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ABSTPACT
TS

The odd electron content and chemiesl activity of carbons
produced by the pyrolyses of allyl iromide, cisebutence?, etbyl
tromide, @nd 3echlorce2emethyipropens hawe been examined. The odd
elgotron concentration agnd other physical properties of pyrolytic
carbons have boen related to their chemicsl roactivity. Feactions
studied were cig=strang aod cigerimtonesl, transescis g tranc--
tutene-1 iscmerisations of buteg=-2, and butencelercise znd
trans~butens«? isvmerisstions, all of which ave catalysed by
pyrolytic cevbone. It was shown  that cgtalysed resction takes
Place at or near the euwrface of the carbons. In each case the
swfises resction was first-order. Also stoded were the effects of
oxypen, olefins, and halogen-containing substances on the chewical
activity and odd electron concentration of the carbons.

mm&imw,ﬁum@,mﬁmfo&*cm—
and  trangeintenc«2 have been deternined by measwing the initisl
rates of thelr heterogonecus 4iscmerisstions eatalymed by perolwties
carbon over the temperature range 202-519C. The results agree
well with thermodynamic data and with recent deta from equilidtrium
stulies of the homogeneous iodine-cotalysed 4somerisations of the
n~butenes.

The homogeneous halogen aoic catslyse! ASsawrigetions of the
nebutencs were studied. The hydropen ohlorice cetalyved reactions
were founi to be kinetically comples. Doty the hydroren ehloride
e MWromide oatalysed 4somerigations of clg-ontere-? can e
irhibited by cyclohexene. Tt 18 surroster trat the
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reaction possibly, &t leest partislly, involves freeeradical
reactions.

The sigmificance of the resulte to the study of gase
phese reaction iinetics has boen dJiscusgec.



CHAPTER 1

INTRODUGCTION ARD HISTORICAL REVIEW

I. Isomerization of the nebutencs

(A) Thermal iscmeriszation

The first quantitetive study of the cis—trans isomerization
of buteng-2 wms that of XKistiskowsky and Smith(l) who analysed
the mixed isomers by the melting point depression method. The
firsteorder Arvhenius paremetars were A = 2 sec™l, E, = 18 Keal mole .
The data were hard to reconcile with collision theory and with
the theoretical interpretation offered by Magee, Shand and Eyring
(2) based upon & postulated triplet state of an ethylenic
molecules Kistiskowsiky proposed a chgin mechanisa for the reaction.
Since then, infrared spectroscopy hes becomes available and it was
used to reinvestigate the cils—trans dsomerisstion of butene-2 by
Anderson, et 81.(3). They found the Arrhenius perameters A -0
sec™, E_e 52 %oul mole™l and thls value was noted to epproach
t&t for the ginglet isomerization of trans-dideuterc-ethylene(l).

Rabinoviteh and Michel(5) found that the unimoleculer
thermal cis—itrang isomerisation of butens-2 obeyed first-order
kinstics; the firsteorder rate coefficient began to fall off at
pressures below 2 mm. The reaction was found to be complicated
by s8ide regsctions due to the pressnse of free radicals at
pressures greater than 10 mm, but which were believed to be
negligible btelow S ma. The observed unimolecular behaviour was

considered with respect to Slater's theory. From the plot of
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Kt versus P°, & limiting high pressure rate constant was

setermined, k.m 6.1 x 10 o028/ RT goiot

Tn 1961 Cundall and Pelmer(f) confirmed the conclusions of

*

Pabinovitch and Mchel(S), that the isomerization of cis-butene<?
is not a pure uinolecular process over the whole range
irvesticated, They found thst below 10 m, the behaviour ig that
of a trus unimoleculsr reaction with 2 pronounced falleoff below
L om. Above 10 mm, side resctions and surface catelysis seriously
affect the rate of dscmerigation. Both of {these Iinvestigators
declared that catalysis or eracking could be brought sbout by
the presence of metellic oxides or acid sites on the clean
glass surface and ageing of the vessel was brought about by
forming a covalent covering. They believed that over-egeing and
increased autocatealysis at high pressures in pecked vessels right
be due to hydrogen abstrmction from the surface by free radicals
legving unpaired electron sites and thus some autocatalysis could
be due to the effect of these sitss upon colliding or adsorbed

k_e 1.0 x Wk CBLOURT oo oL

molscules. The first oprder rete oonatent was obtained as
Liftghity, Bsuer and Pesler(7) investigated the reaction
by the shock wave method in the temperature rsnge 1000°— 1250 K;
concentrations 1% end 6% of the butene in argon were used. The
firsteorder rate constents obtained fell slightly above the
extrapolated Arrherdus lines of the lowe-temperature studies(S,6).
An activation energy of 65, rather than €2.8 Keal mole™ , was
obtained when a straight line was dram between the high and

the low tempersture data. The expression for BEaver's rate

e



Figure 1

Arrheniuns plots of the results fron
Liftshitz, Bauer and Pesler(7),
Rgbinowitch and Michel(S), and
fundall and Palmer(6)
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constat was k= 3.5 x 101 e.ss,ooo/xrjeé'e Figmwe 1). Fecentldy,
1Iin & lLatdler(8) have considered some theoreticel aspects of
the thermal isomerization reactions and they concluded that if
acoount is tuken of the reverse reaction, 4n which the hishly
energized product molecule 43 reconverted into a reactant molecule,
good agreement would be echicved with experiment results of the
cis-butene-? 1scmerization. They also estimated(9) a "best" value
of k =1.3x e (& AO0LL,00)/FE by averaging the
results from Rabinoviteh(5), Cundell(6), end Liftehitz(7).

(B) Catalysed isomerigation

Yany Kkinetic investigations of catalysed isomerizstions of
the nebutenes have been made. Parsmagnetic substances were
veported(10) to be particularly effective in catalysing the cis—>
trans isomerigetion; polarisation affecting the T( electrens of
the double bond was a possidle explanation. Famman and Eyring
(11) poiated out thet perasagnetic substances, free radicals,
snd atoms would catalyse the triplet mochanism by providing e
non=homogeneous magnetic field which will act differently on each
of the two magnetic dipoles arising from the spin of the two
electrons of the double bond. An activatéed complex is formed
with the paersmagnetic substances involving the state with the
spins the same, a8 well es the state with the epins opposed.

Rebinovitch and Looney(12) found that nitric oxide displays
a2 very marked catalytic effect on the isomerization of trans-
d4deutercethylene, A similar result was obtained by Cundall and
Palmer(13) with cise or trans-butene-2 and nitrie oxide. The
regetion was secondeorder and free from any sppreciable side
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products. The Arrhenius parameters A = } x 10]'O ce moi'.e.1 sec'l,

Ew 26.2 Yegl mole.l

-1

and As3x 2!.01"J ce mole~l aec-l, E = 26,1 Keal
mole were found for the cis- and trans-butence? isomerizations,
regpectively. They concloded that the effect of nitriec oxide

is not due ¢tc physical catalysis since the sctivation energy

is lower than the triplet state energy expected on photochemical
grounds. Tereo, Hirokami, Sato and Cvetanovic{l) have estimated
that the potentisl-snergy difference belween the twistad singlet
and tuisted triplet states 1s sbout 15 Real mole™ . This leads

to a value of sbomt LS Keal mole™ for the triplet barriers(rig.?).

They concluded that the reaction must involve

M 4+ C)Fg-2 (cis- or trange) —— cn3-én-<lzx-033 ,
N0

with the forward step rate determining. It is poasible that
the reaction invelves a T complex which may dJdecompose without
isomerigation or rearrange to produce the above radical which may,
after time for rotation, breakdown without an opportunity to
participate in any other reaction. The farmation of mropene
axd butene-l which was produced from pure butene~? isomerigzation
is completely suppressed in the nitric oxide catalysed
isomerization.

Bromine and 4{odine in trace amounts bring about the cis
~>trans fisomerization. The effect of bromine was used as
evidence for the participation of atoms and free redicals in
organic reactions(15). The question of halogen atom catalysis
raises the issue of the role of T complex formation. Abell and
Plette(16) have evidence for complex formation between olefins
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and bromine atoms from electron spin resonance results. Tt is
possible that the reactions involve

X ¢+ Olefin—— v complex — 5 o complex,

where a T(.-complex 1s the interaction complex of the X atem
with the couble bond in such a wgy that the rigidity of the
double bond‘ is preserved. A (0 -complex 1s the trensfer of ome
elsctron from X atom to a double bond earbon atom vielding

the C—~C bond free to rotate. The G- complax could be formed
by direct addition or by resrranpement of T[- complex. The
reaction of iodine atoms with cis-butene-? was studied at 65T
by Beck(17). At constant iodins pressure the rate of isomerization
approached a limiting value a8 the butene pressure was incregsed,
which suggested thst the butene was acting as a very efficient
third body for the recombination of fodine atomsa;\néo fnterpret
the fact that the quantum yleld approsched a limiting value
much less than 1 (0.1). In other worde the reaction of an
iodine atom with butene does not always form a radical in which
rotation about the C—C bond may occur.

cls-C\fg ¢ I ——— G Hu:T  (T-complex)
CyHgsY —m— cis-ChHS + I
il ® T —> cis=GH + I,.

They reported that butene can bring about recombination of iedine
atoms without underpoing isomerization 1tself and it may Iinvolve
a [C complex. The formation of a C, 53T free radical (a T cbmplex)
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is required for the disomerization.

In 1963, Bemscn and Bose (15) used small emownts of I,
to bring about the rapid isomerisations of the n-butenes, both
positional and geemetrical. They proposed that as a result of
allylic resonance, olefins with ~H atoms can be in 1lpbile
equilitriom with allylic rsdicais when expoged to Ip vapour, i.e.

\ - N
c=¢. + I —— De—g s T,
T \er o
7\ \

The reverse reesction would lead to the formation of a mixture
of all possible isomers. Geometricel iscmerizgtion occurred at
a much faster rate then positional 4somerization which was
presumed to take place via the direct addition of I to the
double bond. Golden, Egper and Benson(19) repeated the 1odine
catalysed isomorization 4in order to determine equilibrium dats
for the three butenes. The results for the geomstrical
ipomerigzation gave thermodynamic dats in good agreement with
A. P. I. values(20).

Maccoll anc Ross(2l) investigsted the hydrogen bromide
catalysed isomerizations of the n-butenes. The equilibria among
the n<butenes and the kinetics of the butene-l isomerizstion
were studled in the temperature range 286°- 386°C. They declared
that the reaction is predominantly homogeneous and molecular with
the idnetic form :- rate of isomerization of butene-1 = kp(butene-1)
(#Br]). They suggested a reection path through a six-centered

transition state, favouring trans-butene-2 formation.

/
~c. —c ,
=]



Abel1(22) found that butene-l was very rapidly converted to cise
and trang-butene-? in the presence of photodissociated hydrogen
bromide, He proposed that the isomerigation wes via hydrogen
abstraction by bromine atoms with replecement of the hydrogen
largely at the terminal carbon atom. He used deuteriom bromide
in the resction mixture and gbserved the position and extent of
deuteration in the isomerised olsfins. After separation by gas
chromatography the n. m. r. spectra of the butenes were exauined.
Substantial reductions of the integrated sreas of the methyl
group absarptions were found showing that the wvast bulk of the
hydrogen abstraction by the gllylic radicals was from hydrogen
(or deuterium) bromide end not the allylic hydrogen from another
olefin molecule.

CI-'.BCHz-S =CH2 + Bt — CH3CHCH=CHQ + r

caBéch: oL, —= CHBCH=CHC§¥2

mgcxzcné?.‘, + Wr > CH,CH=CHCH, + &'

Values of 2B, 4G, and 4S for geowmstrical isomerizations were
also reporteds; they did not agree with the results of Maccoll
and Ross(21) and were closer to the values obtained by GColden,

Egger aend Senson(1S).
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(C) Merowry photosensitized isomerization

The quenching cross sections of olefins for triplet Hgf 3P1
ge very large(23). To conform with the conservation rule
for epin angular momentmn the excited olefins produced by Hgb OBy
must be in the triplet state. A larre number of investigations
of the bregkdowm of excited olefins have been made but relatively
1ittle has been done on the rearrangement. Cunning and Stescie
(2L) examined the mercury photosensitized reactions of butens=1
which gave the buienes2 and a 1iquid polymer as products.
Cvetanovic, Cumning and Steacie(25) stated that the primary step
in the meroury photosensitized reactions of olefins is the
formation of a vibrationally excited triplet state, by showing
that butene-2 undergoes 2 regdy isomerisation. Tt was also found
that butene-l 24d not Iisomerize to butens-2 but later work has
showun that both cis- and trans-butene-? are products of prolonged
irrediation of butene=1(26,27).

Cundall and Palmer(26) examined the cis~ and trans-butene~?
isomerizations in more <detall and ths reactions ars explained
by the perticipation of vibratfonally excited +riplet states
which can decompose or lose thelr wibrational energy by collision.
The reaction acheme involves the following stepsi~

Hef J'S9 + hy Hgb 3P1

He6 Py  —————— Hgh 130 PR
3 ) 1
Hgé Pl + CiB'CLBe-z —_—— CZ}Ha-? + Hgé SO

Hef 2P, + transeC, Hoed R 6 1
Hpb 7Py ranss() aed  ——— C) N + Hp G
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i
2 + ¥ — s qH-2 + 1

&
€, Bg=2 < —>  claC) Hga2

or — trans-chi‘!s-z

“ [ 3
€y, Fg=2 > C)fp

P
Bg — vibrationally excitec 18t triplet state,

*
round  state of 150 tminlet state.

At lower pressure (below 30 mm) <he resction beseme more complex,
Yoth butene-l end iso-bulene were produeed tacethor with butens s
propriene, methane, hvvrogen, cte., %hese premmsbly ariss from
free radical reactions such as:

CHy~CH= CH-CH —————> CHy-CH=CE-CE, + ¥ ,
caB-cnzcs.ése by bydrogen atom abstraction —> butens~2 or butene-l,

H + CHB-CHZCH-CHB EEEE— CHB-CHZ-CH-CHB

cga.cg?.éa-cvg ¢ B ——— CHyCH,CHyCH,

Vv.j.cnz-ér:’.chg > CH3" + CHy<CH=CH,

iaobutenecmbeproduoedbymdicalremangemntorby
secondary maétions. The rate of isomerization became constent
above 30 mm at low conversions where decomposition was negligible.
Prolonged irradiation produced g photostationary state with respect
to the cis-/trans- ratic (L7:53) which did not correspond to the

$0:50 mixture sugrested by Cvetanovic, Cunning and Steacie(25)
and this equilibrivm was malntained, even though some

decomposition occurred. They suggested that the small displacement



of the fractien from S0/50 to L7:53 could perhaps be fme to
8lightly diassims? quenching efficlencies of the +two bubence?

isams,(t}amfmhavingt}nmmsaeecﬁon)and

the probability of degradation of the excited butene-2 to cisge
axd trems- form, respectively, is equal.,

II. Surface effects in eoms phese regsctions

The usual test for the homopeneity of 2 gas phase reaction
1s to increase the surface : volume ratio of the reasction vessel.
Therateviuusuﬂlybeinmmdwhananorpartoftw
reection occurs on the surface.

The two most commonly used reaction vessel surfaces in
gR8 phase Kkinetic studfes eare so-calle¢ "olean® Pyrex glass or
silica and the carbonaccous films or coatings either deliberately
deposited by the pyrolysis of olefins anc halogen conteining
canpounds, or produced by prolonged Useasoning® by the substance
whose pyrolysis is being studied.

