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A stvdy has been made of the vapour phase pyrolysis
henzoate. Vipyl bensoate is o roedel compound fox %tha
shudy of ewlegroups formed dwring the pyvolysis of Texylens
poly{ethylene tevephthalate).

Vinyl benzoate has been pyvolysed in a floy reactor ova

the temperature vangs 450-550°C, gas-chromatogerphy has been ussd

IS

to analyse the products quantitatively while the gaaes vere suaaly

by

by the stendard gss shsorpbtion methods. The primary Lindings
as follows.,

The ovewrall composite pyvrolysis of vinyl bensoate is o

/s

fivetr order resction with an activation energy of 30,7 K.oel ncl
The activation evervgies of the primery routes have heen caleulatr
in addition to the products observed during savlier wovk, swsll
amounta of diphenyl and 1,3-butadicne have now bsen detected in
the pyrelysate, which have been ativibuted o & minor free
sdienl decarboxylation {Route (2), but the overall decavhoxyl-
ation seemns e proceed, as provi 0nu1 deduged, lavgaly by &
moleculsyr wechanlsm, Confirmation of the mschanism previously

-

propessed

-

Yoy the Rfﬁi reaction has been obtained by prepavring
¥

and pyrolysing isotops lebelled vimyl benzoate (Ph.140Q, . CI:CH,

The catelytic decomposition of vinyl bensoate in the



presence of metals {(Sn, Pb, 04, Bi) has been atudied.  Aun

o

spparatus haa heen desiguned by means of which low-meiling meitaie

%

were feod dropwise indo she flow weacitor at & desived feed-rais

ginultansously wisth the liquid estewr. In general the metel

ingreased the pyrolysis in the £
5a’y Pb ) €4 ) Bi

Sn is the most effective, ineressing the toval pyrolysis

o

Qéf‘ Q &.- ] ﬁh}o

Pars II
In the sscond gar%hf the thesis evidence hag been
sought to explain the km@wmﬁun@%pawﬁed Tornation of benzaldelyds
on pyrolysis of 2-phencxyethyl ncetats. 4 medal compound
Li2~diphenoxyethane heas been pyrvolyssd end & resction schewme

B

devised which adegquately sccounts for the produscis. 4 fyee

radical mechanism for the preoduction of benzaldehyde is

poestulaied.
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Part of the work described in Part I of

this thesis has been published in *Chemistry and
Induatery®, 1964, po.l518s
Hechanism of Thermal Decarbonylation of Vinyl

Garbexylates (P.D. Ritchie and A.H.K. Yousuizai)



- BUMMARY

po2 i wad S 1

Part I

ks ST

A study hes been made of the vapour phase pyrolysis
of vinyl bhenzoate. Vinyl bonzoate 18 a model compound for the
sbtudy of endegroups formed during the pyrolysis of Tevylemns,
p@ly{@thyl@m@ terephthalate ).

Vianyl bensoate has been pyrolysed in & flow reagtor over
the temperature range 45Q-5350°C, gas-chromatography has been used
to analyse the products quantivetively while the gasges were analysed
by the atandard gas absorption methods. Th@ prinary findings are
as follows.

The oversall composite pyrolysis of vinyl bengoate is &
firet order roechtion with an activation energy of 38.7 K,@al/malo
The agtivation enevgies of the primery routes heve been caleulased,
In sddition to the products obserxved during earlier work, small
grounts of diphenyl énd 1, 53-butadiene have now been deteoeted in
the pyvolysave, which have haen abiributed 4o & minor free
radical decarxboxylation (Route C2), bubt the overall decarhboxyl-
ation seems t0 proceed. a8 previously deduced, largely by &
moleeunlar mechanism. Confirmation of the wechanism pr@viously
proposed for.ﬁh@ E/Gi r@éction hag been obiained by prepeving
and pyrolysing isotope labellsd vinyl benzoete (Ph.2400Q, ,CH:CH, ).

The catelytic decomposition of vinyl benzoate in the



presence of metals (Sm, Pb, Cd, Bi) has boen stndicd. An
apparastus has been designed by means of which low-melbting metals
were fed dropwise inlto the flow weagtor at a déaired feed~rate,
gimultansously with the liguid ester. In general thg metal
incroased the pyrolysis in the following ordews
50 Fb ) G4 ) Bi
Sn is the most effoctive, increasing the total pywrolysis

by ca. @%o

Paxs 11

In the second ﬁartcf.the thesis evidence has been
sought %o ezmplain the knowncunexpected formation of benzaldehyds
on pyrolysis of amph@nuxyethyl aeetate. A model compound
iﬁgaaiph&aoxy&thane hag been pyrolysed and a reachion schome
devissd’ which ada@uaﬁ@ly accounit® foxr the produsis. A Lree

radiecal mechanism fox the production of benzaldehyde is

vostulated.
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che pyrelysis of various medel ¢ompouvnds

the oviginal

L]

which could be vegarded as vopryeseniing fragments o

polymer chain, or products of i%s primary degradation. Hence

the investigetions have been concerned in the mein wid

esters, wather than the polyesters. The pyvolysis of the simple
a

agtexs themselves led iversity of results., A brief sunmary

Gz

=

c¥ the most dmporiant ecstexr breakdown rouites is given below,

The Pyrolysis of Isters.

It iz known that alkyl esters pyrolyse to give anr acid

v

and an olelin [4]o This roube may be represenied by the

T

ollowing acheme .

R.€0, .CH, .CH, \RF e RoOQ,H & OH, s CHRS

o,
&

estey acid olelin

-

It was owiginally thought that cater-breakdown occurzred by one

of

rouwte only, and in fact esfer pyrolysis was recogaised as o

method of colefin vreparation. It was not rvealised at fivsth thaw

~
S

this woute could be accomparied by other competing roules.

