two results indicated in Table 3,4.  du, to the 

large extent of reaction, but they have been molded because they give 

some idea of the processes occurring on the catalyst surface. 

On the sintered films all the possible deuterated oyolopentan.a 

were produced in substantial amount. initially. In the case of the 

distribution at 2320C pronounced Ilaii-,a were obtained at the monodeutero-

and perdout.ro-compowids, and the hunp in the distribution between the 

and the d6 oompowids indicates that there in probably a mall maximum  

at the 45  isomer, increasing reaction temperature increased the value 

of It and caused a shift in the distribution towards the more highly 

d,uterated ocmpowds. 

On the unsintered films the U values increased with increasing 

temperature, and the initial product distributions also varied with 

temperature. At los temperatures only the di and d 2  cyolopentanes were 

produced initially, the di is omer being the predominant species. At 

-43°C and -230C  no species contai ning more then six deuterium atoms were 

produced initially. All the isomers containing from one to five deuterium 

atoms were produced in substantial amounts maxima being observed at the 

d1 and d5  cyclopentanes, and there was a substantial break in the 

distributions between the d 5  and the d6  cyclepentanea. At temperatures 
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TJB 3.4. 

INITIAL PRODUCT nIZTRIB1TIONS FOR THE XCffANG OF CTCLOFTAfl 

Sinterin.g conditions Temp. 
Percentage of deuterated species 	 kL . ndn 

TZ 
d4 	d5 	d6 	a7 	d8 	d 	 10 

___ .61 86.50 13.35 - - - - 
- 	H i 1.13 

now .443 80.25 7.41 2.47 2.47 4.93 1.24 - - 	- 	- 	1.86 1.44 

none -23 90,61 6.62 0.67 0,52 1.22 0.18 - - 	- 	- 	1.11 1.16 

none 72 i)3026.3O10510.8013.402.86.18 3.14. 	4.75 	5.154.55 3,86 

F i3ji 	 at 2750C 232 15.05 7.79 5.11 2.26 3.33 3,3 4.03 5.38 13.42  4.0.30 	8.9 6.88 

Film sintered at 298°C 288 1.84 1,64 0.46 0 1.43 0 5.63 14.15 31.50 43,30 8.80 

t distribution at 4) a 95.93k a0  a 75.16 

distribution at () a 407.76; do  • 53,83 

- 
a" 
-4 
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greater than 700C all the deuterated species were produced in substantial 

amounts initially. The kinetic data for the exchange reaction at 72°C 

showed that the isomers containing two and three deuterium atoms were 

being produced at a faster rate than the monodeuterocyclopent ens, 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; is, maxima would have been observed 

at the d1, d5 and d oyolontan.s, with a distinct break in the 

distribution at the 45  cyclo&4ntane. 

393. T-hl Exhangs of Cyolohezane with Deuterj 

The exchange of oyolohexsne with deuterium has been studied 

on ux*aintered heavy nickel films; and the results obtained compared 

with those reported by Anderson and Xembsll (103)0 
 On the unsintered 

films which weighed approximately 30 mg a very slow reaction was initially 

observed at -30°C; and the reaction was studied at temperatures between 

-O°C and  930C,  The rates of exchange were converted into absolute 

units using the known surface areas of the tilms, which wire calculated 

by the method described in section 3.1, and are summarized in Table 3.5. 

TABLE 3.5. 

XCRMGE OF CTCLOffEXANr. VITH JEUTEMUk ON UN3ITRJ N1L ,IUSL FIT S-3  

Reaction 
tiIj). °C 

Aete of exchange 
mola sm2. 10- 14 

MLIO 

-30 1,71 2,08 1.22 
0 32.66-22,69 39.64 -- 2604 1.21->1.15 

210 36.74-->22.07 48.81 	35.34 133 	>i.() 

51 18.52->13.78 141.8-.-> 102.3 7,65 -- 7.42 
93 65.o6-->1255 522.5-.78.4 8.04- 	- 
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The plots of the apparent first order rate equations 302. and 

3.ii., (Part 1 were, apart from the reaction at -300C, very slightly 

retardsdly curved, and this is illustrated by Figure 3.9. The shapes 

of the rats plots obtained and the variation of the carbon count with 

ties are .unesriasd in Table 3.6., which shows that there we.s no correlation 

between the two sets of results. For the reaction at -300C the carbon 

count increased at a rats of approximately 0.5 ain 1  In the case of 

the reaction at the other temperatures, increasing the reaction teiperaturs 

produced an initial increase in the carbon count which then either did 

not vary with ties or decreased at a rate of approximately 0.1' -' am 1 . 

Figure 3.10. which shows the Arrhenius equation plot for the 

rate of disappearance of the d 0  ojolohexans also includes the results 

reported by Anderson and Kemball (103) • 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 had aseusied that a nickel film which weighed 10 we would have 

a surface area of 001 ai. 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 is2 , and this value was used to convert the pro-exponential 

factor reported by Anderson and Keaba].1 (103) for use in Figure 3.10. 

TABLE 3.6. 

Type of rate plot obtained Variation of 
Reaction carbon count 

00  
log(4) 10810 d 0  with ti.i 

-30 S S increasing 

0 V5OR VSCR decreasing 

2193 Y8CR VS0B cunstant 

51 VSCR YSCR constant 

93 MR CR constant 

8*- straight line apparent first order rate plot 

V3CR*- very slightly curved rate plot, reaction slowing down 

CRs- curved rate plot, reaction slowing down 
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The results obtained in this 'work do not ozpare favourably with those 

obtained by Anderson and iei.ii (103)0  the files used in this 'work being 

less active at -230C by a factor of 40. 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 x..n (103)  used a gas 

ratio (deuteriva:oycichexan.) 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 deuteriva. 

The deviation of the rates of exchange k 0  from the Arrheniva 

equation (Figure 300) at temperatures greater than O ctindicates that 

extensive self poisoning of the exchange reaction was occurring. However, 

the reaction shove saw anomalous features. A aap.risoc of Figure 3.10. 

with 1igure 3.11. mbich shows the A.rrheniva equation plot for the rate of 

incorporation of deuterium into the 0701 hexans, indicates that the rate 

of disappearance of the a0  hydrocarbon may be being affected to a greater 

extent than the rate of incorporation of deuterium into the noleculee 

The Arrhenius Parameters for the .xohange reot ion are summarized in 

Table 3.7. 