Silica displays poler characteristics which are most 4n
evidence in the pyrolysis of polar campounds, particularly alkyl
halides in which halogen acid is unimolecularly eliminated(28,29).
The pyrolytic sensitivity towards "clean" class surfaces is what
one would expect in terms of heterolytic bond dissociation
energies, D(R'Y) of the carbon—halogen bond, l.e. RI WBr > ECL.
Shapiro and Swinbourne(37) have exemined the kinetica of the
catalysis of alkyl chloride pyrolyses we to the Pyrex surface.
They believe that the polar plass surface assists charpe
separation in the resctant moleculs. "I‘he physical pletuwre was

electro-

that of a simple eattackment of ¢he knegative chlorine atom %o
a positive surface site.
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Feterogeneity in halide pyrolyses increases from prinary to
tertiary compounds(30). The sensitivities of alkyl iodides towards
a polar 7clean" glass surface, ethyl ¢ isopropyl < t-butyl, is
similar to that observed by Shapiro, et a1.(30) for alkyl
chlorides and 48 4n keeping with the Jecreasse of heterolytic
carbon—-helogen bond dissocistion energies in the sequence ethyl
to t-butyl(3l).

~ ~
e = el
5. X &

® e glass surface

The "gessoned” or coated reaction vessel surface was
belisved to eliminate the wall effect and give reproducible and
homogeneonus rates. Tho thin carbonacoous films produced in
reaction vessel "sesmoning® act a3 2 nonepolar sikdn on the
polar glass surface of the resction vwessel mdtli;:as been used
@5 uan inert surfsce in gas phase reactions(28,32,33,3L). 4s
2 peneralisation, at a high enough temperature (above £00°C)
all organic compounds wiil deposit pyrolytic carbon on glass or
silica swrfaces. Allylic compounds are particularly useful in
this respect since these compounds readily produce uniform
carbon films gt temperatures as low as 0°C and have been
frequently used for reaction veasel "seasoning®., The absence of
heterogeneous reactions on the carbon costing is usuelly tested
by inereasing the surfece : volume ratio of the reaction vessel

by packdng it with fglass tubes.
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Alkyl chlorides and bromides have been shown to pyrolyse
by two mechenisms; molecular - elimination of halogen acid alone,
or by molecular elimination topether with g free redical chain
reaction(33e, 35). Wojciechowsk! and Ialdler(36) sugmested that
the carbon produced in remction wessel fseasoning® might be
catalyticelly active if it contained free radical sites, and could
then act as both initistor and termingtor in a radical chain
reaction.

In 1964, Holbrook(37) reparted that he had obeerved a
strong electron spin resonance sirnal from allyl bromide carbon.
He sugpested that those supposedly inert surfaces catalysed some
gas phase reactions. IbldrooX and Rooney(38) found that both
the rate of pyrolysis of 2-chlorobutane and the distribution of
buteneiaomersintheprodnctsmdependentontheoriginmd
the treatment of carbon surfaces. They showed that carbon
derived from the ethyl chloride Prrolysis was less active towards
the 2-chlorobutane pyrolysis than those derived from the pyrolyses
of cis-butene-2 end allyl bromide.

Purnell and Cuinn(39) studied the role of surface 4in the
n-butane pyrolysis. They reported that the irreproducivility of
the n-butane pyrolysis observed at high conversions can be
explained, as due to conditioning of the resction vessel wall
by the deposition of carbon. During the conditioning, progessive
reductions in reaction rate would be expected, wntil the wall
of the vesssl was completely covered with a fine layer of
carbon, whereafter further deposition would not effect the rate
of the reaction., Mo effect was observed when surface : voliume

ratlo changes were studied with observed %clean Pyrex" wvessels.
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fClean Pyrex?, M"RClecoated”, and Petehad® vesgels, gave identical
rates. These results are compatible with a free-radicel chadn
wrechanisn initiated and terminated homogeneously. They therefore
conclude that the pyrolysis of n-butane in those three vessels
is most probably entirely homogeneous. When a Yelean Pyrext
sarface is 'replaoéd by 2 magnesium perchlorate surface the ragtes
of the wuninhibited prrolyses of the lower paraffins are depressed;
this may well resnlt from the S$ntroduction of a heterogeneous
mode of termination of the free-radicel chains. The authors also
claimgd to have identified the heterogenecus chaineterminstion at
the surfgce of carbon-conditiored vesgels. They suggested %that
the pyrolyses were bYest carried out ot low conversions in clean
reaction vessels where reactions may be considered to be
completely lomogeneous in character.

ITI. QObject of present investigation

The mechanism of the gas phass 4somerization of cig-butens<?
has long been a subject of discussion. In recent years there
has been general agreement that the 4somerization of butene-2 is
unimolecular and proceeds through a einglet-singlet mechanism
(4 5 1 sec] and T 63 Toel mole™)), This s mot a chain
reaction although at higher pressures side reactions occur.

Folbrook(37) described electron spin resonance measurements
mede on the carbon deposited during the gas phase pyrolyses of
allyl btromide, ecis<butene-?, and ethyl chloride. His observation
of the strong e. s. r. signal in allyl bromide carbon provided
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some evidence in support of Yaidler's(36) speculations. mecoll
and Stone(l0) fownd that the cis—trans isomerization of cis-
butene«2 was very rapid in the mresence of the carbon coating
derived from allyl bromlde. The 4isamerization of nebutenes 4n
thegasphaseiscatalysedbyweaklyreactiveﬁ-eeradicals
such as nitric oxide(13) and iodine(18,19). Surfaces possessing
mpairedelectronsorelectronaceeptorsmyexerbasizﬁlar
effect; the reaction should therefore be a good test for free
radical type reactivity 4rn pyrolytic carbon.

In this work we describe the use of the Idnetics of the
surface catalysed isomerizations of the n-butenes as reasures of
the chemical ectivity of pyrolytic carbons and correlste the
resulls with observations of other physical properties of the
carbons. The equilibrium between cis- = trans-butene-? was studied
because there is poor agreement between published thermodynamic
equilibrium data obtained by various methods.

The hemogeneous halogen acid catalysed isomerizations of
the nebutanas were alsc studlsd 4n order %o try to clarify
the mechanisms of these reactions.
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CHAPTER 2

APPARATUS AND EXPERIVENTAL

1. Amatus

The experiments were carried out in a conventional static
vacuun systém, shdwn in the schemetic diagram Figure 3. Silicone
high wvecuvam esse was used for a1 teps and traps. A single
manifold connected all parts of the apperatus. The entire system
could be evacuated to less than 10~m By by means of a
mercury diffusion pump D, which was in series with a liquiad
nitrogentrap'l‘landDmSealvacmmpmpPl. The pressure vas
read on a Edwards Vacustat gavpe E. A “sticky"” vacuum indicated
by the paure wes considered to be sufficlently low (10 '— 10™°
ms Hg) for the experiments.

Five 3-litre bulbs were used for storing the three isomers
of nebutene, propene and Yydrogen halide. Two mercury manometers
% and M, and en Edwards Vacustat rauge were joined to the |
main manifold. Iiquid ssmples, such as evclohexene, nepropyl
bromide, ellyl bromide, ethyl bromide and bromine wore stored in
tubes which were separated from the system by taps. The outlets
such as ‘71, J2, J3 were used to admit air or to transfer the
substences to and from the system. A finger tube ¥ was jolned
to the sgystem br meens of a capillary tube between the reaction
vessel and the tap. The side arm F was used for condenging
the resctants before &an experiment when such 2 prooedure was
appropriate. The glass tubing between the reaction vessel and

its' tap was electrically heated by means of nichrome heating



Pigure 3

Schematic diagram of the vacunm systen
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ribbon lagged with asbestos. The temperyture was controlled by
& varisble powerstat. The side arm was heated by covering it
with a removable glass tube also wound with nichrome ribbon.

Except where otherwise stated the cylindrical reaction
vegsel was made of Pyrex glass with volume 150 ml., and packed
with five concentric Pyrex glass tubes giving a surfzce 3 volume
ratio of 5.2 m.l. The reaction vessel had two capillary tube
outlets agnd a thermocouple well 3In its center. One outlet of
the vessel wss jJoined to the vacuvum 1line and the other was
joined to a digphragm gauvge C which consisted of two chamders
separated by a thin glass membdrans.

The reaction vessel was fitted evenly in a thermostat
which was wound with three divided circuits in order to minimize
the tempergture gradient along the whole length of the reection
vessel. Each winding was comected to a powerstat and the
voltage of each powerstet was adjusted. The temperature gradient
along the reaction vessel was lees than 0.2°C,

The temperature was controlled by means of a thermoelectronic
temperature regulator which emploved & chromel-glumel thermocouple.
The thermocouple was placed near the bottom of the reaction
vessel. A mercwry plunger eclectronic relay was comnected to
the thermoelectronic repulator and through the powerstat to the
center heating circuit of the thermostat.

Temperatures were measured by nmeans of a chromel-alumel
thermocouple connected with a Tinsley portable potentiometer, type
312k D, The temperature was read against the standard reference

at o°C.



For the experiments involving hydrogen halides a five-litre
mmvableglaaabulevasusedfortbeexpmsionofthe
products; this contsined 2 powdersc basic abtsorbent to absorb
ttetmlogenacidfromtmmiztmofbntenemdhydrogen
halide.'l’rakawasusedtocondenaetheproductsandexcess
reactant from the reaction vessel. I was comnected to a gas
burette from which the sample was introduced tc a by-pass in
tmmcmmp!wmtm.ﬂrotmoﬂszm
employed for the gas burette.

Pressure measurement wae accomplished by means of either
the mercury manometer ¥ or the disphragm geuge which was used
asam:llinatrmentagainstthemrcurymmmeterﬁz. The
instrument was used as follows: Both sgides of the membrane of
the diaphragm gaure were thoroughly eovacuated. The 1light was
adjusted to focus on the membrane and the reflected image of
a demarcation line wvas markes on & ground glass screen as
gero presswe difference across the membrane. The reactent was
admitted to the reaction wvessel while the other side of the
membrane was still evacuated. This cgused a deflection of the
imege on the screen. Then air was admitted to the reference
eside of the membrane so as to bring the 4mage back to the
demarcation line. The pressure reading on the mencmeter attached
to the gauge corresponded to the presswre in the reaction
vessel. The pressure change Iin the reaction vessel was measured
by the same procedure.

The gas chromatographic apparatus consisted of four t.hm-e-
way taps, a cepillery U tube, colums gand a thermal conductivity
cell. ©Belium was used &s the carrier gs and always passed



through the by-pass to the mair colwm, and through R to the
reference columm a8 shown in Fizure 3. Four threc-way taps were
Intercomected such that ¢the resistance to flow remained the same
when helim flowed throuch the T tube ™" in order to carry
the samplz into the main column. This ensured that the recorder
base line remeined steady. The colums, of length S0 ft. were
pacxed with the sane material and lept in the thermogtat at
N°C. The colums were made of copper tubing of 4 inch outer
diameter and were packed with 25 4 WA cimethylsulfolane on
60-80 mesh non-acid washed chromosorb P. Xovar seals were used
to Join metal to glass. A Cowmac thermal conductivity cell in
a standard Wheatstone bridpe ecircuit was used as a detector.
Calibration for the n-butenes was performed by admitting
2 measured smommt of pure olefin 4nto the gas chrometography
apparatus. Calibrations for butene-l, trangebutene-2 gnd cis<butenec-
2 showsd thot their relative sensitivities chowed the sgme trend
as the literature values(hl), although the relative marmitudes .
were not quite the same, namely 1,161, 1.126 end 1,000

respectively. (literature 1.085, 1.023, 1.0m0)

II. HMaterials

Propene, butene~l, cis< and <trans<butene-?, and hydrogen
chloride of research graje were obteined from the Matheson
Company. An appropriate amount of gae was introduced through
Joint Jy and condensed inte the proper storage bulb at -196C.
The inlet pressure was measured by mesns of manometer 4.

After complete condensation, the tap attached to Jl was closed,



an? the liquid nitrogen batk of the storace vessel was replaces
by slushy n-propanol at «127°C for the degassing of the four
clefins as mentioned gbove. The depsssing process wes repegted
several times. Tydrogen chloride was degassed at «196°C. Yo
impurities were detected by examining about 150 nicromoles of
the purified. gases throush the gas chrematograph colem but =
trace {(~0.5%) of n-butene wzs observed in pxnffied trans-butene~2.

Hydrogen bromide was prepared by adcding Wromine to
tetralin(h2). The crude product was purified by peseing through
& colum of red phosphorus to eliminate excess free bromine s
thence through a bubbler filled with a concentrated aqueous
golution of hydrogen btromiZe 4o remove bromides of prhosphorus,
and finally dried over pure phosphorus pentoxide. Bulbeto-bulb
distillations from <786°C to «196°C with rejection gave pure
hydrogen bromide, which wes store? at 1liquid nitrogen temperature
and warmed to ~78°C when samples were required.

Allyl vbromide(b.p. 70.8°C), etnyl bromfde(b.p. 38.4°C), ne
propyl tromide(b.p. 71°C), 3-chloro=-2emethyl propene{v.p. 71.3°C),
and cyclohexene(b.p. 23.2°C) were obtained from Eastman Organic
Chenicels. They wore &1l dried over anhydrous CaCl, for
scveral hours and fractionated. The middle fractions wvere
collected and were inmiroduced tc the system. Al samwles wore
degesse’ and stored wunder wvacuun, and degassed arain before wuse.
Bromina wes obtained from 2ritish Drur Fouses and was temporarily
Joined %o the system before use. T4 was thoroughly degassed

axd was sealed off after use.



ITI. Tregtment of reaction vegpel

Pifferent coatings(swrfaces) were given to the reaction
veesel in the following way:
1. Clear plase:

For these experiments a clsen rlass reaction vessel was
either one that had been washed with chromic scid, thoroughly
rinsed with distilled water and dried in vacuo or one that had
haﬁacm'bmcoatmgbmtof‘finastmmofmgenatNR}O
°C. In most ceses the latter constituted the Melesn glass®
vessel.

2. Allyl bromide carbon:

About 130 me Hg of pure 211yl bromide wvapow were

decomposed at IMN°C for 37 wminutes. This was arbitrarily chosen

as a “standgrd® pyrolysisy 5t produced a thin carbonaceous coating
on the surface of the reaction vessel.

3. egigeButene-? carton:

About 520 mn Ez of pure cisehutenss? mors dsccmpose’  at
LT for 15 hours. 4 1ight carbonacecus film was deposited on
the reaction vesse! surface.

L., Tthyl bromide carbon:

About X' mm iy of pure ethyl bromide vapour were
decomposed at LS0°C for ebout 20 hours.

5. 3=Chloro-2-mothyl propene carbon:

About 1 mm He of pure 3=chloro-2-methyl propenc vapour
were decompoged at L0OOC or L90°C for 30 minutes e ane
pyrolysis which profuced a thin carbonaceous £ilim,



IV. Zrocedure for a3 +typical rmnm
Jefore each experiment the system wes evacuated <o a

pressure lower then 10 - mm e, The resctant was amitted 4o
the reaction vessel from 3its storase bulb and its rressure
neaswred by manometer 41 .

After e cuitadle reaction time, mroducts and excoss
reactant were cendensel fn trap T, &t =196 for ~5 minutes.
T!Ecmdensatamtkmm?tormtempemtmandt}m
cvontente were thorouchly mized; a sampls of the fas wWe8 measureq
in the pas burette and then trapped by condensation at «196°C
in the U tube ™® o5f the gas chromatography apperetus. The
sample wes then admitted %o the gms chromategraphy apperatus and
product peak helights were measured.

Some iscmerigation experiments of cis<butonce? were performed
in the presence of propene and cyclohexeme. In these cases,
inhibitor wms admitted to the regetion vessel and its messure
wves measured by menometer ¥q3 it was then condensed at «196°C
in the omm]l side zrm of the reaction weessl. A kuowm
presgure of cls-buteno«2 from a2 calibratod volume was then
condensed with the inhibitor in the side em. The T was
started by repidly heating the side arm 204 covering 31t with
its heating coil., At the end of a3 rm the products and excess
reactant wors separsted from cyclohexene by collecting st -L8°C
(nehexanol slush) at which tempersture the ecyclohoxene vapour
messure was neclicidle.

In the case of the catalysed disomerization of the ne
batenes by hydrogen halide, the butene was amitted to the

reaction wvessel first, 4ts presswre measure? by means of
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manemeter ¥y end it was then condenged in the side arm st
~196°C while the epparatus was re-evecusted. Tren tho butene was
warmed gnd hydrogen halide was expanded at a much hicher
wessure into the reaction vessel. There was ne detectable
reaction of the butene in the time Zuring which the halogen
aci? was being expsnded imto the reaction wesssl. At the end
ofarmthamdwtsmdmmmectmtsemexmdeﬁ into
an evacuated Selitre flask B containing about 20 gm of Ba(OH)2
(k3) &nd 10 em of arhydrone, Mu(C10,),. FHydrogen halide was
removed by this basic absorbent 1n about 30 minutes when the
hydrogen halide pressure in the reaction vessel was ~D ms a
in gbout 90 minutes when the pressure was ~ 200 mms. The
mtsmdmeaabubenemthmeomctedintbegas
burette, and sgampled for Y.P.C. analysis. The products in the
inhibition runs were eeparated from oyclohexene by collecting the
products and excess reactant at ~h8°C as descrided previously.

Te Eo. S, 7. moasuroments

The e. s. r. spectra were obtained with Tarien YeL$D2
spectremsters with 1M fe./sec modulation. SZTpecu-a vere measured
at «155°C by using the V-L5L6 quartz Dowar accessory fillad
with liquid nitrogen. The strength of the magnetic field at
rescriance was wmeasured on a Varian FefA proton flmmmeter.  The
frequency of the n. =m. r. narpging) oscillator was counted with
& Cowputer Measurements Company model 731 B frequency convertor
ard M7 B {frequency-period counter. The measurement of the

mapnetie flox dengity was to within #0095 ganss. The microwave
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-1
frequency was measwred to within #0.1 . sec ~ by ugins g

ewlcttePackard model S B trensfer oscillator in conjunction with
the C, M. C. model 732 2 frequency converter and 777 § freguency-
period coutter. Some spectra were recorded usine a2 Hlcer
'microspin' spectrometer with 100 Fe. sec™l modulstion.

Coatines of pyrolytic carbon were prepares in b ms outside
dipmeter Prrex tudiny whish was scaled at one s2¢ and the
other end of the tube was Joined to the vacuum system. The
tube was isoleted by & tap and was placed in a well in a
larre thermostat. Tt was then thoroughly evacusted to a pressure
of less than 107" mm Fe. The thermostat wes adjusted to the
desired pyrolysis <tempersture and a known rressure of resctant
was eaduitter to the dube. At the end of the pyrolysis the
tap was opened and the gaseous proiducts end excess reactant were
pumped ameay. Successive trogtments for the same pyrolysis time
were used to build up the thicimess of the carbon coating. The
tube was seale? off after the evacuation and wes removed from
the thermostet. Tt was thern cooled by Iiwmersing the carbone
coated end in 1liguid nitropen an? was stored 4n ligquid nitropen
until the e. s. r. measmement was made. It was found later
that szmples retained their aspin content unchanred for at lsast
several weeks at room temporsture and , precamtion of the immersion
in liquid nitropen was winccessary an” gubsequent samples were
lept at room ‘emperature.

Spectra were recorded at «194°C and room tempersture. 4
1 em lenpth of the tube, just above the segled end of the tube,

wae irrsliated in the microwave cavity. After the o. 8. r.
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spectres had? besn recorded the end fow centimsters of the ¢ube
were cut off ané the weight of cerbon therein was cetermined
by weighine the tube before 2 s%ter burins out the cerbon in
2 pageair lome, The carbon deposit was assumed to be uniform
and the weirht of carbon irradiated in the cavity was caleulated.

A typical e. s. r, sirmel for the samples showed only ome
ebsorption line gd the “irst <erivative e. g, . spectrz for
allyl bromise, cis<butene<? and isotutene carbong are shown 4n
Firure L. The e. s. r. spectra fomd 4n all the carbong have
& characteristic shape and have been reviewed by Singer(ll).
Allyl ‘bYromide carbon %8s an uwnusally narrow abeorption 1line(0.35
ceauss) compared with the more commonly encountered width of 1 -
10 pauss, The emaller linewwidth may be duoe to exchange
narrowiny and it 413 believed to bde typieal of wnpaired electrons
delocelized in polyaromstic systens.

The spin ocontent of the samle was ostimated by comparison
of the first derivative absorption ocurve with that for a
standar? sEple of Alpheayipicryi yiregivl

—

N\ /) :;32
/TN “
\ / g
The srea mder the normal absorption curve was fomd by doudble

interration of the differential cwrve and was estimated by wh,

where ¥ was width and h was helizht of the first cerivative
gbserption curve. This approximation s good pmrovided that the
curve g symetrical and the wi‘th and height ere larpe enourh

80 as to minimize the wmcertainty in the measurement.
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Firure L
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Lsobutene,

spectra of pyrolytic
cis=butere, and
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From the relstion 02 AT ah)e gp’.i, where {3- eh/! T
iIs the 3ohr macneton and ¥ 45 the applied magnetic fdeld, the
£ value cgn be ovaluated., The g Cactor for allyl bromide
cerbon wes measwred as 2.7021 ¢ A.00MNG5,  Tor the free electron
g hes the wvalwe of 2.0023.

The results for a nomber of orgenic componds  are
swmariged in Table 1. As 4n the case of allyl wromide carbon
the spin content iz proportional %o sample size and the
experinents &¢ quite reproducible. Tt was found later that
the spin comtent of ellyl tromide carbon variegs linearly with
the number of pyrolyses performed as shoun 4in Figure S,
Semples prepared In tubes packed with Pyrex fitres <4d not riwe
reprofucible results with allyl bromlde. lolbrook(37) prepered
hiz semples 4in tubes pecked with giliea fitres aznd found no
sitnal irn carbon deposited from cis-butene-2 end ethyl chloride,
and epproximately L'.‘lespins/gm in that from allyl bromice. The
spin concentration of "gtandar® allyl tromide carben wag
estimated to d»e T.h x lozaspina/m (15) in the present 4awestiration
a1l in the later result of ZHolbrook(ké) the mean wvalne of
oepin concemtration wes estimates as 1.l x l’.ﬁmspins/m.

The effect of variocus substances on the spin sifnal was
also examined. If oxypen was admitted to the semple while in
tho cavity at room temperatwre, the simal collspsed instantly.
Four successive allyl bromide pyrolyses in the mesonce of N.2
m: oxypen produced the normal emount of carhon but only 2
very weak, broed e. s. r. srectrum was ohserves. The effect of
oxyren ves stuedied In more doted) by storing oxyren in a

miernmanometer joines wia g needle vwelve to the evncuptes sgmple



Tree redical content of pyrolytic cardons

Table 1
Pressure Pyrolysis Time
Compound (me.) _temp.(°C) _(br.)

Allyl bromide i oo 0.5
A1171 breedde 50 100 0.5
Allyl bremide i W 0.5
A7l tromide 1 105 8.5
Allyl bromide 10 100 e.%
Allyl bromide 150 100 0.5
Al1ly) btromide 19 150 9.5
Allyl tromide 150 €22 n,2g
Tsobutene £5D o0 i
cls<Butene«2 een Lon 2
Zthyl bromide SN LEE 11
Ethyl hromide 550 522 7
3«Chloro-2-mmityl

propenes 10 Len n.5
3=Chloro=2-mothyl

propenes 1 Len 0.8

# The

Tatliefer.

Suceessive
no. of

Errolyses

3.1
0.27
£.1

~ 0017

0,06

3.5

result was obtained in this lahorztory Yy ¥, F.
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tobe 8o thet suall agwouwmt of oxom ecnld be adnitted while
the smwple was in the spectrometer., The addition of oxygen
reduced the heicht of the first derivetive e. s. r. spectran and
increased the line width. It became 4ifficult accurately to
meegure the latter and the result showes that the apparent
collapse of sigal when air was amitted wes not on indication
of complets Temoval of o044 electrons but wes meinly due o
tho 1ine broadening. Folbrook(L€) has shown thet oxypon does
not irreversidbly destroy the od® electrons since tie e. g. r.
sirmel can be partisliy recovered by prolonged evacuation of
the sample.

A nuwber of experiments were then performed in which
tubes coste? with four stander® pyrolyses of gllyl bromide earbon
were treeted with wvaricus substences at an elevated temperature
to simulate the normal pyrolysis conditions of these additives.
The gpin content of the carbon was then dotermines after
evacugticn and the resmlts am sumerise! in Taple 2. The
effect of clg<butens<2 on the gpin cotent of allyl Yremide was
also exsnined, The result (Table 3) showed thet no sienificant
chanre wes mede by dintrofucineg raseous cis-butene-? $nto the

tube which contained Cfowr-pyrolyses 2llyl tromide carbon.
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Table 3 Tffect of cis~butene-?2 on the spirn content of

allyl bSromide carben

-

-1
Sxpertnent Fo. spine x 10~

Carbon gamle in  wvacuo c.9
C mm cis<tutene~2 atmitied £.9
Putene condensed on carbon at =194 °3,

then warmed to room ‘temp. k.S
Butene condensed in storage bulb(=194°C) 5.0

Semple heated to 10°C €or 1 hour £.0
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7. JIsomerization of cisebutene-? on ellyl bromide csrbon

The erperimental technigues and procedures have been deser:bed
in chapter 2. Standard allyl tromide pyrolyses were performed at
1n0°C as usual.

Some prelirminary resctions were performed in the untreated
glean reactior vessel. Initial rpressures of cis-butene-? of
about €0 nm were decompossd at about LP°C and the first order
rate constanis for the trang-butone-? production are shown in
Table L. These rate constants apree quite well with those
calculated from the data of Faebinoviteh(s),

The reaction wesgel wused for a series of experizents was
coated with six successive standar? allyl tromide pyrolyses at
WI0°C.  The retes of the 4somerizatfon in the coated veseel wers
mch “astor than in the uncoatesd wvessel. The major products.
of the cis-butens=? isomerization were trans-butene«? end hutenc~l,
Typical percentage production against time plots for trans-butene-
2 and butene-1 €formations are plven in Figures & and 7. The
orders of the formations of trans-butenc=? and butene~l were
fomsdtobeclosetounityaashwnin?igm&and?igure
9, respectively. Some decomposition products appeared s at L3°C
in addition to trans-butecne«? and butene«l, nebutane, ethane,
ethrlens and methane were observed. ‘Yowever, the latter four
side products represented only LT of the isomerisation products
@t a total conversion of 87, At 3I9°C only & trace of rne

butane gppeare? representing less than 19 of the isemerization



Table & First order rate constants of cisstrans isomerization
of cis<butene«2 in clean vessgel

o - - *
Temperature( °C) ¥ae X 10° (Bec 1) 1 x 106 (sec l)
el Z.E .1
!.'S?-( 11.0 9.7

# The rele constaniz ovaluated from Tabinoviteh and

“ichalts work (5).
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Filpare 6

Percentege production against time wvlot for
trans=tutene«2 formation 3in ecis-buteno-?

isomerization on allyl bromide carben
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Rgare 7

Percentare production egainst time plot for
butene-l formation in cis<butenc<?
isomerization on allyl bromide carbon
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Figwre 8

Erier plol oF cils-yirane isooerization of

butene=2 on allyl bromide carben
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Fipure ¢

Order plot of cis<butene~?2 — hutene~l isomerization

on ailyl broméids cerbon
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groducte at £% conversion. At lower temperatures [roducts

other than the two isomers fell below the 1limit of cetection

of the egpparatus an? represented lesg than 0.15 of the

'p!'oducts. Scme results sre summgrised in Tsble 5 where the top
six results refer to 1isomerizations performed using the fresh
coating ®(A)% and. the remeinder rofer to *(B)?, which was

carbon (A] which had been heat ireated at L&CC for ~ 16 hours.

A series of kinetic experiments were porforred on carbon
(A) at succssively increasing temperatwres from 350=-h30C end
then at cdecreasing temperatures in the same range. The rate
congtants so determined are surmariced in Table 6. From the
flemperature-rising® results, a curved Arrhenius line was obtained
vhen lor k., was plotted acainst 1/T as shoun in Figure 10(H-K
curved line). However the rate constants subssquently measures
at successively lower temperatures rave & linear Arrhenins line
Y=L, in Fmure 10,

After completion of the above sarise of experiments on .
carbon (A] the reaction vessel was heated in vacuo to L&O°C for
~16 hours and & new eet of rate constants(Table 6) were obtained
on this heet treatec carbon (3], In Firure 10 the Arrherdus
plot for cerbon (B], line M<N, 4is almost parallel to Arrhenius
line Y<L obtained using carbon (A)]. The higher rate constants
found with carbon B were Interpreted o3 showing that the
getivity of the carbon could be enhanced by hegt treatment.
That heat treatument affected the odd electron cotent was then
established when the sgpin content of a csrbon produced f'rcm_
four standard allyvl btromlide pvrolysee was foumd to increase six

510 af™ter heatine in vacue et 1°C for 15 hours.
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able S Tependance of first orer rate constants on intisgl
pregsure for the gllyl tromide carben catalysed
isomerigation of cis<butenc=? +to trang-butensg=2 gnd

butene«1
Temperature( 7) Pn (=) _l_g‘t;‘mé( sec™1) Kayx 106( sec™l)
3% 3 ! -
3% £y k.28 -
350 120 479 -
03 3n 1.0 -
N3 &0 13.2 -
N3 20 1.9 -
298 0 3. -
295 & 3.8¢ -
295 e 2.%0 -
295 Wn 2.60 -
295 5es 2.18 -
369 22 13,6 2.1
369 & 13.4 2.9
369 mns 12.9 2.6
349 219 11.8 2.k
369 31N 11.5 2.6
369 22 10.9 2.2

ote: The top six results were obtained on carbon (A) and

the remainder on carbon (Z) (eec text).



Table & The rate constants of the ipomerization of cis-butene=?
to trans-butene-2 and butene-l on allyl bromide earbon

Carbon

Temperature(°C

A

LA A A

Lo e} (o~}

o W ow

3%0.3

1130011
359.8
325'3

129.1
378.h
369
351.9
312.5
295

10 (sec™])

2?

'
e

5.7
f.le
mn.e
13.9
33.%
10.6
7.75
k.23
3%.3
9.9L
L.B6

Lh.b
16.8
13.6
10.6

£ -
ip1210%(sec™L)

8.98
3.53
2.38
1.8k
0.74

kL



Figare 10

Arrhenine plots for cis—strans isomerization of

buterne«2 on allyl bromide carbon, showing
effect of heat +ireatment
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The carresponding Arrheniuvs plotes for the cise<butenc=? 4o
butencel iscrerizgtion on the two carbens of different activity
{£] ené (3], are chowm in "1gure 1,

The Arrtenins activatiorn enersies for the cis-trens
iscmorisation on the two carbons were 15.6 and 1h.3 Teal mole’l,
while those for tho cis<l isomerisstion were 17.6 and 17.9 Teal
::olc.l. The corregponding  frequency factars are 2.1 and 1.3 sec -
for cisstrans isomesrization, while those for the cisel
igomerization are 1.8 end 3.5 sec o

Several carbona deposited from allyl YLromide pyrolyses were
examing? and Jdnetic results were compared. Table 7 shows that
the reproducibility of the rate oomstant is somewhat poor. The
activity of the allyl bromide carben depends significantly there-
fore on the heat treatment of the indivicdval ecarbon.