TABLIc 39 79 

ARI41U3 PARME1 FOR THYEXCHANGE OF CYLLOHEW4E 

Based on the rate Aiparent activation Pie-exponential 

of exchang. 
energy 
W mole-1 

factor log1 	A 0  
p in 	g5 ,- a-2  

ko  45.3 25.6 

53.5 25.6 

53.4 25.8 

(103) 
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Figures 3,12. and 3.13e show the course of some typical reactions 

with time, and the initial product distributions for the exchange reaction 

are given in Table 3,8. The initial distributions obtained were similar 

in shape to those that had been observed for the exchange of cyolopentane 

on the unsintered filum. At temperatures less than 22 10C the only isotopic 

cyoloh.xana produced initially were those containing from one to six 

deuterium atoms. The d1  cyclohexane was the predominant isomer and the 

percentages of the isotopic species decreased in order with increasing 

deuterium content of the molecule.. At temperatures greater than 22 0C 

all the possible deuterated oyolohexanes were produced in substantial 

amounts initially, ixiaa being observed at the di g  d6, and d1 2 cyolahexanes 

with a distinct break in the distribution at the d6  compotuzi. A.s in the 

case of the distributions for cyolopentans the correlation between the 

experimental U 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 calculated from the rates of exchange, due to the 

reaction self poisoning. 
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ercent age of deuterated species • k 

k0  
.1- nd 

100 d, d 43  44 	d 6 ? 8 49 	d10 12 

—34.5 87.906.68 2.591.800.8O - - - - - - - - 1j20 

—30 72.75 22,0 2.28 1.52 0.76 0676 - - - - - - 1.22 1.8 

0 73.50 2.85 1.85 1.20 0.44  0.21 - - - - - - 1,21 1.33 

51 26.O0 16.10 5.784.49 2.94 4.75 2,93 2.94 3.78 4.49 5,78 20.35 7.65 5.67 

(10)) 

-& 

-J 

TAR 3.8. 

INITIAL PR(DUCT DI3vyrIc1s FOR Tlif UCHAWGIC OF CCL)AE 
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t,.ThcUssIoN 

4.1 • The keol*snisa. of Exchange 

ihe initial product distributions for the emohange of oyolohexane 

and cyclopentane show that the mechanisms of exchange are similar. Both 

molecules contain only secondary hydrogen atom and the mechanism of 

exchange will thus not be influenced by the variation of carbon-hydrogen 

bond dissociation energies. However, because the molecules are alicyclic 

the hydrogen atom can be divided into two g'oupes 

(a) Those above the plans 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 multiple exchange process 

is operating, and a number of adsorbed intermediates can be formulated 

to account for this process, via; 	bf3 and ii-al]ylic. A 

consideration of the molecular geometry of the adsorbed species shows 

that, if the molecules are dissooiati'vel.y 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 

'-adsorbed and C73..diadsorbsd intermediates. For the hydrogen atoms 

*4.h 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 xadsorbed 

intermediate may form an (-di adsorbed 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 an the surface. However, 
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a change in the hybridization of the carbon electron orbitals from the 

sp3 fomd in an 'f-diadsorbed intermediate to the sp 2 
 implicit in a 

i( -allylio intermediate will bring the hydrogen atoms bonded to the 

carbon atoms forming the -4 -53.lylio intermediate into the plane of the 

ring; thus enabling the hydrogen atoms above the plane of the ring to 

be exchanged by an Lisy-Ridsal mechanism. 

The molecular shapes of cyolohexane and cyclopentane are 

different; the ayclp.nts.ne  ring being almost planar, whereas that of 

oyalchexsne is not. The chair conformation of oyo]oh.xane is slightly 

more stable than the boat forni. However, due to the alternation of the 

axial and equatorial bonds in the chair conformation, the adaorptioit of 

oyclohexane by an 	-diadsorbsd intermediate can only occur by distortion 

of the molecule. It is thus probable that oyalohexie will be adsorbed 

by an 	diadaorbCd intermediate in the boat conformation. The formation 

of a I -afly]ic  intermediate requires that the carbon atone lie in one 

plane; and it will be relatively easy to do this from the almost planar 

oyolop.nt an.. In the asse of oyalohexsns the formation of a '(-tll4ic 

intermediate will require distortion of the molecule. It would, therefore, 

be expected that if i' .allylio intermediates are operative in the exchange 

mechanism, the variation in the ease of their formation from cycichezane 

and cyolopentane would have an influence upon the initial product 

distribution. 

On the msintered fil= at temperatures less than ambient 

temperature, the initial product distributions show that for oyclopentenS 

and oyclohsz.nv only half or the hydrogen atoms were readily exchangeable; 

and this east correspond to the exchange of the hydrogen atoms on one aide 

of the ring. By the interconversion between '. -adsorbed and 

v -diadsorbed intermediates it is only possible to exchange a staximm  



of two two hydrogen atoms in each molecule initially. The presence of 

s,oies cont aining more than two deuterium stoma in the distributions 

aasdiately rules out an xdiMsorbed intermediate as being primarily 

responsible for the multiple exchange process. The primary mode of 

exchange iit 1  therefore, be the interoonversion between '-adsorbed 

and either3u.diadsorb.d or 1T'ally1ic intermediates, Since the 

formation of a t.11y1ic intermediate involves a minimm of three 

carbon atoms, the desorption of a molecule from the surface after 

undereing an (—, b9— and -allylic interconversion can only occur by 

the addition of three deuterium atoms. The initial product distribution 

for the •T1haFge of cyolopentane it .41°C show., however, that a maximum 

of two d.uteriu* atoms were incorporated into the aoleoul. initially, 

4Moating that a -allylic intermediate was not participating in the 

exchange mechanism. The evidence cited in section 3.5.  (Part II) indicates 

that nickel has a relatively poor activity for the formation of 1  -aUylio 

intermediate., and it is considered that this intermediate was not 

responsible for the exchange of the hydrocarbons at temperatures less 

than 00C. The exchange of the hydrogen atoms on one aide of the ring 

most, therefore, be due to the intrconvereiou between -adsorbed and 

'-dtadsor'bed intermediates. 

On the sintered films .11 the hydrogen atoms of cyclopent sue 

were readily exohsngeaLe initially; as were the hydrogen atoms of 

oyclopent ano and oycloh.xane at temperatures greater than room temperature 

on the sisintered films. This propagation of the exchange process from 

ame side of the ring to the other can, as mentioned previously, only 

occur by the formation of either an W1iid sorbed intermediate or a 

ii' -al]ylic specie.. It has been shown for the exchange of methane on 

nickel films that at temperatures greater than 200°C an '/o-diad sorbed 

intermediate is participating in the exchange mechanism 	• Gault et &10 
(50) 
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have shown for i,1,-tetramethylcyclopantane, which cannot form a 

jI 

 -aflylic intermediate, that the proagaticn of the exchange process 

from one aide of the ring to the other by an kVdiadsorbed intermediate 

only became impQrant at temp.z'atures greater than 140°O. It is, 

therefore, unlikely that -diadaorb.d intermediates are participating 

in the meohanisn.s for the exchange of cyalopentane and cyclohezane or* 

the unaintered films at temperatures greater than room temperature. 