A eerles of experiments were then designed to discowver
vhat was the effect of carbon <eposit thickross on the rate of
the isomerization. Allyl bromide carbon coatings of different
thickness were depositec iIn the standar? manmer for varions
Pyrolysis times. Ths reaction veseel was clegned between coatine
experiments by burning off the carbon in?stream of oxyren at
5M°C, a test isomorization was porformod after cach burneoff
to check that the rate constant had fallen 46 the homopencous
value, thus indiceting tiho complete romoval of pyrolytic carbon.
“ach coating was heated to USNC for 12 howrs after deposition
in an attempt to ensure wniformity. The fMrst crder rate
congtant for the cistrans butene-? isomerizstion wes megeured
at 3NC for a rsiven carbon; 1t was then burnt off and a new

carbor depegit leid Jdowun. The rosults @e suwmarised in Teble &



-4 -

rigore 11

Arrhenins plots for eis<butene-2->hutene«l

igomerization on allyl bromide carbon



a1

T

0°T

ST

Ty 507 + 4



Table 7 The effect of heat treatment of 211yl bromile

esthbon on the rate of

clsstrang Ssomerigation of

cis-butene-2 (Initial pressure of cis-butene~? = &mm)

Carbon

10 standard
pyrolyece

3 standard
pyrolyses

6 standard
pyrolyses

6 standard
pyrolyses

6 standard
pyrolyses

6 standard
pyrolyses

6 standard
Pyrolyses

6 standard
pyrolyses

£ standard
pyrolyses

6 standazd
pyrolyses

¢ standard
pyrolyses

Heat treatment Temp. (°C)
L50°C, 70 hrs. 38
none 380
none 380
none ags
none 380
none 380
460°C, & hrs. 380
L60°C, 60 hrs, 350
hE0°C, £0 wrs, 390
40°¢c, €0 nra. 3%0
350

ket x108(gec™)

13.8

L.77

5.99

6.35

6.37

6.3%

1.4



e kP -

Table & The aeffect of the thickness of allyl bromide

carbon on the rate of cisstrans 4somerization of
cis-butene«2 (Initial pressure of cis-butenc=2 = €0 3,

Temp., @ 2390°C)

To. of successive pyrolysis Kot X ].O6 (sec™1)
/30 2.65
1/¢ 7.h7
e oLk
1 8.5
3 1.k
6 1.0

22 ]

1.0



and alse shown in Fimmre 12. furthermare, to confirm the effect
of the cerbon thickness on %he rate of isomerizstion, the change
of electrical conduetivitr was also measured st a fregquent
intervals Jwring a 30 minute period of a stendars 211y trowide
prrolyeis. The conductivily echarply increases during the firgt
minute and subsequently increased only slowly, This result
shows a eimllar behaviouwr to ithe ‘dnetic measurement of cipe
butene-? 1isomerization rate on the different thickrese of the
carbone in which the rate increases eharply in the firgt mimute of
deposition of 2&llyl btromice cerbon. The conductivily resuits

ere ghown in Fipure 13.

Some isorerizations were performed in the pregence of
Propere andd cyclohexsne as possible homogensous resction inhibitors
or, since they have a simflar conficuration to cig-butene-2, as
possible competitors for active gites on the eurface. The results
ere suwmarised 4in Table 9. Insteed of 4nhibiting the
1somerization, mropene appearce to act ag g ceactivating agent
of the carbon; the rgte of the isomerization was appreciably
decrease¢ and the cavbon had fallen from 4te origingl activity
an? the subsequent I1somerisations of cis<butene-? Fave the results
88 sumerised in Tahle 17, The result on this Aeactivated
carbon showed that the rate was not so senpitive to tempersture
varigtion es that of the original carbon, The change of the
carbon activity can be seen in Figwe 1 s Where the activation
energy of the cistrams isorerization on the deactiveted carbon
was completely Jifferent from that on tre originel cerbon.
Accordingly, a carbon which cave Xet® 23.2 x lf;‘-.é sec™ at 130°2

was treate” with 555 ™ propene for 12 hwours. £t the end of



Figure 12

Effect of carbon thicimess on the rate of the

cis.ptrans dutene~? 1somerizsiion at 350°7¢C
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Pleure 13
Elsctrical conductivity of allyl bromide carbon

O Pirst pyrolysis 5 4 sixth pyrolysis
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Table 9 The effect of propene and cyclohexene on the cige
trans isomerisstion of cisebutenc~? on allyl Ubromide

%
carbon

Temperature(’ C)

363.L
363.k
363.k
363.k
363.L

369.5
369.5
369.5
369.5

Prossure (mn)
eis-butene~2 propenc
€3 0
0 €
€S 65
& 110

€ 29
cis-brutenaw? eyclohexene

€0 0

€ 59

€1 65

61 305

# The carbon praepared

kctxloé( sec"l)

12'6

13.7
13.2
12.1
1.8

from six successive standard pwvrolyses



arl The e concbants of the clin—tuternc=
onc oyl bromide enrbon whieh had hen
treatine with propene quvi oyeiohexoenc (

0. ,
e k
c

f -
Temperature ) )2 ‘ 1 (see 1)
o

U VA

icomerization
deactivated by

~

as in Table ),

1

£ -
1 X 107(sec )

AR lu.h
PREI 10.8
IR 11.7
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Figare 1),

Arrtenius plot for cis—trans isomerization of

buienc~2 on deactivate: allyl Yromide csrbon

Tashed line from original Arrheasus plot before

the carbon deactivation by propene(see text)
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the trestaent, ithe Isorerisstion rate constant was redetermined
and had fallen to kctﬂb.hélﬂ’é sec"l, Other results for propene
deasctivated allyl btromide carbon sre summarised Iin Tadle 11,
The carbon comld nct be reactivated by wrolonged evacustion.

The effect of oxyren on the activity of an aliyl bromide
carbon wﬁs also triefly studied. anfigﬁéin was deposited on
the emrface of the reaction vessel and the rate of the cissirans
Soomorization was determined B8 kegm 17.1% 1070 sec s at 380°C.
Tt was found, after a oaall quantity of oxypen{ 3 mm air) had
bean acmitted %o the reection wvessel for 30 mimates and then
punped sway, thet the rate constant had decreased to
Xot® 0.2 x 107 sec™k. If the reaction veesel was exposed to
atmospheric pressure for 30 minutes and reevacuatec, the carbon
beceme very active and no rate constante could be measwred at
380°C owing to the larpe number of decomposition mroducts
found(pee Fipme 15). Those decomposition products were not oll
tdentified. This enhanced astivity persisted for five trial
1somerizations and 4is therefore unlikely to be “ue to inadequale
evacugtion. Yhen this carbon was treated with one standard
allyl bromide pyrolysis only the isomerization producte were found
in subsoquent experiments with cis-butens-2, but rates were
frreproducible; at 330°C kg, from 3 runs varied from c.6x10" o

1.6 x 10~¢ sec .
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Figure 13

Gas chromatographic trace for cis-butenee?
lsomerization am! decomposition at 387°%¢
on atmospheric air exposed allyl bromide

carbon (Initiasl pressure = 52 ma, Time = 30 min.)

Jote: 25-f%. columns of 104 dimethyisullolane on
€0~50 mesh noneacid washed Chromosors F©

vere used for %the separation.
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Tnepacked vessel

The isomerization of cis-butemo<? in an unepacked vessel
wes also stulied. Zeaction vessels with swrface : volume ratio
of 1.1 ani 1.k em™l were used. The regction vessels were
coated with the carbon deposited from standard pyrolyses of
allyl tromide end werc heat treated. The cis-butenc-?
isomerigatfion was eudbsequontly perfermed 4n the reection wessels
and the first order mate constants were determined. The
results are swmarised in Teble 192,



- 55 -

£0°9 €6 €N 921 Baq 290, eseAroadd "1

81°€ UM 0S¢

£5°5 270t oEY By QU0 ue  sesATouAd ¢ 11
Aﬂtommvocﬁxaox Aﬂuoouvwcﬁnoox (0,)omyeseduoy, JURIGRAL) JUE]  UOGIE) (-50) 475

Tesgoa  paxowd-uli UL  UOQI®D

OPTwoxq TATIE U0 UOTRITIONOET Z~SUSINQ=BD JO SWUWIRUCD 88X Ay 21 s1qey



II. Isomerization of cis-butenee? on_cise-butene~2 carbon
In their study of the bomogeneous cis-butene-? isomerization,
Fabinoviteh and Michel(5) found that the homogeneous rate constants

increased with the number of experiments done and they attributed
this increasing rate to a heteroseneous process caused by the
slow buildeup of an ective surface contemingnt. Frthermore,

in our e.s.r. measurements wo have ghowun that cis-butene=2

carbon has an absorption spectrum end en odd electron content
similar to that obtained Prom elly? bromide carbon. Tt micht
therefore be supposed that 4tg activity {towards the butene
isomerization woul? be similar to thet ¢ef ally)l Yromide carben
and that the deposition of cis-butene-? carbon was the cause

of the increass of rate observed by Rabinovitch.

This series of experiments wore brought about on & surface
Prepared by pyrolysing cis<butens-? gs described in chapter 2
and the resulting carbonacecus £ilm on the reaction vessel
surfece was used to catalyse the isomerigation of cisebutenc=2.
The isomerization was studled 1in the texperature range 390 o
kS2°2. M¥o products could be cetected other than the two
isomers trans-butene~? and butene-l. A typicel percentare
trang=buience?2 formation against time Plot is given in TFipure
1€. The cis—strans 41somerization showed first order kinetics
but with a lower rate constant than that obtained from allyl
tromide cerbon. The results are swmarised in Table 12, &
series of Ikinetic experiments were performed on prepared carbon
at sucessively inereasinr temperature from 30 _ 1372°C, then the
reaction vessel was heated to L%C for ~ 10 hours and o rew

set of rate constants at decreasine temperatures wore obtained.



[]
o)
ot
]

Pirure 16

Fercentage production spaingt +time Plot for
trans-butene~?2 formetion in cis-butene-?
isomerigation on ecis-butene-? carbon
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Table 13 The rate constants of cisstrans isomerisetion of
cis-butene=2 on cis-butene-? carbon as a fuetion

of temperature (Initial pressure = & m)

Temp. (°C) Reaction time!{min.) ZConversion x lﬂé(sec )
“iyera

29 i 0.2k

390 53 0.36

390 4] DAL 1.09
3% bz 0.26

3% 5% 2.3k

410 30 2.8¢

130 5o 0.99

Lo Lo 0.65

o 4s 0.69 2.8
A D) 35 0.59

Lo 25 n.36

410 30 0.48

30 30 1.02

L39 0 1.78 5.2
130 20 .62

L30 32.5 | 1.01

152 on 2.00

1152 is 1.32 5.7
152 25 2.16

(continue)



k30
30
130

5o
35
L7

-62 4 -

0.90
1.25

1.7¢

0.71
0.7
0.62
0.82
.79

7.k

S.l

3.2



Fieure 17

Arrhonine plots for cis—trens isomerisetion
of butsne<? on cis<butene=2 cerbon

O TFesuit fHrom another cils-butenc=2 carbon

(sce page £4)
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Tlgure 17 Nlustrstes that the activity of cis-butenc-?2 carben
was affected by heat treatment ags was the case for 2llyl
bromide carbon. The dsomerization o the hogt trested carbon

pave & linegr Arrhenive plot with

kct" f.2 x 10h 3-3295"3"{3/?3 sec'l,

The activation enerry for this cis < trans isomerization of
butene-2 is appreciably higher than that obtained usinzg allyl
bromide carber as catalyst.

The kinetlics of btutene-1 formation on cis-butens«2 carbon
were not measured sgince the guantities produced wore very soall.
At 152°C only tracos of butene~l could be detected with the
rate less than 1/10 of the tronsebutenc-? formation.

The reprolucibility of the activity of cis<tutcne«2 cardon
is similar to that found with 2allyl btromide carbon, TFigure
17 also shows ihs rate conglant obtained for amother cis-butene-2
carbon, prepared by cdecomposing L37 ma of cis-butene-? at 1%
for 18 hours.



TII. The relationship between the activitics of 211yl bromide
carbon and cis=butene-? carbon

The resulis ceserided in the rrevious two sections showes
thet allyl bromide carbon was narkedly more active than cige
btutzne«? carbon towards the butene Sscmerizations, even thoush
the carbons have similar codd electron contents a8 observed from
the e.s.r. measuremenis. One peosaidle interprotation of this
difference was thet allyl Yromide carbon coatained bromine which
wight be recpensible for enhancing aetivity. Two samples of
allyl bromide carbon were propered and sent for microenalysis
for bremine comtent; the results were 1.2 and 1.7% bromine.

The effect of the pyrolysis of wvarious bromine containing
compourds{ 4n which Wremine atoms act ag chain carrier) on
cigebutenc=2 carbons was exemined. 39" mm ethyl bromide were
first prrolysed at 1050 for 6 minutes and the reaction
vessel was then thorourhly evacuated. On this ethyl bromide
treated cis<butene«2 carbon, the rate constant of cis-trans
isowrigation of cis-butene-? was larrer but the results were
irreproducible as eeen in Table 15,

Yoxt, the effect of the pyrolysis of nepropyl bYromide was
atudie? by mw_qg 135 M nepropyl bromicde at 30T for
minutes’ subscquent prrolyees were for 15 mimmtes. The results
cre swmarise? In Teble 15, The effect of the bromine
contalning compoun? was cenerally 4o 4ncrease the rate constant
of the cis-butenc=2 isomerization but the resulte were
irreproducible.

Tirelly, o fresh cis-butene«? carbon was repared and was
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Table 15 Effect of the bromine containing compounds on the
cistrans isomﬁsatim of cis<butens-? on cise
dutene~2 cerbon

Carbon” Pyrclysed compound Temp. (°C) kctxloé(sec'l)
r none koS 3.1
E ethyl bromide o3 5.5
B ethyl bromide 408 3.5
¥ nore h3n 5.9
F lst neprepyl bromicde L3 8.0
F 1st n-propyl bromide 130 5.8
F 2nd n-propyl browmide h30 12.5
r 2nd nepropyl bromide 130 10,6
F 3rd n-propyl bromide 430 7.9
r Lth neprepyl oromide k30 0.9
F 5th nepropyl bromide L 12.k
F £th nepropyl btromide k30 5.9
F 7th n-propyl bromide 530 8.7
F 7th nepropyl bromide 130 8.7
e 7th n-propyl bromise h30 £.7

* Carbon E was prepared by pyrolysing S20 mm of cis-butene=2
for 15 howrs while carbonfwas from L0 m for 18 hours
at 180°c.



treated witk about S0 mm bromine for 5 wmimutes at 1OSC. The
reaction vessel was then evacuated for several hours at a

.hz:m Hz to ensure that excess bromine

pressure of 1less than 10
was pumped &way. Isomerization rates were then measured at
I0SC and the results are sumarised in Tsble 16 and shown in
Filgwe 18 where it can be seen that the first isomerizagtions
were very fast but k., fell condinucusly with sucessive runs
and levelled off at 2 wvalue close to that obtained previously
vith allyl browdde carbon(kee 13. x 1070 sec™l at 103°C, see
also Figure 10). The results of ko1 were scattered but showed
behaviour similar to the cis-trans isomerization(see Table 16).
The bromine activated cis-butene-? carbon was then treated
with propene as & deactivetor end the results of subsequent
cisatrans fisomerisations are shown in Table 17. After the
propene treatment, the rate constant of cisstrans $somerization
had fallen to a value not much greater than those homogeneous
rate constants calculated from the results of Rabinovitch(5)

and Liftshitez(?7).



Table 16 Isomerizaztion of eis-butene-? on bromine activated
cis-tutene-2 carbon at }0S%C

Order of rmn Initia) pressure kctx_‘-r.oé(sac'l) kclxloé(sec°1)

1 61 108 92
2 a 117 L7
3 61 106 9.2
b €1 3.} 5.6
g 61 50.8 1.3
6 120 3.9 2.9
7 £1 17.7 1.7
8 €9 15.6 1%
of & 13.6 2.2
10 & 13.7 1.7

# The rum was porformed with A9 mm of cyelohexene.
# The rmn was performed with 60 mm of cyclohexene.



‘[‘c -

Figure 18

o
cis~strans TFuilene<? Lsomeriszstion rates at NS C

o bromine-treated ciz-butenc-2 carbon
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Table 17 The effect of propene on cifstrare isomerizetion

of cis<butene-2 on bromine sgotivated cis=hutene-2?
carbon ( Temp.= M0S°C, Inftial rressure = & mm)

Propens - treatment Kot ¥ 10° (sec™1)
Tore 13.7
725 mn, 16.5 hrs., 430°C 1.08
700 mm, 12 hrs., h30°C 0.51
Homogeneocus iscmerization 0.3¢ (ref. 8)
Romogeneous isomerization 0.10 (ref. 7)

* The asecond prepene treatment was performed after the
rate constant was messured on the first mopene treated
carbon.



Iv. The isomerization of cisebutene-? on ethyl bromide carbon

and  3-chloro=2-methyl propene carbon

E.8.r. measurements showed that ethyl bromide carbon also
has a single gbsorption line and has 2 smaller odd electron
content than allyl bromide and cis-butene-? carbons(see Table 1).
It might also be supposed to catalyse the nebutene isomerizations
but less rapidly than the .other carbons.

A series of experiments were performed on the carbon
prepared by pyrolysing ethyl bromide es described in chapter 2.
This produced a thin carbonaceous £ilm on the reaction vessel
surface and was usec to catalyse the 4isomerizetion of cis-
butene-2. Yo sgide products could be detected 1a gddition to
the two {somers, trens-butene-2 and bdutene-l. Yo kinetic
neasurement was made for the butene<l Sormation sinee the
quantities produced were very small. The results for the cis-
trans isomerigation showed that rate constants on ethyl bromide
carbon were somewhat Irreproducible. The results are sumarised
in Tabvle iS5,

3«Chloro-2-ncthyl propene carbon haa/(:single ¢.8.r. gbsorption
line and a sinmflar odd electron content to +hat a?
allyl bromide carbon. Therefore again, it micht also be
supposed to have an activity aimilar to allyl bhromids carbon
towards the butene isomerigzations.

This series of experiments were performed on 2 surface
coated with three successive standard pyrolyses of 3-chloro=2e
methyl propene at 100°C as described in chapter 2. In order

to avold the ‘hermel effect(see Figure 10) during the covrse



Table 15 The cisetrens isomerizstion ratc constante on
ethyl bromide carben
{Temp.® 130°C, Tnitiel mreesuwre = €0 =)

& i 18.9
G 2 13.3
c 3 5.8
B k 3h.7
] 5 1.7
7 é 5.6

# Carbon G Adeposited from the pyrolysis of 500 mm ethyl
bromide for 19 howrs at L$0°C and carton H was another
pyrolysis for 22 hours on carbon G. |



=

of experiments the carbon was heated to !150°C for 18 hours
before use. It should pive 3 unchanged carbon activity when
the d4somerigations sare porforme? at lowsr terperatires. Fates
of cis-tubsne-2 isomerizaotions were measure? on the carbon in
the tempsrature Tanze of h22 - 136°C.  The els-trans Isomerization
rates on this carbon were mmeh lowsr than thoee obtatnes on
allyl bromide ecarbon but close to the rates on cis<bytence?
carbon. Feproducible resvlts were obtained and are summerises
in Tatle IS, Yo iz products were observed in the temporature
range studded. Tn Tipure 19 the  Arvhenins Flot was & straizht
line; indicating the cerborn activity was crobebly independent of
temperature. One more pyrolysis of 3-chlero~-2-methyl propene at
L9°C on top of the carbor prepered at 100°C 414 not change
the activity. The reproducibility of rzte constants with this
carbon wes similar to that of ¢he gliyl bromide carbon.

The Arrhenius zctivation enerpy of cisstrans isomerization,
2% Feal mole'l, is sprrecistly higher than thet found with allyl
tromide carbon, although tha od4d electron content of J~chloro=2-
methyl propere carbon Sfs close to that of allyl bremise carbon.
The ¥inetics of the butene-l formation were not studied since

again only very small quamtities were produced.
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Table 19 The rate constants for the cis+trans
isomerization of cig-butzne-2 on J~phlorcele

mathyl propens carbon

Carbor Tampersturs(°C) Keg X 1% (sac™d)
I h21.5 L.22
I b30.5 €.1
I b36.1 7.k2
J 430.2 5.9

# Carbon I wes propared from throe successive standard
pyrolyses of 3echloro~2-methyl propene at 10O0°C and
was heated to L%°T for 10 howrs where carbon J
was from cne wmore pyrolysis at L9O°C on top of the

emrbon I,
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Arrhenius plot for cis-strans ismerization of
butene«? on 3echloroeZemethyl propene carbon

Daghe? 1lire on cis-hutene«? carbon.
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V. Isomerization of trans-~butena-? on allyl bromide carbon

A geries of experiments on the 4rans-butene-? 4isomerisstion
were performed on the carbon deposited from three successive
standerd pyrolyses of allyl btromide at 400°C. The carbon was
heat treated to L6°C for X0 howrs in vecuo before use.

The trans-butene-? d4somerizations were studied $n the temperature
range of 380 - k28°C. The cis-butene-? isomerizetions on this
carbon were also checked at the corresponding temperatures at
the end of a series of runs on trans-butene-2. At 128°C,
traces of aslde preducts, methane, n<butane and isobutane were
observed in addition to cis~butene-? and butene-l formations.
However, the side products represented only 4% of the
isomerization products at totsl conversion of 107. At temperatures
Jower than L0D°C, products other than the two isomers fell
below the limit of detection of the apparatus and represented
less than 0.1% of the products. The first order rate constants
are summarised in Table 20, Straight Arrhenius 1lines were
obtained when log ki, and lom iy were plotted against 3I/T es
shown 1in Fipure 20 for the trans.eis (O-P 1line) and the
corresponding cisetrans (R-S 1ine) isomerizations, and in TFigure
21 for the transs1(0'-P' 1line) and the cisal(R!=S' 1line)
isomerigations,

The Arrhenius activation cnergies for the transecis
isomerisation on the carbon was 26.1 Keal mole™l and the

corresponding cisutrans was 25.L: Yeal mole'l, while those for the

trane;l and cissl isomerizations were 26.2 and 25.2 Keal mols >,

respectively.



Table 20 The rate constants of trans-butene-? 4isomerizaticns
on allyl bromiZe carbon witk the corresponding
results for cis-butene<? isomerizations
(Tnitiel pressure = &0 mm)

Terp.(°0)  x10%(a0el)  ymiflescl)  ihmoblseel)  KSyx208(secl)

=9

h2a.s 13.C £.27 5.l 3.78
Lik.g £.36 3.6% 12,6 2.69
ey, 5.85 2.4% 8.67 1.69
3Ec.% 3.7k 1.56 - -

3¢e 3.22 .32 5.1 1.1

» Thr rote constanis were Jdetermingd after the rtos of

trang-taicrc«? loomerlizaticon were oensorsd.



Figere 0

Arrhenins plots Tor irans-oig-butene«? and
correspoilar  clg-—strgns-butone<? isemerizations

on glly? bromida corhon

O ‘rans—slg=3utene-? iscmerizatisnfline O—F);

A cis—irms-hutone-? fsomerisatisn{line =€)
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Firare 21

Arrhenius plots far trans-butene«? e butene-l
and cis<bhutene«? === butene-l isomerizations
on allyl bromicde carbon

0 +trans-Butens-2 == hutens-l isowmerisation {line 0'-P');

O clis-botene«?2—s butene-1 isomerization (1ine Rt'=St)



(¢-90P) 1/ 0T

SS°T 05
'T

an't |

a0

0°T

% 80T + 9



The activation energy of the ciswtrans isomerization in
this series of experiments showed that the 8llyl bromide carbon
activity was quite different from the previous(section I) carbon
for cisetrans isomerization. Therefore, it might be supposes
that the activity of carbon depended also on the substance
with which it was first treated., A serfes of experiments were
then desigred to investigate this effect. A new carbon was
deposited from six successive standard pyrolyses of allyl bromide
and it was heated to L0'C for & hours. A serles of cise
butene-2 isomerizations were first performed and then a series
of trana-butene-? isomerizations. Two serfes of cis-butene-?
isomerizations were carried out by lowering the temperature from
h30 to 379°C and asmin from 132 to 39°C. They are in good
egreement in that a straight Arrheniuvs plot was fommd as can
be seen in Figure 22(X-Y 1l4ne). The result showed that the
carbon had 8 S“constant activity" after the heat treatment at
LEO°C. A series of transebutene-2 isomerizations were subsequently
performed while progressively raising the temporature from 320
to 380°C. The results gave a slightly cuwrved Arrhenius plot
(see Figure 22) wvhich was taken as 1indicating that the carbon
was being pently deactivated by the trans-butens<?. The results
are sumuarised in Table 21.

The activation enerpies on this carbon were 16.) Xeal mole -t
for the cisvtrans isomerization and 17.1 Heal mole™l for the
reverse reaction before the carbon was slichtly deactivated by

trang<butene.2 itself.



Figure 22

Arrheniue plotes for cip-strans-butene-? and
COTTOSPONGinrg  trans-ucie-butene-? isomerizations
on allyl btromice carvon, showing e?fect of
wang-butene~2 deactivation on a "constent

activity* czrboom

cis—trans isomerigation (line 1-1);
trans-scis 1somerisation
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Tadle 21 The rate eonstanis of cige and trane-byutenec«?

. . : - G
isomerizations on allyl boromide carbon

Temperature{ C) Koy X loél'eec"l) LI | loé(sec"l)
k30 28.2 -
379 12.3 -
L32 29.6 -
k00 15.5 -
377.5 19.0 -
355 6.0 -
320.5 - 2.02
351 - Lb.o1
330 - 6.18

* The cerbon was prepared Srom gix successiva standard
pyrolyses of allyl tromide and was heated to Lé4s°C

for & rnowrs.
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VI. Isomerization of butene-<l on allyl bromide carbon
A series of experiments on the butenc-l isomerisstion were
performed on +the cerbon deposited from three successive standard

pyrolyses of allyl bromide at LO0°C. The cerbon was heated
to L°C for 18 hours in vecus before use. The butene-l
isomerization were studled in the temperature range 310 - k20°C.
4t 120°C, the side products, methane, ethane, ethylene, n-butane
and 1sobutane were observed in addition to the cis- and trang-
butene<2 formations and  these represented 157 of the
isomerization products at a total conversion of 5%. At lower
temperatures(< 390°C) products other then the two iscmers and
traces of methane fell below the 1limit of detection. The
first order rate constants are summarised in Tabls 22. Scattered
Arrhenius plots were obtained(Figwre 23) when log kyy and log kyp,
plotted against 1/T. TFrom the order of the experiments done,
it would appeer that the carbon wss belng slowly and
profressively deactivated by the butene-l. As shown 4n Figm
23 the deviaticn becomes greater In the later experiments.
The rate of trang<butene-? formation was rougchly & constant
factor greater then that of cis<butene-? formation. Rough
estimations of the activation energies for butene-l to transe
and cls-butene-2 were approximstely 19.2 and 20.3 Feal mole"l,
respectively. These were the values before the carbon was
deactivated.

To clarify the butene-l Acactivation effect, a higher
pressure of butene-l was then admitted to the reaction vessel

and the rates of some cis<butenc-2? isomerizations were measured
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Firurs 22

Arrhenius plots for tbtutene<l — cig- an? itranse
butene«2 {somerdisations on allyl Yromide carbon

O 3Buteneel ~—> trang-butenc«? isomerization;
O butene=l ——> cis<butene-2 isomerization;

number shows the order of the experinents done
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subsequently in order +o compare with the results withont the
butene-l treatment. The results ere summarigec in Teble 23.
The rate constants of cisvtrans 4isomerization of cis-butene-?
on the butene-l deactivated @llyl bromide carbon were not much
higher thsn the value of homogenecus rate constant at Loé°c,
3.75x 107 sec™), evalusted from the results of Rabinoviteh

and Michel{S). The dsactivation effect could possibly be
brought about by free radicels from the decomposition of the
butene-l tecause the decomposition of this compound is greater
than that of cis<butene-? and trans-butene-2.



Table 23 Effect of butengel seasoned allyl bromide earbdbon
on the activity of the carbon towards the
isomerization of cis-butenc«?

Dutene<l treatment Temp.("C)  kyx10b(sec-d)
Yone 399 0.0 "
The experiment of butene-l isom. and
7 m, 1S hrs. at 06°C heé 2.12
Ditto + 470 wm, 17 hrs. at 106°C N6 0.6k

# QObtained from the frash prepered carbon which was deposited
from three stsndar? pyrolyses and heated to LD°C for 18

hours.



VIT. The ecuilibrium between ciz- gnd trans-butenc<2 on alivl

bromide carbon

Consider the reversible reaction

cis-butene-2 " trans-butene-? ;

the eguilibrium constant .for the process is given by Eot™ ot/ Kte
= (t-Bu-2}/(c-Bu-2), The ecuilibriue among the two butene-2

isomers has been studied at & series of temperatures bty

several different techniques and the results obtained by different
workers(18, 19, 20, 21, 22, ):8) show a wide spread for the
eguilidrium constants(see Figure 2h). In the preeent investization,
both the forward and reverse reaction rate constants were

negsured individuslly. The oquilibrium oonstants were obtained
from the ratdos of the two rate constants, which were determined from
initial rates at low conversion, instead of measuring the concentration

of the two disomers at eguilibrium(as was used in previous studies),

A series of experimente were carried out uging the carben
deposited from s8ix successive standard pyrolyses of allyl bromide
as catalyst which had been heated to LEO°C for €0 thours end
thon left at U3°C for ~ 3 days. A few isomerizations of
cis-butene-2 were firet performe? to check that the carbon had
an ectivity similar to that used 4n previous experiments(section
T). The resulte were rather maatisfgctory at first when a
series of d4somerizations for cis-butene-? was Sollowed by a
series of runs for trans~butene-2. Tt was decided to perforn
the Iisomerigations alternately 41.e. a cis~butene<? isomerization

was followed by a trans-butene-? isomerization and so vice-versa.
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Arrhenivs plots for the cis < irans
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The mein purpases of this <technique were ¢o compensate for the

effect of trans-tutene~2 on. the surface, ( the surface wes

slightly deactivaled by trans<butene-?, see earlier THcure 22)

e&nd to compensate for any Iinadvertent change of surface activity
by air ete. The results obtatned from this technique

gave good resuliz for the equilibrium constant in the temperature

cenze 200 - L°C.  The résults are summarised in Table 2.

When log Yot was plotia? against 1/T a slightly ocwved lire

was obtained =26 shoen In Ploure 2L, The resultr ere in  gzood

<

tH

srreament with ooth tke datse from Ooldsn, Zgper an? CTenson

(19} = A, P. T. value(20). The thermodynamic values of AT’
&2 A5 were astimated andir:howr: iIn Table 25. The equilibrium
constants(Table 25) evaluetsd from <the previcus serdes of trens-
butene-2 iexwcrizaticn eoxperimente in the %ewpersture range 280 -
130°, were in goo? agrecement with the equdlibrium experiments
(see Fipure 21).

The rreeent irvestiretion seems simpler them previous
stulles on the eclavtrame coilivriun becsuse +he cvsten wve used
reve  ne amcublﬁig:névcu; over at the highest temperzture
the side producte were negligitle. The system contained only
e sirle subetarce with the odé clectron comtadning cartom,

The rrevicug studies contedned other reactive substances as
catelysts wvhich mey Increase the complexity of the gas phase

reaction.