Gault et aie 	have sho,n for the exchange of 2k-100o4-  

tetz'anethyloyolopentsne on imaintered nitbel films, that at 0CC maxim 

were observed at the d1, d4, and d 12  isomers, indicating that a 1-allylic 

Intermediate was being formed on the surface. The amounts of the isotopic 

species containing from one to four diuteriun atoms were greater than 

those containing from five to twelve deuterium atoms • and corresponded to 

the emhsnge at the four hydrogen stasis trMs to the 	methyl groups. 

They also found for the exchange of the *ame molecule that at JOCC maxima  

were observed lu the initial distributions at the d1 and d 12  isomers, and 

that the percentages of the species containing from o vAe to four deuterium  

atoms were similar to those containing from five to twelve deuterium atoms. 

This indicates that the activation energy for the formation of 1 ..allylio 

species is greater than that for the fzaation of the c bonded 3-diadaorbsd 

intermediate, and that the ratio /o increases with increasing temperature. 

This bhaiour of the distributions was also shoini 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 oyolopentane 

and cyolohexane was propagated by the interconversion between w-9 	-, 

and (-allylio intermediates, with the formation of '-allylio intermediates 

becoming increasingly probable with increasing temperature. 
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At the high temperatures rewired to propagate the eihangs of 

cyclopentane on the sintered films it is possible for <-diadsorbed 

intermediates to participate in the exchange mechanism. However, because 

i1 .u.afl4io intermediates are readily formed it lowish temperatures on 

the unsintex'ed films, it is considered that the interconversion between 

-, and 1(..ajlylio  species will be more probable than the intervention 

of an --diadsowbed intermediate into the Intercom ersion between vadsorbod 

and cx,, %4iadsorbed intermediates, 

42, Activity of the Yilms for the ExcbMa iLe 14gotiona 

The absolute rates of ecchange were based upon the apparent 

surface areas of the film., as calculated by the method described in 

Part III section 391. it is well known that the surface areas of nickel 

film depend upon the sintering temperature (flo), and a number of reports 

have appeared in the literature devoted to their p1ysioa3. structure. Thus 

Anderson at ai. 0 	have shoso that nickel films deposited at OC in 

vacuo are unoriented, and consist of large crystallite. 20-100 rim in 

diameter with intexorystal gaps of 2 i. The structure of films deposited 

at 0°C are extremely porous with a large internal surface, and the surface 

area is proportional to the thickness of the film; in confirmation of 

this it has been shown,, that the electrical conductivity is about seven 

ti..s less than for the bulk metal 	that the surface area is 

dependent upon the weight (150),  and that all the physically adsorbed 

xenon used to measure the surface area could not be removed by pumping 060), 

Sintering the film either in vaouo or in hydrogen causes crystallite 

growth and smoothing of the surface. Ttus it has been found that sinteriag 

a film at 4000C in veouo increased the crystallite size to 200-300  rim and 

eliminated surface asperities (136)  and that sinterin at 20000 produced 

a polyorystalline surface with no interorystal gape (160)  this coherence 



- 176 - 

of the tile structure is also ahowi by the fact that the resistance of a. 

5 mg file, which had been sintered at 187-257°C, was approximately equal 

to the resiatatios of th. bulk metal (1 6) 

The specific activity of the film say depend not only i.çcn the 

surface area, but upon the catalytically active surface area, which wiU 

be a function of the hydrocarbon studied. Thus for the hydrogenation of 

ethylene, the zero order dependence of the rate upon the ethylene pressure 

indicates that ethylene is much more strongly adsorbed than hydrogen; and 

it it be eNacted that almost all of the surface would be catalytically 

active. It has been shoan, however, that all of the surface is not 

catalytically active (115),  and that sintering the films decreases the 

specific activity for the reaction to a slightly greater extent than the 

decrease in thc apparent surface area 	For the exchange of 

alk.ylbensenes on nickel film it has been shown that sintering produces 

a very profound eCf eat upon the character of the reaction 	• it was 

found for the exchange of cune, that on m.intsred film the - and - 

hydrogen sts, and the hydrogen aton on the carbon aton v to the ring 

reacted at appro 4"atsly the seae rate; but on the rums sintered at 

200°C only the hydrogen atom on the carbon stan was readily exchangeable. 

This indicated that sintering or poisoning associated with the sintering 

process had destroyed the sites responsible for the adsorption of the 

benzene r.ng_ 

The results obtained in this *rk show that sintering the films 

decreased their specific activity for the exchange of cyolopent an. at 

-23°C by a factor of j7 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 

a rate of exchange ho equal to . 1o16 mols 1zr2, then for the unsintered 
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and sintered films values of -230C and 19400 respectively are obtained-

Th. initial product distributions obtained for the reaction on the two 

kinds of film were similar, indicating that sintering msy not have 

preferentially eliminated certain type. Of exchange sites. 

The decrease in the specific activity may have been caused by 

using an orgen eontawinated surface; thus the results obtained for the 

exchange of oyolo&iezane show that the films used in t is work were not 

U active as those used by Anderson avA Kembal]. 	• Two explanations 

can be advanced for this behaviourj 

(a) The films used in this work were contaminated and those 

used by Anderson and Kimball 	were clean. 

or (b) rhose used in this work were clean and those used by 

Anderson and Kimball (io)  were contaminated. 

For the films used in this work the reaction vessel system was outgasaed 

until the pressure was less than 0,3 .ir2 , and the films were deposited 

with the reaction vessel closed off from the jp nwping system. The first 

few layers of film deposited mill, therefore, have removed most of the 

oxygen remaining in the reaction yise.l 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 ateo in the surface of the film 

occupies an area of 0.0625 na', then the surface of an unaintertd film 

will contain aperoximately 60  io 8  nickel atoms. For the formation of a 

monoi*y.r of oxygen atome on the surface the reaction vessel at 000 

would have had to contain an oxygen pressure of 65 Nm 2 9  and this would 

have required the gas mixture to contain approximately V. oxygen; this 

is unlikely because the hydrocarbons used were degassed before preparing 

the reaction mixture. An attempt was made to resolve the problem by 

contaminating the surface of an uneintered film with oxygen by the 
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thermal decomposition of nitrous oxide 
061) After 7.3. IO18 Molecules 

of nitrous oxide had been allowed to remain in contact with the film at 

000 for 30 mini, the excess was removed by pping at 0CC for 10 sins; 

however, whn the gas mixture was emitted to the film at -400C no 

.zoh.rge of oyolohezan• was observed at temperatures less than room  

t.er*ture. This result was not entirely unexpected because it is knowa 

that hydrogen does not ohemisorb on a freshly oxidized nickel surface (162), 

It can, 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 oi nickel oxide in & nickel matrix. It has been showa that the 

adsorption of oxygen on nickel increased with time at .78 and 22 0C and was 

not reversible (163), This indicated that oxygen was being incorporated 

into the bulk nickel; but it was possible, however, to partially 

regenerate the surface by heating in vacuc at .78°C. Gs1e.y and Xeaball 
(159) 