The ecullibrition bYetween butene~l anéd butene«?2 was elso

[
“

briefly studied. Ccmsider the equilitriur betwser three omeTs

of n<hyutene ag follewing:



Table 2L The temperature dependence of rate constants eond
equilibrium constants for the cis- and trans-butene-?

isomerizations ( Initial pressure = 56 mm)

6 &
Temp.(°C) FReaction Tt<Bu-2 Ze-Bu-?2 k..x10 ) Fot
- (sec™1) {zecl) °

time(min.)
202 50 0.87 0.26

910 1.17 0.22

100 0.h4 0.1%

05 1.13 0.21

880 0.75 0.1k

(0.20 )
1.93
1630 1.39 0.1
110 n.91 0.11
2um 1.640 0.11
1920 1.7 .09
2370 1.26 0.09
1660 0.93 0.10
259 1.kh 0.10
(n.11)
337 ) 1.25 5.2

0 1.82 6.07

T 2.60 £.28

& 2.23 6.10

Lé 1.68 €.09

LS 1.50 5.63

50 1.62 SN

60 2.06 .78

(continue)




337 Lo 1.40 5.65
&n 2.97 _L.28
{s.)
1.5%
e 1.27 3.58
€5 1.i3 3.72
e 1.40 3.3%
& 1.37 3.81
3 1.58 .10
&n 1.3k .71
on 1.97 3.7
(3.7)
386 3 2.27 22.8
€5 I 11.7
35 2.40 12.5
g 5.61 12.0
N 3.5k 12.0
i 3.2 12.3
2% 1.92 13.0
£ L.n3 .5
(12.3)
1.3
L& 2.31 G
gg 2.5h4 7.75
6 3.0 8.k
™ 3.22 7.7
n 1.78 7.h¢

{continue)




386 35 1.£3 7.75
e 2.55 8.8
{8.00)
Lo 0 L. 25.5
3¢ £.0% 22.1
0 2.01 25.5
2% 3.47 23.6
en L. 2.0
42.% 5.69 23.0
35 5.3 2l.5
20 2.52 2.9
(23.6 ) Lo
5% 5.07 15.7
In 3.66 5.9
3 3.3 6.6
ks 8.N6 5.4
62 g9k 18,4
o l:.62 15.3
3n 2.51 15.8
27.5 2.57 15.7
37.5 3,66 16, |
{18.9)
1S3 22 Y11 3h.9
26 £.20 3.2
12 2.2% 21.7
1£ 3.2% 34.8

feontinue)



HEY S big) 2.22 37.3
15 3.61 3.2
26 c.10 33.5
(3t.4)
1.h7
3% L.38 23.8
28 3.88 23.6
22 3.7% 23.6
12 2.53 23.8
2% 3.6¢ 2k.9
32 L.20 22.2
0 2.£5 22.5
(23.5 3
Lo 21 1.3 10.38
23 .15 1.6
r 1.82 1.5
M 2.9 12,
%3 2.5k 9.9
hS 2.5h 11.0
(1n.5)
1.0
h3 i.m RS
3 1.318 £
1 1.7 7.2¢
3L 1.bE 7.2k
L8 1,92 £.5¢
he 2.04 .85
{7.03)

#* Averare values shown in perenthesos



Table 25 Values of the thermodynamic funciions

batene-2 Iisomerization

cnnCx 0%
-
aG° (cal mols ) 3,608 .08 «0,562% T
AT (%oal mole™l) <.87%0.02 .65 .00
as® ( e. u. ) 5. 54800 «0,218 ),

for ciem trans

"

N,5620 ong
0,608 .02

073,04



Table 26 Touilibriwm constants estimated from nonealternating

™mns
o £ -1 % 6 -1
Temp.( C) Kte ¥ 107 (sec™) Ko x 10 (Sec )
,.!28.5 13-0 X 19-1
L1h.% .36 12.6
100.0 5.65 8.67
380 3.22 5.1

Tet

1.47
1.51
1.54

1.58

# Single runs performed at the end of each transe series
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c.so
X\\
Puotene trang=Sutenp«?

ot
At two temeraturesksiz rate constants were meastured gnd are

shown in Table 27. At ¢the equilibrium of the three isomers,

the condition of K,p X X3¢ X Ky = 1 must de obtained. From

the results of an independent determination the equiiibriwm
constants can be obtained and thege constants showed satisfactorily
gself-congistent behaviour at each temperature as shown in

Table 2€.
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Table 22 The oquilibrium conslents between three isomers of
nebutene 3isomerizations
Temp. (°2) 4 ¥ X
b SR et *1e "1
W51 1.k7 C.73 .93
0o 1.50 0.86 0.77
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VIII. The halogen acid catalysed isomerizstion of cis-butene-?
Equilihrivm values 3in the n-butenes system have been

measured in the presence of hydrogen bromide by Maecoll anc
Poss(21); as cen be seen in Table 25 their AS° values ciffer
consicerably from the other 1literature values(1S » 19, 20, 1B). In
thelr study(2l) of the kinetics &f the hydrogen bromide ecatalysed
1somerization of nebutenes they declared that cyclohexene hagd no
effect on the rate of isomerization and thus the resetion must
be molecular; a sixecentered tramsition state favouring formation
of the trans isomer for the butene-l isomerization was postulated
(sce page 7). In 1967, Bridge and Folmes(L9) found that the
hydrogen bromide catalysed butene-l 4isomerization can be inhibited
by both propene and cyclohexene and therefore at least partially
involves free-radical reactions. Ve have investigated both the
hycrogen chloride and hydropen bromige catalysed isomerizations.
(). Pyirogen chloride catalysed isomerization

A series of exmri.-:entso: }:;;mgan chloride catalysed
isomerization of cis-butene<? were performed in a clean
glass reaction wvessel. The 4somerisation rates wore measured at
3%0°C. The second order speciffc rate of disappesrance of cis-

butene-2 18 given as follows:
cis-Butene-? <« w1 —— trang-Butene-2 + HI1
rate = kp [cis-Butene-2] (HC1]

= k.t (cis-Butene~2)
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Table 29 Values of ¢he thermodynamic functions for cigtransg
isomerization of butenee?

Voze and lay (L&)
Benson and Bose(18)
AP, (D)

Yaccoll and Ross{21 3)

AE%(%ep1 mle'l}

o - 0
A5 (e.n.) _Tewp. renpe( C)

~C,52
£.5020.00
0,60

- . 1:!;

C.1k 200630

0.00%0.Lk  23¢.300

.00 -
£,25 M=)S1

Table 294 Valuves of the thermodynamic functions for cis—trans
1somerization of butene-2 by Golden, Egger, and Benson(19)

A 7°(%esl mole™)
A PP1Zea) mle"l)

4 S%(e.u.)

Lon®x g0n°% 0%
-8.£5120.03 0.£8290.03  -0.180%0,02
~.240.1 -1.15%.1 -0.85%0.1
-1.?’"";2 -1.1&_’.2 .0.6 ?—0').2



At 35°C, butene-l production was not observed snd the sbove
expression was used to determine the rate constant for the
cle-trans isomerization. The reaction proceeded without any
pressure chaipe and the results({Table 20 end Fipure 25) showed
that the isomerization in the rirst experiment was very fast
but thereafter ky fell cmhinuonsly with successive rums and
levelled off at a value of ~ 0.5 mole™ omd sec™l. This effect
can be explained a8 due to catalysis by metsllie oxides or
ecid eites on the surfacc of the resetion vessel and in the
subsequent runs these active catalyst sites were covered
possibly by cis<buterne<2 carbor even zt this low temperatures
the reection wes predominantly homopsneous as in ihe case of
the F"conditioned® Pyrex resction vessel use? by ‘Maccoll and
Ross(21 b). A possible explanation could be that the active
sites on the ¢lass surface are first covered by the deposition
of polymeric carbon even at low temperature and that the

thin layer of carbon between the active sites which ultimately
l22ds &5 complete surface covworape 18 only formed at higher
temperatures.

At 109°C, acetylene was observed 1in addition to the two
isomers, butene~l and trans-butene-2 and the results are
sumariged in Tsble 31(see also TFiguwre 26). The order plots
of butene-l, trans-butene-2 and acetylene formations with respect
to hydrogen chloride are given in Fipure 27. The rate
constants of the cisstrans isomerization and decomposition to
acetylene were shown to be proportional to hydrogen chloride

concentration over the range of 12 - 286.5mm, and those of



Table 30 The rate constants of hyrirogen chloride catalyses
isomerization of cis-butenc<? at BSOOC

Polm) Py (m)  Time(min.)  kuaiofleecl)  ky(mole~lemsec™)
67 88.% 35 - -

€ 23 11 5.23 8.8

61 26 30 3.84 S.7h

é 13 30 1.02 3.06

56 L6 n 1.5 1.39

ce.8 30.5 30 0.7 9.98

57.5 f1.5 0N 0.9 0.57



Piguwre 25

Fffect of scveral successive rms on hydrogen
ohloride catalysed cds — trans-butene«?
isomerizetion in clsan reaction vessel
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Pioure 26

Wyororen chloride catalyssd isomerization of
cis-butene-2 at U0, ehowing the relations
betwmen rate constgnts of {rang-butane<2,
butene=l, an? aeetylens formgtions and W1

concentration

O trans-Butene-2 formation,
A Yutene-l formation, and

O acetylene formation
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Pipjwre 27

Order plotz for hyorogen chleride catalyees
isomerirstion of cisebutene-? at 0°C
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butene~l were more complicated hawing a secondeorder dependence
on hydrogen chloride concentration.

Some catalyesd 4isomerizations were performed in the presence
of cyclohexene as a possible homogeneous free radicael reaction
inhibitor. The results sre swmarised in Table 32. Figure 228
shows the effect of the $nhibitar on the rate constant of the
cisstrans isomerization. The production of acetylene epparently
was not affected by cyclohexene. These results show that the
hydrogen chloride catalysad M&tim of cis-butene-2 ecan
be inhibited and themfomp :Smlves, at least in part, free-
radical reactions.

Some isomerizations of butens~l and treng-butene-? were
performed at }00°C in the Fresence of hy'ropen chloride. The
results are swmnrised in Tables 33 and 3., The order plots
@re given in Figwres 29 end 30, Tt 418 shown that the rate
constant of transsl 4somerization 18 gecondecrder in hydrogen
chloride as in the csse of cissl 1somerisation but the reverse
I%eis and 1Xrans isomerigation rste constants were close to

first-order in hydrogen chloride econcentration.
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Tipure 28

Effect of cyclobexene in hydrogen chilgride

catalysed isomarization of cis-butence?
at Lonl%
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Figure 29

Order plots fer hydrogen chloride catadysed

isemerization of butene~l at 100
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Figwre 30

Order plots for hyiropen chloride catalyzed
ipmerizaticn of tranpebutene~? at 0%
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(B}). T®y?rogen bWromide catalyeed iIscmerization

Sincz the Yhydrosen ohloride cztalyresd isomerizgtion of
cls~butenz~? was found 4c e Idne celly complex, &ydrogen
bromide wzs then trisd 23 2 homerenecus oataxlyst. The resvits
showed thet the hydropern hromi<e eetalyss? ois<batence?
$somerization wss Kineticsliv sispler thar that ¢f the hydrogen
chioride catalysis., Onlr & izomers, Yhutene~l and iranse
tutena<2, were observe? sd geme of the results gve  sumnarisel
in Tablo 35, The iinetlcs of butene~l formation ware not
measwed beesuse only vary susl) quantiticz were produced st
236°C. The rate of transebutene-? formation is Tiven as

cis-Butene«2 + HBr —__, trang-Butene-? + HEr
Tate » ky(cia-Butene-2] (FPr)
- ct[cis-Butene-?] .

Inribition sxperiments were elen studied in the hydrogen
tromide cotelyse? clsebutonn«? iromerizetions. Oyeichomene caused
5 mmried reductier of the rate constants for the cis-butesne~2
ieomerizations (see Fimmes 31, 22, 3?). The vesulte are

sumarised in Table 34,
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Fézure 31

Effect of cyclohexene gs inhibitor in hydrogen
brouwide ceatalysed 1zomerization of cis-butance?

—> trgng~butene-? at 236°C
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Fizure 32

Effect of cyclohexens 38 Inhiditor in hydrogen
bromide catalysed iscmerization of cisebutene«~2

> trang-butene-2 at 20192



HB= CATALYSED ISOSERISATION OF cis-BUT-2-ENE
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Figure 33

Effect of cyclobexsne as inhibitor 3in hydrogen

brouide catalysed 4isomerigstion of cis-butense?
—> butema=l gt 201.°2 |
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I. The chemical reesctivity of Dyrolytic cerbon and iis physieal

Iroperties
Risconclndeéfromthammtsahwnin?im'el?that

enly active arcas at or near the surface of allyl bromide carbon
are responsible for the reaction, the limiting ®thick laver® rate
constant for the heteropeneous cis~trans isomerization of butene«2
is almost reached before the completion of ome standard coating
process. It would appear then, thgt the nature and concentration
of odd electrony at or near the surfgte are therefore more
important then the total number of odd electrons in the system.
The electrical conductivity of allyl Yromide carbon chows similar
bebaviours e. p.” Fig. 13, where lom(1/R) (R is the resistance ‘o
the carbon in ohm) is plotied arainst time of the coating vprocess.
The curves in both kinetic experiments and measurements of the
conductivity show that they berin to lawel off gquite sharplr
after oome five ninutes of carbon deposition. This %lovelinge-or<®
point can be interpreted as indicating the completion of surface
coverare. If the cengity of allyl bromide carbon is similer to
that of craphite(s5n), 4.e. ~2fm.cm-3, then the zaverace thiciness
of the laver produce? after five minutes of a stander? coating
18 ~ 25A(sce Tic. S relating mass of carbon deposited to time

of pyrolysis) and the specific eeﬁﬁeame of the cerbon isa
therefore ~ 0.025 ohm cm(LS). The carbon cdeposited in fve mirmtes
1s not visible to the eye. Knispel ane Swinbourne{51) indicated
that carbon from the ethyl chlorice
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pyrolysis had 2 spocific vesistance of 9.7 chm em 8t Lio%. They
estimated the thickmess of their saplc by the optical density
method of Azer(52), who had cemonstrated that g mearly linear
relationship exists between the optical density and the thickness
of evaporsted carbon films, In the mecasmrements of electrical
conductance Enispel end Swinbourne ohserved that on fresh plass
surfeces there was an Initia) induction peried of approximgtely
mmmefwrwmwemmmmateadm They
belleved that the time of incuctimc;;gb;ttﬁbutea largely to
themlofamssubatamemhwmteroroxygmfrmthe

glass surface, Myalsofmtmt}wmamdmﬁm

correlation between conductivity and Idnetics with rospect J&; reserit
surfece coverage it scems thet further eigrificance cazmtAbe given
to meamumements of olectrical resistance.

If the chomlos) wemedion 23 confined to swrikee regions
then it follows that e.s.r. moasurements on thick carbon layers
camot be expected to give ouch information about activity chanres
taldng place in the surface region only. leheattmatmento" -
allyl btromide carbon yislds an 4increase of both spin concemtration
and the rate of butene isomerizastion; this shows that gpin
concentration amv the carbon activity arc connected phancmena.

The effect of cisebutene-2 on the e.8.r. simal from the
four-pyrolysis allyl hbromide carben is emall, as shoun in Table 3.
Thisamllredmtionofspincmztentie;robablyoubsidetm

cxparimntalmorcimecemmtaﬁmnakmtomplacetm



3}

swq:letnbeﬁnﬁnmmitionist!wspecmtercavity. The
regult suggests that some revermidbls intoraction between the butenc
and the carben does dake place but the mmaliness of the recuction
iIn the bheight of the Pirst derivative sdasorption cwmwe does not
ailow further conclusions o be drewn. Fowever, if the reaction
is confined to surface regions of the carbon, %hen a stuldy of
changee in o0dd electron concentration dwring a2 chemical roaction
would require 8 spectraetier of creater sensitivity than those
gvailadle for the present investisation. Farther evidence of the
ingengitivity of e.8.r. measwements can be drawn fros the propens
deactivation ecxperiments(Tadie 11 an¢ Fig. 1) where no significent
change in odd electron oconcentration was observed oven when @
great reduction in chemical getivity had been achiewed.