have shoi for the adsorption of hydrocarbons on a nickel supported catalyst, 

that at .350C little dissociative adsorption of o3'clohexan, -pentsne, 

-Pent an., or 2 ,2.dimetbylbut an. was occurring, the adsorption being "si'ily 

physical in nature. (ith uyolopentno, however, extensive dissociation of 

the oarbon"hydrogsn bonds was observed at .350C. It is difficult to 

correlate these results with those obtained by Anderson and XaU (10 

for the exchange of cyolohexane on unsintered films, because adsorption may 

occur over the whole surface, whereas only a small proportion of the 

surface my be active for exchange r.sot ioua. The dissociative adsorption 

of cyolohezana at teaperatures greater than _350C corresponds quite well 

with the eiiotange of cyclohexans at ttmp.ratures greater than -30 0C 

observed in this work; and it 15 considered that the iilas used in this 

work were essentially non-contaminated. X4iokel oxide is a p.type 

semiconductor, and the ohe 1 sorption of hydrogen on its surface will be 
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depletive*  it islands of nickel oxide are present in the surface of a 

nickel film, the nickel metallic orbital& at the nickel oxide nickel 

interface will be modified, and the enhanced activity of the tiliu used 

by Anderson and Leaball (io) soy be due to the exchange of cyclohezane 

taking place readily at this interface. 

The result, obtained in this 'work for the exchange of 

Ojolopentane on the sintered films were similar to those reported by 

L(owUnaon .t 	(164) & direct o*risoft between the two ..ts of 

results could not be made because they used a different gas ratio from 

that used in this work; nor did they report the &x'rhaniva parameters 

and pressure dependency equations for the reaction. For the results 

obtained in this work, the rate, or exchange on the ti].ma sintered in 

deuterium and on those deposited at the sintering t.ap.rature were 

similar; and it is ocesidered unlikely that this oorrespond.noe would 

have been obtained it the films had been contaminated. 

8inoe no exchange of cyclopent ens on the sintered films was 

observed at temperatures less than 20O 9  the large decrease in the 

specific activity on sintering cannot be due to progressive self poisoning 

of the reaction, and most have been caused by a change in the nature of 

the surface, it has been shown for the hydiog.nolysis of ethane on a 

nioksl-silics.aluz'ina catalyst, that the specific activity decreased 

with increasing crystallite size to a greater extent than could be explained 

by the decrease in the surface area 165) • This result shows that for a 

molecule with a aiajile molecular structure such as ethane, the reaction 

is sensitive to the degree of dispersion of the met,].. Sintoring the 

films will have increased the mean crystallite size and smoothed their 

surface; and it is probable that for oyolop.ntane with its more complex 

molecular shape, the reaction will be sensitive to the structure of the 

surface. The large decrease in activity on sintering will thus be due to 
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the lowered degree of dispersion and the elimination of surface defects. 

The results obtained for the exchange of cyclohexane and 

oyelopent.ne on the unsintered film shoe that at .m23 9C cyclopentene was 

more reactive than oyolohexane by & factor or 100. The results obtained 

by Gale.y and Kaia1.1 (159)  show that cycLçentane was more readily 

adsorbed on a nickel catalyst than oyclohexanej and their results 

correlate quite well with the greater sue of exchange of cyclopentane on 

the unaintered films. The Arrhenius parameters for the exchange of 

cyclohezane were greater than those for oyolopontsne; and the Arrh.niue 

parameters for the exchange of both molecules showed a normal compensation 

effect. This indicates that there is an interplay between the heat of 

adsorption and the entropy of adsorption vhich is not readily disentangled. 

The Arrheniva equation plots for the exchange of cyclohexane 

and cyclopentanu Www that both reactions were extensively self poisoned; 

indicating that on the Jarts of the surface responsible for exchange there 

is a ccetitiou 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 numbsr of reports have 

appeared in the literature devoted to the adsorption of hydrocarbons on 

nickel surfaces. Wright at aie 	have shown that on a nickel film the 

adsorption of methane was rapid at 1O°C and was aocompani.d by the aloe 

liberation of hydrogen. The breakdown of the adsorbed msth.ns was 

extensive and increased with increasing temperature. They also found 

that ethans was adsorbed readily at 0CC $nd could be displaced from the 

surface by h.ydr.egen. In the temperature range 60-100°C 9  however, the 

adsorption of ethars.e was accompanied by the liberation of hydrogen from 

the surface, indicating that the adsorbed ethane specie, were extensively 

dehydrogenated. Ethylene can adsorb on a nickel surface either associatively 

or dissociatively, and Eischsns and Pliskin (166) 	shova that on a 
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bare nickel surface at 35°C, or on a 1.ydrogen covered nickel surface at 

Ijolac the carbon atoms are mainly saturated. 	rrovi and S ipperd 
(167) have 

shown that for the adsorption of ethylene on a nickel oarb-o-ail catalyst, 

the l.R, i 1 ectrtun of the adsorbed species varied with the time and 

temperature of adsorption. At room temperature the sjMctr= was rn&ii3ly 

indicative of -butyl surf ace species; and the hydrogenation of the 

adsorbed species at 200C resulted mainly in the formation of gaseous or 

ph.ysioallj adsorbed -butsne. Xnor at a].. ' 16 found that on a nickel 

film at 00C the adsorption of cyclopropaus resulted in the formation of 

gas phase propane and athena, indicating that fission of the carbon-carbon 

bonds,  was occurring. The hydrogenation of cyclopropane at 0°C was, hover, 

reversible; after pumping off the gas phase, the activity of the film 

for subsequent hydrogenation reactions was reproducible. The adsorption 

of oyoloh.sxane has also been studied by ialasov at a]. (169), who found 

that on a nickel silica catalyst at 200C oarbon.'hydropn stretching beads 

appeared in the I.R. spectrum due to the dissociative adsorption of the 

cyclohexane; they also found, however, that on a hydrogen covered surface 

these carbon-hydrogen stretching bands did not appear. 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 oyolopintans 

and cyolobexane showed deviation from the krrheniva equation plot at 

temperatures of -2C and 0°C respectively, and the activation energy 

of .-8.63 ki mole 1  obtained for the deviated branch of the plot was 

identical for both molecules. This self poisoning of the exchange reaotiO 

can only occur if the strongly bound species are adsorbed on the came 

surface sites as those which are responsible for exchange. The formation 
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of strongly adsorbed species on metsl surfaces is generally believed to 

involve the adsorition of the hydrocarbon by intermediates of the type 

- 	etc. It van shown in section 4,5. (Part U) that nickel is 

a relatively good catalyst for the formation of -diadaorbed intermediates; 

and it has been shown that the hydrogenolysis of neohexane on nickel films 

involved the foxuation or an Dw(_triad5orbed intermediate (1 5) • The self 

poisoninjL of the exchange reactions of cyolopentane and cyolohezane, 

therefore, probably involves the formation of MX/S..tri eAeorbed, or 

43..tetraadsorbed intermediates. For cyolohexane and cyclopentans, if 

the molecules are strongly adsorbed with the plane of the ring parallel 

to the surface, the formation of 	etc,, 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 occur by 

hydrogenolysis of the alicyolic ring. It has been shown, however, for 

the hydrogenolysis of a.lkyloyoloh.xanas, that on a nickel-alumina catalyst 

no clesLvage of the cyclohezane ring occurred at 220 (170)  and it is 

considered improbable that cleavage of the alio.yclic ring occurs at low 

temperatures an the unsintered films. It is believed that the identical. 

activation energy given above for the deviated branch of the Arrh.nius 

plots supports the hypothesis that self poisoning is occurring by the 

formation of 	-type intermediates. The formation of a 1.2.4.5-tetra 

adsorbed intermediate by the dissociation of the four hydrogen atom 

from the boat conformation of cyolohexane, requires four nickel atoms 

in a square arrangement with a aide dimension 0.29 am. So 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 cyolopentane 

but it is not believed to be responsible for the self poiec'nirig of the 

exchange reactions. 
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The exchange of cyoloentane on the sintered films was also 

self k9iIoflSd and the carbon count at any temperature usually decreased 

linearly with time. The kinetics of the exchange reaction and the self 

poisoning reacticn rAwe different; the exchange reaction generally 

obeyed the apa.ent first order euation, 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 simultaneously 

on the same surface sita. The activation energy for the self poisoning 

reaction, i.e., the rate of disappearance of the carbon count,was 

effectively aero, indicating that the two processes did not have a 

con intermediate. It is kno 	that on nickel films it is 

possible for the adsorbed polymetbyloyclopentsnei to turn over on the 

surface by the formation of an -diadsorb.d intermediate; and it is 

believed that this intermediate in the one responsible for self poisoning 

of the exchange reaction. The exchange and self poisoning reactions rey 

thus be foxwailated as follows. The initial adsorption of the oyclopeutane 

will occur by the formation or an -adsorbed intermediate which can then 

form either an ty or an -.diadsorbsd intermediate. If the (Ldiad.orbed 

intermediate is formed the exchange of oyolopentaae will be propagated by 

the interconversion between -diadaorbed and '4aU.ylic intermediates. 

If, however, the -dis.daorbsd intermediate Is formed, the plane of the 

ring will be per.ndiculsr to the surface, and an x .4-triadaorb.d 

intermediate will be formed in preference to the reversion of the u-apecies 

to an %-adsorbed intermediate, hence causing self poisoning of the exchange 

reaction. 

In conclusion it may be said that extensive self POi&GDiA9 of 

the exchange reactions of oyolopent.ne and ayolohexane was observed at 

Jos temperatures on the unsintered films rr.adaorption of hydrocarbons 

on the surface would have increased the reaction temperatures required 
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to proag*te the exchan ge process, and the effects jaoduced by presorption  

.ould have been impossible to differentiate from progressive sintering of 

the films. Presintering the files increased the temperatures required to 

propagate the exchange process markedly, and the 2resorpt ion of hydrocarbons 

on such films would have brought the reaction temperatures necessary to 

propagate the exchange pzoo•ss into the region of temperature vhere 

hydrooraoking of the molecules vould have occurred. It La, therefore, 

believed that with the s.pparatua used it is impossible to study self 

poisoning of exchange reactions on nickel films by the method propo..d. 
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CUNCLUiIC 

The results obtained in this vork indicate that platinum and 

nickel, although they are in the same sub order of Group VIII, are very 

diffarent in their catalytic properties. 

Anderson and Avery (2)  postulated that the hydrooreoking and 

isomerisation of saturated hydrocarbons containing more than two carbon 

atoms on platinum fume, occurred by the formation of an 	-triadsorbed 

intermediate. The exchange reactions of the saturated hydrocarbons on the 

platinum catalysts were not, however, 	self poisoned at temperatures 

less than MOO; and the rates of exchange of neopentane at these temperatures 

wer very much greater than the rate of hydrocracking and isomerisation. 

This indicates that the adsorbed intermediates responsible for the 

propagation of the exchange process are essentially reversibly adsorbed. 

The exchange of methane by a multiple exchange process occurred readily 

at temperatures greater than 180CC; and the results obtained for the 

exchange of polymethyloyclopentanea on platinum fume 50 indicated 

that an o-diadsorbed intermediate could be formed at law t.*p.ratur.s. 

These results indicate that if an b6-triadaorbed intermediate Is formed 

during the exchange reactions it is reversibly adsorbed, and hence does 

not cause self poisoning of the exchange reactions. 

Although the mechanisms of exchange were different, the 

specific activity of the film for the exchange of propane, butane, end 

neopentane were similar, indicating that the exchange reaction was mainly 

governed by the ability of platinum to dissociate primary carbon-hydrogen 

bonds. The amin characteristic of the unsintereti platinum films was 

their tendency to sinter slightly during the reaction; and the specific 

activity of the films was reduced by preaintering to a greater extent 

than the decrease in the apparent surface area. This reduction in activity, 
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iih was not aooaapeni.d 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 cyolopentane and cyoloflexane was obaez'ved. It is 

suggested that the exchange and ..lt poisoning occurred by different 

mechanisms, the exchange being propagated by the interconversion between 

-, 	-, and st_aflylio  intermediates, whereas the self poisoning 

was caused by the formation of xy or '- adsorbed intermediates. 

As in the case of platinum, presintering the films roduoed a very 

large decrease ifl the specific activity of the films fbr the exchange of 

cyolopentane; and it is thought that this is due to a pronounced 

restructuring of the surface on Entering eliminating the catalytically 

active sites. 

It was 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 the characteristics of the exchange 

reaction. However, is the effect produced by the poison caused by 

blocking the exchange sites or by pr.sorption on adjacent sites 

preventing reaction occurring on the exchange sites? ire sorption of 

saturated hydrocarbons on platinum catalysts at temperatures less than 

105°C does not poison the catalyst for the subsequent exchange reaction. 

However, platinum can be poisoned by molecules 'which contain lous pairs 

of electron., and it would be interesting to see uhat effects the preaorption 

of such molecules would produce upon the characteristics of an exchange 

reaction. It would also be interesting to see 'what effects a series of 

these co.ouMa ovuld produce, for example, ammonia, methylamins, 

dimethylamine, and trimstby1i'ts. In the case of nickel the self 

poisoning of the exchange reactions studied was so extensive that 

quantitative work upon the effects of presorbing hydrocarbons would 
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have been impossible. It say, however, be possible to deduce the structure 

of the intermediates responsible for self poisoning by other msthola. 