H.mmuwofbutemiamrﬂmumouppomcubon
The firstecader kinetics of the cisebutence? iscmerizetions
can be explained Yy the sirplest treatssut of smuoface reactions

involving one molecnle of a reastent 4n forms of du langmulr

adearption 1sotherm with e low swrface coverage condition(S3).
Isorerigetion rate constemts were wory reproducible on a given
carbony the points on Arrhendus plot ¥eL in Pome 10 were
obtained from two ssries of experiments, the first going from the
hirhest to the lowest tempersture and the second in the come
diroction; the esme offect 48 ghown in Timwe 22, Pate constents
msaswed at the same temperature 4in each gories agreed within 109,
The kinetic experiments on the cis-dtrans butones? isomerization
on allyl btremide carben show that the heterogenecus activation

-l
enarcy is about 50 Eeal mols - lower than that of the homorenoous



reaction(5,¢,7). Comparing the ratos at 3657, the rate of 4ho
heterorenecus iscmerisation 4s. 240 times fester ther the homorenecos
rate(Teble 37).

L wag suggested that the swrface movided s hetercpeneous
initiation process in the acetaldehyde decomposition on allyl
broutde carbon(Sh). This oxperimentel result doos not ailow us
coplotely to rule oub the possibility that the cls-butensd
igomorization is trought about homogenecusly by free radicals
Produced hetoropencously st the carbon surface. The chief evidence
agamatmchehammmmimxﬁwwmisumsmnb;&mém
forrmtion an? the failure of evon lerre pertial pressurcs of
mmmﬁmwmmtochm@sigdﬁcmﬂytmimmﬁzaﬁm
rate. T!nymﬂﬁﬁemmot!mmteifthsyactedasradical
trapsy conversely, 41f ther aected as snew ratical sources then thoy
mmmwmmmtmmo:mmtm.

Feat troatment of the pyrolytic carbone ocaused an increasc
mtmmofimmtim,wmbemm?imsm‘mz
17. The effect 48 related to the Incvesse of opin contert of
the cerbon. Fowthiamaam,mstofﬂxeem:temmcmied

ciseButenc<2 carbon Qisplays catalytic activitytowards the
cis-butene-? isomericotions but ic less reactive then allyl bromide
carbon. Ccmparison of the rates of cis~rtrens isomerigation is
riven in Tebie 38. Rabinovitch and Michol(S) observed that rums

at pregswres zbove 100 revealed an acceloration of rate with
tiw which Sncresses with pressare » for axemple, et 190 m Srom an
-t Y -5 -l

initial walue of 2.8x 10 soc , X fncreasec to 3.2 = I see
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for total reaction time of S5 mimutes at 170, They concluded
that the reaction wes scnsitised by processes etlendant on
polymerizgtion and was wmesumably & resuit of ; free redicel catolysed
isomerization consequent on side reactions such g decooposition.
In the present invesiization, we observed that the cilo-butence?
isomorizaticn in the presonce of cis-butene-2 carbon was indeed
heterogencous. It becomes cloar that the rate acceleration resulis
obtained by FRabinovitch and Hchel{(S) in the homogenecus cisebutene-2
iscoarisation are due to the hoteropencous catalysis by the
cerborgeoous deposit. This could also accout for those reactions
with plrikinely low frocuonsy Sfecters observed in the carly studies
(56,57,58). Tt can bo cenoluded that thoss reactions did not ocewr
viz the triplot state mochanism proposed by Magee, Shand, and
Tyring(2). The experimente of Iolurook and Roomey(38) showod that
17 of clsebutone<? isomorised to trons-dutens-2 &t 333°C 4n 3
minutes on their cis-butene-2 carbon. In the present study the
rate is slowr tmn that obtalned by Toltrock and Rooney, only
0.7 % isomerdsation teldng place at 05T in the asame reaction
timo; Since they showed only o rMmnms of the ois<buteno<?
ipcerization or their cis-butenc~2 carbon (propered at L&2'C by
decomposing 28 mm cls-butene-2 in X minutes, The activation enersy
cvaluated from their oxperimental result at two temperatures pawve
a owprising value of ~ 125 Yeal mole“ . Therefare, it can be
concluded that results obtained in thoir exporinent on cis-butence?
mmtim involved ¢ rroat uncertainty.

The effect of chanringy the ewrfece: volue ratio of the
roaction wvessel coated with 21l7) bromide cerbon, chows thet the
rate congtant iz to pome extent proportione) to the wvalue of



mammmmmmwm&mm'm
aprocisbls period. At 129%, e bk x 107 secl 0 e pacied
veezel with swface : voluw ratis 5.2 en™l, in wMoh the @iyl

tromide earbon was heated to LEOC for ~16 hows and ke .30 x
2% a0l tn e wpacked vessel with swrfece : volme ratio 1.h
m’linvmchombonmmtob&%tcr~62m. This
carelation also shows thel the fncrease of the fscwerizstion rate
can be achisved by heating the carbon instead of inereaming the
surface area of the reaction vessel.

diﬁmmofnt&mummgiaml—)mmdlﬂmwm

s 1.120,3 Foal wls"H{see Tig. 23), wMoh is reascnadly close to
m&mmmmmmmmmm)
AB, - Al » 0.5 Roal mole™ and the valws of B, froa Benson
an! presemt work at 100%C (~1 %oal mole™l).

It 1o proposed that the mechanisz of the carbon catalysed

dmhmm::to!wuveutetodonblebmdmﬁtm
hpdrogen ghift,
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frrrenivs plots for the cig<butenc~? igomerization
on allyl bromide cerbemn in an unpecked and

packed rzaction vecesl (see alec Table i2)

O 12 rours heet trestec carton;
O 62 hours hest troated carben;

ceshed lireg from pecie? vessel{line XeL & Mo¥

in Figure 10}
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III. Peactivetion e activation phenamens on Erolytic carbon
Theexperimntscnthecia-bntere-zmmxationinthe
megence of propens and cyclcm'w on the pliyl beomicde carbon
shwadthatpmpemandcyclohexemdidmtdimcuytakepartin
the cis-butene«2 isomorigetion but 4instead cffected a deactivation
of the carbon. Dutensel and tranpebutense? also offectec the
deactivation of allyl romide carbon when its homologe cis-bubemed?
did not. The results indicate that the carbon mgy woll be
sensitive to some extent to the geometrical structure of the
molecule which 42 sdeerbed on  it. If the molecules are adsorbed
mfiqw'bcn In & "lylng-down" position as memtioned by Hoory end
Prousnite(62) (i.e. with both carbons of the double bond in the
8sme plane e the surface) then the terminal olsfine may @ct more
efficiently than roneterminel doudle bonds to block the active
sites on carbon by forming more stable adgorbed nolecules, i.e.

for the epecien

b ked
qz\a_/l
C=—=27a
J \
RB R?.'. ’

will intersct more strongly with the surface if 2’?3_-}'22-223-22
and Ry = aliyl than if ) e X, e H and Py Fy e aliyl. The chomical
reactivity of allyl btromide carbon does depand on the substrgte
tmatmntaacmbeaeenintheexparimntsinthoaesar&zrf
trang-butens«? iscmerizetions. The activation energy for the dutence?
iconeTisetions were sbout 10 Koel molel prester in the case of
allyl bromide carbon which had Pirst been treated with trange
butone=2 than thoso nitially treated with cls-butenoe?, earbem. In
peneral, the gppareat sotivation energy Z, is given by T ex 3




’m-

m;\ummmmmwmmmmtm
mmgithmﬂwmmmWEm
by te et of adsrption of the resctant. IP the Strge®

mmzammmmmmm

sping 18 ~ 0.2, mm»mmmmm
mwm,mmmwmummma
mme.a.r.mdmww)mmnmu

WM”MW‘WM&MJD
mwmmmmuam%mm
by 0%, mmmuawmmm
twﬂndmpmydmtbmmmsmmfm
8t mch higher tewparstare(~ 100°C) than the e.9.r. messuremnt
teaperatare(~ 25°C). Carbom which had been axpossd to afr gt

Yecarded in pyrolytic etodies(63).
mwmmmzvnymas-meemw
amlmmmtoliehtmm'mcmmoftm
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latter. This iz supported by the observation that cis=butene~2
carbon can be activated (Eremeshwedided by exposwe to the ne
propyl tromide pyrolysis, i.;z which bromine atoms are the chain
carriers(33c), and that treatment with moleculer bromine raises
its activity close to that of allyl bromide carbon. BHow the
rresence of bromine iIn the carbon enhances activity ias wnkowm;
possibly ihe electronegative hslopen atom lessens delocaligation of
the odd electrons giving rise %o regions of hirher spin density.
The carbon deposited from 3~chloro-2-methyl propene displsys lower
catalytic activity than 2llyl bromide carbon which indicates that
the possibility of enkencing the carbon sctivity could also be
due to the peometrical structure of the cerbon itself. The
3echloro-2-methyl propene cerbon could possibly contain chlorine atoms
which, with more electronegative chsracter than bromine atoms would
be expected to produce a carbon of greater sctivity. Contrarily,
the 3-chloro-2emethyl propene carbon was found to be less active
than the 2gllyl btromide carbon in the Idnetie experimente.
Infortunately, the chlorine content of 3~chloroe«2=nethyl propene
cerbon was not messured. Tt might be concluded that the 3echloro-
2-methyl propene carbon contains 14ttle or no chlorine.

The bromine-activate? cis-butene-? carbon, whose activity is
close to that of allyl hromide carbon, can be readily deactivate
i"propene. Thie deactivated carbon acts as an eurface inert to
the isomerisation and gives a rate of resction similer ¢o
the homogeneoﬁs rate. However, propene 4id not deactivate
allyl bromide carbon so easily or so completely. This effect
could be due to a difference in location of the Ydromine
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etoms in the Gwo carbonsy the bromine atoms 4n activated cise
butene-zcarbonwbam-easﬂyremvedbypmpeaewingto
their occupying a positien on or near the surface.

IV, The ecuilibrium of cis-—trans butsne? on allyi bromide carbon
The results from the finvestigation of the equilibriwy between
cis=trans butene=? in the tewporature renge 200—40'C (ses Table
2L) agree excellently with those of Solden, Tpper, aend Zenson
(19) and the A. P. I. value(20) a8 can be seen in Figure 2L,
Alaoahcminl"igm%mthemcnltaof%gemdm(w),
40e11(22) and Meccoll e Rose(21). Voge and Yay's exporiments
involved isomerisstion using various eilica-aluming-magnesis catalysts
and their infrared snglytical technique was not very ecnsitive.
The poor agreement of the results of Abe11(22) and 'accoll(21)
vith our values and those of Golden, Zpper, a@nd Benson(l9) and
the A. P. 1. value(20) mgy be due to complications 4n their
reaction systeas Ainvolving participation of freec radicals, Tt
is however difficult to assess why the equilibriom constents of
Abell(22), Vope ant Yay(L8), sn? “acooll and Poes(21) are in
such bed sgreement. Benmgon and Roset's results(18) were obtained

from few experiments and this may account for their poor
agrecment with the later results from their lgboratory. Voge
e Yay(L8) reporte? incressing formation of bty-products with
increase 1in tesperature and this aay accomt for the dige

cropanciee at hirh temperature.
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The apreement between our wvalues for % and those of
other workers(1€,19,20,21,22,18) is less pood. We believe(22)
thatt&amamntmybedmtat&ammicipatim
of thermgl decomposition reactions in the buteneel $isomerisations.

Themmltsoftbekk!ependentmmtsoftmm
constants in cis-butens=? = butene~l and trangebutence? = butene-1
gave good ggreement with the direct megsurezents of c¢ois— trgis
brtens-? a8 mentioned previously in chapter 3 (sce Tables 27, 26).



Y. Haloren gcid catalvsed iscmerisstion
(4). Byorogen chloride catalyeis

Acotylene is found a5 2 wmime by=product in the hydrogen
chloride catelysed isomerisetions of the n=butene isomers, This
indicates that the resction gystem is quite corpiicated. Acetylene
wes not found in the thermal decomposition of sec~butyl chlorice
(l0,6l), dut our resction ocenditions correspond to completion of
the pyrolysis and product analyses were performed (10) after ~5p g
decompogition. The only reported observation of acetvlene in alkyl
chloride . pyrolvses is in the methyl chloride pyrolysis(£5) which
fave as the main products hydropen chloride, methane and ecetylens
in the approximate ratio 3 :1 :10.5. The activation energy(85 Xeal
mole™) obtatned for thls reaction suzgests thet carbonemchlarine
bond breaking is rate controllicg gn? the authors sugpost the
following scheme :

i1 — CHB. + CY°
Cl* » CHBCl — X1  + CH.OYe
CHB. * CHSCI —s CH e CHaC1e
CH)CL: & CHpCls —> C,oB0L,
CoBCL, — S, + 2 R

a8 the probable mochanisn. The present systen contalning  hydrogen
chloride and cis<butene-? coul! et possibly form raddcels that
would lead to acetylenc formation, e.z.




1 + CHB-.J.ZUHVHB —_— CHBCVCIZ‘-IQ Ha
01?3‘,55'1-3'528}33 C‘!BC??J}. * CH2C553

This particular scheme wonld probably lead to formation of some
hydrogen, ethylene, ethane, ethyl chloride ete. which were no%t
found as products. Further spectlation as to the origin of the
acetylene does not appear profitable. The acetylene Froduction
vas not 4inhibiteéd by cyclohexene which leads one to suspect that
its origin may not 4nvolve free radicals.

The orders of ¢the hydrogen chloride catalysed nebutene
isomerizations are shown in Table 3. If the isomerization
Passes through state "X in both forward and reverse reactions,
then the back reaction must algo be secondeorder in hydrogen
chloride concentration. The experimentsal result showed & gurprising
firsteorder idnetics in hydrogen chloride conceatration for
butene-l — cis- and trans-buteme-2 isomerizations. Tt seems therefore
that the forward and reverse roactions between butene~? and
butene~l do not pass through a cormmon transition state.

The ratio of the rate congtants for the production of
trans-buteno-? and butene-l 4s Jifforest from that ratioc observes
in the pyrolysis products of gec~bulyl chloride(l0,4h), as can be
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Table 39 The order with rospect to hydrogen chioride
concentration in nebutens iscmerizations
(2lso see Figures 27, 25, 30)

Feaction Order in (521])
cig=Buteng«? « transbutense? 1
cis-Butene=? = butensel 2
trons-tutens=2 == clg<butense? 1
trangeButenc«2 -9 butenoel 2
Butengel = cisebuions-? 1

Butene~l = trans-butenc-2 1



susrest that the Iscrmerization of cis-hutenn=z
o of hvdrosun chloride is therefore not solely via
sec=butyl chloride which 3n any case was not Adctoctabhle In the

meaction products.  Butenc-2 was not fouryi in tne n-tutyl chilnride

Wwd

ovroivais (en) this indicntes that thee fnomerivation (o not via
n=-butvl chloride.

e hvdrocen chloride catalvsed 1somerization of cis-butene-2
> trans-butenc-? was inhibited by cyelohoxen. The reaction cis-butene-
¢ = butene-l was also sliehtly atfoctod by the inhibitor. Since the
maximum reduction of the cis » trans Isomerization rate in the
inpibition experiments 1s only about one half (see Fig. 28) at pressure
- 130 mms crelohexene, we suppest that the cis - trans catalysed
isomerization occurs at least partially via a free radical reaction.
At maximum inbibition in the eis-butene-2 isomerization the ratio of the
te constants for trans-butene-2 and butene-l production is 0.91, which
is cempararle to that found in the sec~butyl chloride pyrolysis (in which
the ratio 0.87 was obtained (40). Therefore, one may conclude that

trhe residual catalysed cis - trans isomerization is

(a) (b)

HC1 + cis-CuH8 —_— sec-CuHQCl ———— "norral" pyrolysis
' products

The reaction (a) is exothermic, i.e. AHa = -15.7 Kcal mole™ (€7), and
has an activation energy E, = 33.2 Keal mole™t (68). The inhibitavle
isomerization could be due to the presence of chiorine atcrs in the
system, A corrpzirison of the present investipation with the results
of Holbrook and Foeney (38) is made in Table 41, it is
seen that the rate constants of butene-1 iscrerization obtained by

Holbrook ars much faster than those ortained in the present work
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bet the k}_t/klc ratios are gimilar., They beliewed thet their
cis-butenc=2 seasoned mufgce (gt 450°%, 28 ms for i minutes) wms
inactive towerd cis —tromg iscrmrigation in the m®esenes of
Sycrogen chicride but wes sctive in promoting budlancel isomerisation
at the same condition., The Present irvestigation indicates that
the cisebuteme-? scesonod surfacs (the soasoning effect of surface
at 0T ez be seen in Tig. 25) does not display eny
especially important role far the hutene~l isomerigation in thwe
fresance of hydropen oaloride,

(). Hrdrogen bremice catalyeis

Tre hydrogen tremide catalysed cis-butenc-? isomerieation is
strongly inhibkited by oyelohaxene (Figures 31,22,33). T4 4s evident
that the isomerisation 4mvolves free radical reactions, which are
Probebly cue ¢o tromine aioms. Since thare was no acetylone
cbserved in the Yydrogen bromice catalysed ais-buteng-? isomerization,
the roaction is certainly glmpler than 4in the Qydrogon  chisride
cetalysls! The resicuel Isomerizetion rates ot 20L°0 st maxtmmm
inhibition are

k/(Br) » ™ cn?mle'lsoc'l, and
kcll (Br) & 1.8 cm3mle’lﬂec'1,

eiving the ratlo Ik, /g ® 39. The uninWibited retic is ~S6. T
one  supposee that bromine atoms are regpongible for the isomerization,
then at maximm dnhibition the concentration of iromine gtoms nay

be roduced o & new, lower stationary state concentretion or

reduced to mero. This would wield ne chanpe in "‘ct/kcl for the

former cese and for 4he latter, the residus? reaction coull be
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or & coadingticn of 3 molecular Plus 2 residual free radical
reaction.