One my of doing this would be to alter the stricture of the molecule being 

studied. Thus, the exchange reaction of oyclohexane is self poisoned; 

but is that of norbornane? Although it has been postulated that the 

exchange of cyclohexene is self poisoned by the formation of an te..tri adsorb.d 

intermediate, it would also be possible for the reaction to self poison by 

the formation of an intermediate resulting from the dissociation of the 

tour carbon-hydrogen bonds when the molecule is adsorbed in the boat 

conformation. The exchange of 	-hexafluorocyclohezane, which cannot 

form an -triadaorbed intermediate, would enable the structure of the 

intermediate to be resolved; as would the study of the adsorbed 

intermediates by IR e  or broad line M.M.R. sjeotroacopy. 

One of the interesting facets of this work was the decrease in 

the specific activity of the films on wintering.. This may have been due 

to the elimination of surface riefecta or the elimination of crystal faces. 

Although some work has been published on the exchange of hydrocarbons on 

epits.xed nickel films (171)  it would be interesting to study further the 

relationship between exchange reactions, self poisoning and the etruottae 

of the catalyst aurtace. This could be done by using e4tax.d  films, or 

by intiloing surface defects into the catalyst, for ix*jle, by etching 

One of the problems encounter , d in the v.ork with nickel films 

was related to their cleanliness, So far as in known,, no systematic 

study of the relationship between surface coatwainat ion and the 

oheraotsristios of exchange reactions has been atteated. It has been 

suggested that the enhanced activity of the nickel films used by Anderson 

and Xemball (103)  for the ezehange of orclohexane relative to those used 

In this work was due to a contaminated surface. It would be interesting to 

study this further by exchanging cyclohexane on a series of nickel films, 
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containing increasing quantities of nickel oxide. This study would be 

difficult experimentally requiring U. H.V. techniques and  rigorous 

d.oçy-genation of the sues used. The catalysts would also have to be 

prepared prior to each experiment to prevent oxygen incorporation into 

the lattice and the chemisorption of "hydrogen" which is known to occur 

on aged nickel oxide catalysts (162), 

If one studies the Croup VIII metals, iron, cobalt, nickel and 

ruthenium are the only elements which are active in the Fischer-Tropsoh 

synthesis. The triad of the metals in the first transition series readily 

form carbide& in the Fischer-Tropsch synthesis, and also tend to self 

poison during exchange reactions. Iron is the most extensively 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 metals in that their crystal structures are different, and it would 

be interesting to see whether this has an influence upon the characteristics 

of catalytic reactions. Of the metals in Group VIII it in considered that 

the exchange reactions of hydrocarbons on iron, cobalt, and nickel film 

will be self poisoned to such an extent, that the qu.nthative study of 

the intermediate, 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 	It is also similar to 

platinum in that it readily forms Kk.-ditdIorbed intermediates. It 

might, therefore, be expected that those metals on which methane readily 

exchanges by the formation of an -diadsorbed intermediate, would also 

exhibit self poisoning of the exchange reactions at the higher paraffin.; 

and in this context an extensive study of the exchange reactions of 

saturated hydrocarbons on rhodium, iridium, ruthenium and osmium 

evaporated films would be worthwhile. 
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ND1A I 

The program given below is written in Atlas Autocode and was used for 

the statistical analysis of the mass speotra]. data. 

%IN 

% INTEGER I,J,YLR& p QAp N,BO X 
4ERIL1 P(-20:20) 
Jaa.AI 	F(i:6) 

% REAL 	Z,T,U,C,D,E,,TOTAL,F1!E,I 

RD (i) 
COMMENT I SETS OF DATA 

7zR1AD (N) 
$ COMMENT NO. 01 HrDROGENS TO BE CO1IDED 
READ (M) 

CCI&'ENT NO. OF FRAGMENTS TO BE CO?IDKRED 
READ (x) 
% COMMENT SINGLE ISOTOPE CORRECTION 

CYCLE 1301 2 19 6 
READ (7(3)) 
%1aFEAT 

% CYCLE J.1,1,I 
1:RbAD (z) 

-+1 ) UNLESS Z —j 
READ T; 	COMM'Rr T IS TIME 

CYGL1 A-M,1,N 
READ (P(A)) 
$ IF 2(A) -2 izii —v 6 
$ IF P(A)=-3 , 
$ STOP IF P(A)..' 
$&EPEAT 

READ (z) 
-*2 , if 7-2 

6: $i CAPTION ADLTT_SET_OP DATA 
m iir 	•' 	.. 

-p1 

; COMMENT CORRECTIOM FOR S.I.C. • D.I.C., AND NAT, D. FOLLOW 

2. CYCLE K='41 ,1,N-1 

P(x+i )nP(X+1 )..H*P(I) 
$ IF V(N-2) ; THEN -p3 
P(x+2).P(1...2)-41((11.-0.01 i )/2)'P(x) 

3 zREPEAT 
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Cu1ct±NT CL..., 1*LI  jTLG. UV • 	(;1 U? To 6 )LkSS UNXTS 

t;Li. =N,-1,O 
Iii p(L)(. 

CO9NT -I 

,. CO:JL.NT -2 
P(I2)1(.-'2)-((F(I 

('(2)'((N-1)-: Y(li-1)(t-L)/N))•p(L) 

/ CO1L1U 	-3 
CP(L 
DP(L 
P(L-3 =P(L-'3)-(C+D) 

CO?t!!.E}TT -' 
Cup(L) *F(2)  11N'-  (L-1 j(, -i 
DP(L)"F(3)yIJN((L -1 
1F(L)*i(i.)  

, COMM —5 
c=?(L) (3) 3  

; C 

FP(L)F(5)(xc-L)/N((N-I)-L)/(N-1)'((N-2)-i)/(N-2) ,c 
( 

/ 	L.T -6 
c? i,'w(L-I)/(1-1)(L-2)/(r-2) 
D=rL)'1?(A,.)-6'i/N(L-1  

(N-I )-L)/(14-2) *( (1-2)-Lj/(1-3) 
EI L)  

'((N-L)-2)/(-3) '((i-L)-3)/(i•4-) 
GP(L)F(6)(N-L)/((N-L)-1)/(N-1 )((ri-L)-2)/(N-2) 	•c 

f) CO)3iN1' CAIZUL-MOk, OF ?CNT, FHI /JW PRJI4T IN1tUCTIONS 

N.VLINE& (2) 
TOTAL--O 

I•CYCLE S=0 8 1 9 N 
II? (s)c 	5 

TOTiJTOTM*P(S) 
5;r-EAT 

CA-TION C(RR1CTh 	H.IGllTS 
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1WLIN (1) 

CYCLE R.M,1,N 
CAPTION 	PRINT(R 1 o) 
CAPTION =; PRINT (PR,1,2) 

$ REPEAT 

% CAPTION-TOTAL PEAX HEIGHT NEGLECTING D-'l TO 
1)-N 

PRINT( TOTJ1, ? 
CAPTION-PERC : - .VTAGE Of ISOTOPIC SPECIE 

NWLINES (1) 

$ CYCLE R-01,N 
% CAPTION w  Dj PRINT ~vl  0) 
% CAPTION ; PRINT PR59o4/ToTAL,1,2) 
$ REPEAT 

% CYCLE Q1,1 9N 
p(q)o % 1HiN-3.44 

WIR1IP(0904/TvTAL 
Wh REPEAT 

CAPTION-FBI = ; PRINT (FBI ,1,2) 
% CATIUI-TJ; MINT (T,1,2) 

	

99; REPEAT 	
w 6A 

SEND $o %PRoG2M 

The data is fed into the ocmput.r in the fo11cing fora 

I 
N MX 

1 F2  73  F P 76 

-ITP-M P-M+1 	...PO. . . . P 
etc. 

- 1 	0 	3 
A N 	N 	I 

i F2 7 F 75 6 

-ITP.'M P-'N+f 	,.. P0 • • • • P 	-2 
etc. 

-1 	0 	- 

Section A in only Inserted if one is ahnging any of the 
hydrocarbon parameters. 
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APFNDIx II 

Fortran IV ocmputer program for the extended Gault-Kambafl-Dib.1.r 

oorreotion soheme used to analyse the mass speotra of the i5otopio 

propane a. 

INTER & 
DiXIISIoN P(21 ),'H(7),J.aD(7),a(6),B(6),Pi(21 ),coap(21 
LE.D (5,100)  JSE? 
DO 57 JN0S=1 ,JSL.TS 
£i4D (5 too) ITS 

100 PORAT t 16) 
R.AD (51o1) N,M,SIC 

101 FORUAT (16,16, F6 .4.) 
&&AD (51o2)  (IIi(I7R.),IYRAGii1,7) 

102 FORMAT (716.4.) 
RW (5,i0)  (LD(InAG),IIRAGI,7) 
DO I I1 6 
IF (1Pi1(x.EQ.o.0000) GO TO 2 
A(I)sYH(I+1 j/.L?fl(I 
B(I)  =FD (I+I )/?D(I 
GO TO I 

2 	A(I)o.0000 
B(I).0.0000 

I 	CONTINUE 
s-1t+1 

I.*NiM 
IPL'J.I+ 2 
NAN(N-1) 
NBNA (n-2 
NCNB (N-3 
ND.NC(N-4 
NE-ND' (N-5 
DO 56INC81, ISTS 
RD (5 1 03) TINE 

103 FCRMAT F5.1) 
READ (,io) (P(j),j=i,u) 

104. FORMAT(12F6.2) 
READ (5 

1' 
 05) (p(j),j.s,x) 

105 FORMAT 9F6,2) 
waim (6,33) 

33 FORMAT (fox, 25tEXPIRDENTALj?AU!EIGHTS//) 
.RIT (6,1002) 

$002 FORMAT (3X, 1D-7, 5,iD-6, 5X, 3HD-5, 5X,iD-4.,  51, 
5 310-3954  , 	-2,5,.3hD-1 ,4.//) 

WRITE (6,301) (P(J),J=1,M) 
301 FORMAT (8.2,//) 

WRITE (61100I) 
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1001 1AT (4z,  21!DO, 6x, D1 ,6x, TD2.6z1D3.6x. 2HD4,6x, 
W ?jfD5,6X,2J1D6,62( 2HD7,6X,2HD8,2Uç/ 

(P irci (6 9 25) 	J),J-s,K) 
25 FORMAT (98,2//) 

IwN 
DO 3 J-6,I 
lmJ-& 
IF (L.LT.o) GO TO 21 
GO TO 22 

21 I.—'L 
22 CCsSIC+(N-L *0.0002 

P(J+i )(j+j -coaP(J) 
1? (L.GT.N..2 GO TO 3 
i(J+2)=F(J+2 -cca((c0R-.o.011)/2)p(J) 

3 CONTINUE 
YiIITE (6,35) 

35 !ORLT (1Ox,34HPElcJIiz!Ts CORRSCTZD ' FOR 
IZOTOPE 2V/)  
WRITE 9 1002) 
WRITE 6,301)  
WRITE 6,1001) 
WRITE 6,25) (P(J),Js E) 
D6=7P 2O)2/(16P(21 ) 
D5z7*P 2O)V(6P(21)'2) 
FHD7a(F(1 9)'-D6-YD(2) *p(21 ) )/P(2o) 

tMA-(PHD7/(A(1 )/zi))(i ,o,'74 
)62A( I )/n*cc**6 

rDD7(P( ia).. D5-.'uD6'D6)/P(2o) 
PIDD7/(YD(4 (14-1 )/N) 
WRITE (6 2 2121) GA,I 

2121 FORMAT 
Du71 Ja1,21 

71 Go&P(J) UP(i) 
DO 72 Jul 21 

72 ?(J)aGOR.PJ) 
DO 4 Ial,IPEAK 
JIPEAXI 

GO TO  45 

IF (P(J),LT.o.c) GO TO 4 
M1Aui(NL) 
r*1BtA N-L'.2 
NHC=MTh N-L-3 
NllD-MC* N-L-4 
NKE-?iD (N-14-.5 
NDAaL(L.'1) 
NDB-NDI L-2 
NDCarDB j3 
NDDaNDC' L-4 
NDENDD La.5 
HaGAA 'L 

ZDF j * 

W 'Z.H 
p(j.-i )BP(J-i )_.(T*P(J)) 
T_B(i)*I,fN 

W ZD 
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U=A(I ) *A(2) *NWNA  

P(J..2)*P(J..2)-(T+U)'P(J) 
!r'(B(1 )A(2)+A(1  

W 
u(i 

W '7I3 
P(J-3)aP(J .'.3)-(T+1J) P(J) 
T.B(1 )B(2)I&A/nA 

W ZD2.00 

W 'LUHA,/NB 
11 *0*20 42 
v(i )*A(2)*A(3)*A()*zeic/Nc 

P(J..4.)aP( J-4).-(T+U+v)P(J) 

W 1'ZD2.00 
ua(B(1)A(2) *A(3)*A()+A(j)*B(2) •A(3).A()+A(1 )A(2) 

W 4B(3)*A()+4 (j )k(2)*A(3)*s())L*t*IWNc 
W DH3 
v( I ) 4A( 2) *A(3) .A() *A(5) .iD/m 

* *i5 

P(J-5 )iP(J_5)_(T+v+v) *p(j) 
T.B(1 )s(2)'3(3)Iw/i 

W*Z1'3.QO 
U- 

W 	3)*3(4)+A(I )B(2)B(3)*A()+A(1);B(2)A(3)43(j4.) 
W +A 
W ZD2ZH*2 
Vu 
+A  1)'A(2 ~ "'I'~3~*A~4~"A~ 5J+A(I)*A(2)*A(3)"B(4)*A(5) 