Since the ratfo of trans-butene-? to butene-l formation in
the marimelly inhibites cis-butene? isomerization shows a value
much creater than that found in the sec=butyl btromide pyrolysis
(10}, where the ratlo s ~1.2, then therefare the reaction
mechanisn

cie=0yfy ¢ W — sec~Cy By —— Cig + Er

can be ruled out. The mechanism proposec by Ycooll an¢ Ross(21),
isthntt!nmactimismlymlecu}zarﬁpassest.‘n‘ougha
danumdhmaitionm;ﬂdswmtbeewtoachim

owine to steric hindrence by the two methyl proups at
themaidaofthedcublebmdmtlwmactmt; in any case
theirs is an oversimplifcation since we find thet the reaction
can be inhibited.

Tt hes boen found that the secebutyl bromide pyrolysis(<s,
7°) comains 2 mmell chain component, gince the decomposition 4s
weallly inhibited by the addition of cyelohammene.  Telo(£9) propose:
that the bromine atoms abstract hy'ropen from the reactant, but
that this reaction does not make o creat contrivution to the
overzll rate in tho secebutyl bromide pyrolysis; & weal C—¥
vond 13 necessary from which the gbstraction of hydroren would

* Note: The ratio obtained by Capoor(79) is 1.2
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Irad % 2 proporating radical. Dmme stom ebstraction of
hriregen  from  secebutyl Yromide can isad o a rropagating radical
CELCHCERICH; or 2 stopping racical CHyCH(BrCiy 3 the chain mode
of decomposition only contritutes 157 to the oversll rate at 20 %
as montined by Tale, Mmecoll, and Thomas(69).

S=C%Br ——> CpFg" + &rt

2 oe a—CLﬁgm'——z-chz{e&- + &
QE > OF + B

Thus, 1t iz poseibls to sugmest that the hydropon bromide catalveed
cis-butens-2 fgomerization proceeds vis the portlel formation of
sec=butyl tromide (by addition) which then decomposes to¢ the
brondne atom and s-hutyl radical 4in low concertration.

In the iodine atcn catalysed nebutene iscmerizaticn, Benson
and Bose(18) consider that the 1odine atom ebstracts hydrogen frem
mm,wmgwammmnwwmucmm;m
could also be the case in the present study,

cle=CrBg ¢ Hr — 9-C HPr (1)
8-CLFBr —— OH + D (12)

e + cigeQFg —— G Hqbre (111)
CpHplr” ————> trang-GHy + Bre (5v)
——> cislyl; 4 B (iv a)

Br ciso%a'& _ CH-J3 ) _/-C.”? + P .(v)
X CR=CR



Hr + cg2 SO — 1GE 4 o (v1)
CH=:CE

——= 2 + & (vi a)

Benson(18) has alsc shown that for the imsaturated hydrocarbons
with o -H atoms, allylic rescnance intersction weduces the © (c-7)
bond energy by ebout 15 Xeal. so that the equivalent of o =H

for an alkene

on
sbstraction by \fodine stom Will be ~107 tims faster, then fer

reaction with hydrocarbons, Van Artsdslen and his co-workers(7l)
&Wﬂmmmﬁmmumsorwmmw
tromine astoms for eothane and 1so-butane end ocbtained the

respective velues of 13.3 and 11.) Kesl mole~l. Kerr(72) hes

given the values 98, 9L.S, and O) Kesl mole™l for the bond

dissociation energies of primsry, secondary, and tertiary C-H bonds
in ethane, propere, and 1isobutans., It 45 to be expected that

this varfation in bond dissociation energy would be reflectec in
the activation energies of ‘“hydrogen abstraction reactions by bromine
atoms but would not lesd to such s 1large alkene/alksne sabetraction
ratic: a8 in the case of 3lodine atam reactions. Tt is clear that
the hydrogen. ebstraction by bromine atoms in cis-butens~? will be
faster then in the sec-butyl bromide or butans systems. FHydrogen
abstraction from cis<butene<2(v) would wyield butene=l in the
products. The direct addition of 2 bromine atom to the double
bond carbon(iii) 1leads to a freely rotating G complex. The latter
reaction will occur at a much <faster rate than that of hydropen

abstraction{13).
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c18-s trang butense? fscomrization is sstimsted ~ 25,1 Zoal molel
(@00 Pig. 35). This wvalue is closs to tho aestivation energy
of te eddition reestion of hydrogen tramlde to tubeme=2, L.e.
27.9 Teal mole™M(68). The woleowlar ellminstion(pyrolyeis) reacticn
has an activation emergy Sgs Ml Keal aclel,

8T ———— GFg + Br

ax! tm corbon .. Wramine bond dimsocistion energy is 68 Keal mole )
smmmmmmmmmmmm
then thet of the eddition reaction(l), then the yeaction(d)
ecamot be ths rate determining step in the owersll reaction.
Meocoll{21) found that the hycrogen hremide ocatalysed isomerfsation
of wbengel wwy butsne=? had an activation energy(for the
homogonecus  bimolecular reectim) of 26.3 Zoal mole™l. Purther work
is clearly mcessary fo elucidste tho detailed mechuntem.

I¥ Wwoxine stoms are respongidls for the winhibited
hydrogen tromido catalysed cisebutense? fsomerimgtion, then the retho
Kopfoy would be that for the ratss of the romine addttion
reaction(14i) and the hydrogen sbetrsction reaction(v) (frovided that
the reactions(iv) and (vi) sre fuet). I trans-butens-? productioc:
in reactifon(vi @) is neglicible compsred to its' production from
reaction{iv), then

kt/fo1 = i‘ndd./km, - 5

for the uninhibited 4ismwrigation. If the frequency
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Figure 35  Arrhenius plot of the hydrogen bromide
catalysed cis—strang butene-? isomerigations.

O TUninhibited result
® TIntibited result
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factars for the two reactione are the e (or closely similar),
then '
log ( kadd./kabs.) S R Sgaa /2. 03RT

3
_ T B ~ % o
end Febs. 3. k.5 Foal mole™,

If a welghting fector of 3 4s 4ncluded (i.e. ratico of no.
extractable hycroper to no. cerbons in double bonde), then

Em.- Eedd. & 2.303 BT log 3kadd.ﬂcabs.

5.8 Teal molet,

I

Unfortunately, the activetion energles of these two reactions
have not been determined. If one compares this presmed value
of the activation energy difference between gbstraction and
eddition with the literature wvalues for the similar reactions
in olefins, e. g.

(2} cBy « cHjecweom, -1, R By= 6.0 %cal mole™,
(2) oy o CRyeCHCH, —2 o ¢ (BpeCH:CH,  Bym 8.2 Teal mole™l,

3 . -l
(3) Ciy* « CH ~CHp=Cl, ——s czzh * CHBCH:HB F3°10.3 Zeal mole ,

the difference (Fg. = Toqs ) 2 (Fp= ) & 2.2 ool mole™l 1g
obtained for the methyl radfcal(73,7h). The corresponding rate
ratio (k. fky ) for CH* redfcals and propone at 29°C
add./ “gba. 3
=~ 5. The difference in sctivation enerples of the hydrogen
abstraction by methyl radicsls in unssturated end saturated
hyirocartons s only (Fy= T,)~ 2.1 Feal mols™M(75) end would
certainly Ye similar for butens end butane.
For a bromine atom, the reaction



™ !5 ~ ~ ~
(1) Bt ¢ GFg —> B@r e cElEmon

has an sctivation enercy %), = 10.2 Yeal mole'1(76); the activetion

energy of
Bee ¢ CEOH=CHOH, —— EBr + 337233=C?553 (v)

hes not besn determined, but by analogy with the mothyl radical
resctions (2) &nd (3) we may ostimete T # C.1 Feal mole™l. Tnis
mivatioawwmalsobeesﬁmtedbyconsi&rmstm
Poilowing data,

(53 B e OACR, % Mr e CECE)

Thsacthntioaenertzieeforthefmmmrmaeromm

of (5) rave teen determined(77) as Ey = 7.2 Feal aole™l gne

F_g = 5.0 Real mole™l, whenoe
MCHL—E) - D(E—Br) = AEg = <2.2 Zeal mole™l,

The bond dissoeiation energles ﬂ(C!gCH=CEE??—H) and 3(0685632—39
are both 85 Teal mh'l('T?). therefore AH, must also be «2.2
Real mole™l. 47 for CHCH=CROE, cen also be fomd:e
Anrm) @ ANp(F—H) - AH!.(H) + R-—1)
L4 .1.? - 52.1 + 85
1

= 31.2 Ycal mole

vhere Aﬁt(R—H), Mif(ﬂ') and D{F—H) are obtained from references
(78,72). LY, can then bhe estimated bty combining this heat of
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farastion with the sprropriste thermodymemic dsts(7)
b Ho(Br) = 26.7‘ Zeal mle'l,

8 Bp(otsety B} = <1.7 Teal mole™?,

ARg(HEr) = «8.7 Teal mole™r,

5 Bp(38,CH=CRCR,) ® 31.2 Heal mole™),

this ylelds AR, ® «2,5 %eal mole™l. This 45 the s as that
vm.cbcanbeobtamds&uuﬂyﬁmthamdymaicéatafor
reaction (5) ANy -2.L Teal mole™l, where

A® (Br) = 26.7 Keal mole™ (ret. 78),
O Ey(CERLH) = 12 Zoal mole™) (rer. 78),
8 E(fBr) » =5.7 Foal mole™! (ref. 78),

-1

AHf(C6BS(782') = L Toal mole (ref. 72).

This result supperts the former conclusion that 07 iz same in
both (v) ane (5). Therefore 1t $8 reasonsble %o conolude
that the activetion emergies of rosctions (¥v) and (5) are
siailar. The ostimeted result of T, ¢ 8.1 Teal mole™l is close
to the g obtsined by Ancerson, et al.(77). I the essummption
(that tromine atoms are responsible for the cis-butens<?

isomerization) is true then for reaction(iii)

. tlhi=r
Zre ¢+ CRBVH J‘E’F.B

-1

CHBC‘!KJE&-CBB (11%)

:111 - ?‘v - 5.8 @ 2,3 Yeal mole This valoe 48 reesomably low
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whlch hes boen sugpostod by Steimwetz, et al.(0) and ¥ller,
et 8l.(€1) for tromine atom addition to a doubls bond.
a’cmimnmhibitimtberatioofmerateakcdkclia
ssller than that of the wdnhibited resobion. Tt is possidle
thatinthiscaaaaradmlmwhascé%'(ﬁthanync
m'mmm)mmm}ymplmétmm
atoms in the systen. If CyH," cadicels ware .esponsible for
the naximally inhibited rate of the HBr catalysed iscmerizgtion
of cls-butene~2, then the ratio k., /k., would probably be
reduced from the unirhibdts2 reaction value (which we have supposed
to o dwe to Br' atoms) since the resctfon(iii?) comld be
subjoct to some eieric hindrance Jue to the bulky Sgfy”  radicsl.

LeHa ¢ CH oH cH T
6% Sea=cf 2 —— fc&—c_m/ % (1431)
C659

% ¢ cfjrgch/ B —— Gy ¢+ CHE=C  (v)

Peaction(v!) 1s similar to that for a btroxne atom (resction(v))
ingofares the bond energy for o(C—%) in oyclohoxmne 38 close
to the bod energy of H—Br. Thus ome oomld predict that
the rate of ¥, Will bo loss 4n the inhibited reaction and
that ¥,y would be little affected, The activation energy for
the cis trens isomerization at meximm 4nhibition was ~25.2
Teal mole™l, only ~3 Teal molel Qifferent from the uninhibited
iscmerisaticon.
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exaained., The spin content increases linesrly with the weight
of carbon deposited. The spin concentration of tstandara!
sllyl tromide carbon was estimated to bte §x 102 spins gL,
approximetely. The chemical activity of the carbon could be
ezhanced by hoat irestment uhich ogrees well with the
increase of spin content by heating ths earbon.

Teomorigations of cis-butene-? on gllyl bromide carbon showed
that at the studled temperatwres, products other than trense
butene«? and lutene-l are negligible. The asotivetion energles
of the cis—-trens sgnd cis—-butene-l isomerigstions agre ~ 15
& ~17.7 sl mole™l, respectively.

The offoct of carbon deposit thickness on the rats of the
peometric isomerisation iIndicated thet only active areas at
or negr the swrface of ally! bromide carbon are responsible
for reaction.

Sagll gnmounts of oxypen decrease either the chemical activity
of sllyl btromide carbon or the spin comtent of tho earbon.

The effocts of propenc an? cyelohoxene were exsmines. They
coul? get 88 possible homopensous free radical resction
inhibitox;s or a8 competitars for ective sites in the cis-
butene-2 isomsrdzation on 2lly) romide carbon. The results
indicated that these additives were somshow c!eactivating the
carbon. The carbon could not bde reactivated by prolonges
evacuation.
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Isomerisation of cigetutone«? on cis-butene~2 carbon pews 2
higher activetion energy(32.5 Xeal mole™l) for the ciseetrans
isomerizstion than that obtained on the allyl bromide carbon,
The cls-buterc=2? carbon can be activated by trestment with
waomine. After ectivetion, the rate of the clowstrans butence?
isomerization was observed to be close o that obtadned with
2llyl tremide carbon.

Immixatimofcis-bum-zmalmatndiedonethylumde
wmaw3¢hmmwmm.mmmrm
cnstants that were close to those oitained with cis=butence?
carbon.

The remilts of tramge-butene-? 4eomerisgtion on allyl tromide
cerbon gshowed that the trans-»cis isomerization needed ~ 1

Poal mole™l sctivation energy amare then the corresponding cls—s
trens isomerization on the same carbon. The activetion
enerpies for buteno-l to transe ad clgebutenge? were estimted
a8 19.2 end 20.3 %oal mole~l respectively.

Imitisl rate constents for the aix nebutens isomerizetions
were detormined by using gllyl womide ocarbon es cetalyst.
The eoquilitrium constants, free cnerpies, and entropies for
tl’nenohute:msmcelcnlateda!ﬁﬂncie:m"a regults
acree well with thormodynemic date and with recent dets
from equilibeium stodies of the homogencous  fodine-catalyses
iscmerisationsg.



10. The bomogenecus hydrogen chlordde end bromide catalysed isoe
merisation of cis-butene<? can be inhikited by cyclohexere.
& kinetic complexity in the hydropen chloride cetalysed
fsomerisation of the n-butenes was doe to the farmation of
acetylene.