* iA 
* L'M!C/ND 
* ZDZH' 

WIIA(1 ) *A(2) •A(3) *A(j)*A(5) .A(6) . r/ 
W 7J**6 

(J-6 )=(J..6 )-.(T.u+v+w 
) 

*p(j) 
Tu(B(1 )B( 2)5(3)A()iB(1 	(2)(3)3()+B(j )*A(2)* 
(3)()+It(1 

W 2Z.D' 4  3.00 

*+B(j)*A(2)*k(3)*B()!A(5)+B(1 )A(2)'A(3)A()B(5)+ 
J. WA I 6 2 B(3) 'A 	A 5+A I 1(2 A 

WA I 	2 A(3 A 1 'B 5)+A i '(2 B 3 	*A()+ 
WA I A 2 '3(3 A 4.  'B 5)+A I A(2 'A 3 'B(4. *B(5))* 
* NDAM/ND 
* 'ZD"2'74R'3 

Vu 
W +A i )A(2)n(3)A(4.)A(5)AA(6)+A(I )'A(2)'A(3)a(4.)'it(5)'A(6) 
w+. 
W 'L't*fD/NE 
WZD4 j5 

P(J- 7)iiiP(J7)( T4-U+V) 'P(J) 

Ti '7aD"4..00 
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*A(1 '3 2 'B 3 'A(4. 's(5 +A(1 )#B(2 '3(3 	'.A(5 + 
*5 1 'A 2 'A 3 *3(4. B 5+3(1 A 2 'B3 'A()4. '3(5 + 
WB1 'A2'B3 B(4.'A5+B(1  'B2 'A(3*A'3(5+ 
W 8 1 '3 2 'A 3 'B(4. 'A  5 1+B (l 'B 2 
W0 to 

V +B(1 A(2); )'s i.)'c, 5)'A(6)+s(1)'L 2 'A 3)A 4.)'B 5 '. 6 
Ii +3 1 t(2)A 3)'A i#)*i 5)*B(6)4(j)'3 2 *3  3)'A 4)'A 5 ' 6 
11 +A I '32 'A 3 *34.  5 A 6 +A I '32 'A 3 kA 44B5 'A 6 
W+Al '32 'A3'A4.'A5'B6+A1 'A2'33J34.'A5A6 
W+A I 'A 2 '53 4*55 'A 6 +A I 'A 2 '53 A 4 A  5 '36 
*+A1 'A2'A(3 'B4.'B5'A(6+i(1 'A(2 'A3'B4.'A5' 8 6 
% +A I A(2)A(3 'A(4. 'B 5 'B(6 ) 

%P4 'JflJ'JfC/rØ 
W '7D"2'ZZi"4 
P(J-8)-P(J-.8)-(T+u+v) 'P(j) 

4 CONTINUE 
45 wm'  (6 9 300) 

300 ?(j1tMJT (lox, 2ZICORRECTEDJEAK HEIGhTS/I) 
&1TE 6 9 1002) 
JiTh 6001)  (P(J),Ja1,M) 

WLTh 6,iooi) 
*RITE (6,25) ((),-s,x) 
TOTAL-0,0 
DO 60 JS,K 
17 (P(J).L!r,o,o) Go TO 60 
TOTAI1aTOTAL+ p( J) 

60 coNTnw 
YdtITE (6 9 00) 

400 FORMAT (Iox 0 30IIPERCENT&GE OF IsoTopIc ssciss//) 
ukIm (6,1001)

6A 6J 	 69 

DO 810 JS ,L 
810 PER(J) P(J)'lOO/TOTAL 

RITE (6 0 500) (PER(J), J=S,) 
500 IORL\T (978,2//) 

Pill • 0.0 
DO 80 JrS,K 

17 (PkR(J).LT,o.o) GO TO 80 
Piul.R1I+L'PER( ) 

80 CONTINUE 
im (6,00) TIME, TOTAL, PHI 

ZURJtAT (101 0 Tnii,1ox0 iTom.i.,lox,/ii4..1 9 l5.2,n3.2I/) 

XX-1 60-Pill/800 
D8=100'TY"8 
D7a800'Y!"7'XZ 
D6-2800'YY"6'XX' '2 
D5.5600'ff" 5'XX"3 
D4*7000*ff**4*U**4 
D3-5600YT"3'U' *5 
D2-2800'lY' '2 'XI' 6 
81300 'YT"I'XX"7 
D0-100 'XX"8 
wBrrs (6,) Pill 

34 FORJLT (101,31 BINONIAIDISTBI3UTIONjIflPiuIa,79. 2,21//) 



hydrocarbon studied. The exchange of neopentane was also studied on platinum 

-alumina and on two samples of a platinum-silica catalyst which had been reduced 

at different temperatures. The platinum-silica catalysts were less active than 

the platinum -alumina catalyst which had an activity similar to that of a sintered 

film. 

The apparent first order rate plots obtained for 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 equation, and because the 

presorption of saturated hydrocarbons at 1050C for 1 hr. on unsiritered films 

produced only a very slight reduction in the activity of the films for the subsequent 

exchange reaction of neopentane. The presorption of neopentane or a neopentane-

deuterium mixture at temperatures greater than 200 on sintered films substantially 

reduced the activity of the films for the exchange of neopentane, indicating that 

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, 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 deuterium atoms. It is suggested that the exchange of propane and 

butane is propagated by the interconversion between IX-, <(3anc1 ii' -allylic 

intermediates, whereas that for methane and neopentane ;ccurs by the interconversion 

between .-. and 	-adsorbed intermediates. 

The exchange of cyclopentane and cyclohexane on unsintered nickel films 

occurred readily below 0 0C, cyclopentane being the more reactive molecule. 

Presintering the films at temperatures greater than 27000, however, required 

temperatures in excess of 20000 to propagate the exchange of cyclopentane. At 

temperatures less than room temperature on the unsintered films only half of the 

hydrogen atoms in cyulopentane and cyclohexane were readily exchangeable 

initially, and it is suggested that exchange occurs by the interconversion 

between o4- and o'-adsorbed intermediates. For the exchange of cyclopentane and 

cyclohexane on the unsintered films at higher temperatures, an ,9 for the exchange 

of cyclopentane on the sintered films all the possible isotopic species were 

produced initially, indicatin: that a 11-allylic intermediate was participating 

in the mechanism of exchange. The exchange of both molecules on the nickel 

films was extensively self poisoned, deviation from the Arrhenius equation 

occurrinr with the activation energy tending to negative values; and it 18 

thou.jht that this self poisoning was occurring by the formation of '- and, 

or y-adsorbed intermediates on the sites catalytically active for the exchange 

reaction. 