However, with the advent of beitter analytical technigus

2
L]

notably gus chromsiography, it has beon shown that ssters may
vreakdown by a number of roudtes, and although the above eguation

Tepresents & weacetion of primavy importance it need not be tha

E
&

major voute in any particulary cege., and may somesime, in fach,

£

ke structerslly pveclude

29

4]
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gccur. ‘The mumber of routes, and the extent to which each
ccewrrs, will depend on o large number of indepondent factors,

guch as polavity of substituenits, aumber of available point

‘5‘ ot mead e (RN madoundm den Rlam meLeanan e and odroando Pandaan

of goisaion, wu@k polintes in the mﬁlwbulag ang sLeric IactoTs.
Increase in temperature and catalysis may aleo alter the
reaction scheme. Cerbonisation was adt one time thought e
affeet the pyrolysis [10]. though more recent work by Bailey
[11] and Royals [12] hes shown that this hes very 1little
effect. However, in the presend work, the reactor was
decarbonissd before esch xun in oxdewy to eliminate any
peasible effects of this variable. An 2 repult of extemsive
work on pyrolysis of esterxs, Ritchie ef al. [2, 3, 13] have
classified the general modes of thermal breakdown, and a
nem&mel&éur@ hes been ﬁavelép@dn A brief desecripiion is

piven bmlshn

‘-‘

1.3.1. Alkyli-oxygen ond Alkenyl-oxysgsen Secission.  Route A

This general reection involves rupiture cof the bond
natween Oﬁy gen anrd the alkyl or alkenyl group. The
alkylwoxyg@n type may be subdivided depending upon the
presanea or absence of ﬁwhjﬁrogen gtom in the alkyl group thus:

RGOy » GHQWL-E? RGO, H + ¥ ;u c«g; A S

Ii GQD Q(nﬁ‘gm‘s‘)“{ (JOH + }G G(‘;’ aee-aaecescu:l



Mathyl acesate lscking & [-hydrogen avon bhreaks
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Lthvli ocetate, on the ether hand, hrealks down

mainly to give acotic acid and Othyvone by AY scission

\ai‘drg af Ov;. \4’('1 E\'{ """’"_“}1 (r&’js C\GQ@ E{ ‘%‘ Gl‘i\a :; GHE % ¢ S 0OCC OO Ag

The alkenyl-oxygen type occuys ag follows:
{3
RDGOgoGzGﬁ=ﬂ=%>ROGOQR 4+ =Gi0e- ceossacwan HP
. Thus, viayi benscate can breakdown by A2 peisgion
%0 give benzoic acid and seetylenc [3).
Qq 8y .00, oCHs Ol gl - 00, H + CHICR prevocerco AF
A3 scispion in estevs is the mosi imporitant siagle
classical wouba, It involves the vupsure of the cavben~-erygen

hoend and proton tvensier. The sciasion vequires the presence

a f-hydrogen im the alkyl group of the molecule

t"'

Phe reaction was first reporied by Heinds [15)(fFo

athyl scetate)}, and later by Oppenheim and Precht [4].

o
73]

tow, Huzd and Bluanck [16] studied the &' scission process in

aet

,g..
fed
N
[~
¥
&
i3
o
A 2
5
&g

alkyl formates ond acetates, end propesed

a scheme oFf esters bwﬂ;&ﬂerm involving hydrogen br dges.



€3

Epters possessing a Behydvogen atom would undergo a chele
type of b-atom ving closure, rvig & hydvogen bridge. Electron
reavrangement wonld lead to acid and olefin, az followss

H . H

\ TN
A T\
ww,z‘b | =~ :
BE o G aiagn R @ o R®
N Y
0 0
H
e
§ e
-;u
R QQQ bne

They rejecied, however, a radical chain mechanisn,
because this called for more products bthan were Found experie
menvally,

Several other mechanisms have been put forward
notably one by Warrick and Pugassi [17], whe proposed that Ghe
transltion state conld be regarded as a pssudo four-cenire

syostem of the type:

.0 W
P Hewwe = e

® e C | gE

N
JEAN

Bilades [18] did not find sny evidence of a free
radical process on pyrolysing various esiers uging the $olusne

flow-technique.



However, bhe six-merbered ring intermediate proposed by
Hurd and Blunck [16) is now feivly gensmally accepted.

-

limination regochions

It is hmown that twe z»uleg govern e
in gereral.  The Hofmann wule |19] etates thel the elimination
of olefin from & gqua t,@;j‘?g@;.v_y cmnonium hydroxide will lead to
vaferential Formation of that olefin carvying the smalleat

number of attached alkyl groups, while the Seysseff wxule [20]
states that eliminatlion will lead to the prefevential formation
of that olefin carzying the largest number of atitached alkyl
graupf" This zule has been found to apply o elimimation
reactions of secondary and btevbiary alkyl bromides [20],

For an evnsymmetrical branched-chain ester, two diffewent
olefins can be produced by A' scission. Houbtmen, Van Sicexnis

"

ia] found that on pyrolysis of S=bubyl acetate

L 2

and Heextjes

two cleling were produced bthus:

o 500°C L o aE e
AGO® CiMe. CH, , CH, e AGOH  + ¥, Oy, OH,, CH J CH,

5656
+ ¥, CH; . CHLGH,CH;

447
Bailey and King [22] concluvded that gas-phasse eliminations in
general arve governed by bthe Hofmenn rule, Howevey, latew

workers [329 34, Edj showed that Bailey's woxrk was in erroes;



and subsequently Bailey and Hale [11] thenrselves could not
reproduce their own previous resul

#accoll {18}, in @ discussion of published resulis,
showed that A elimination wreactions could be thought of as
quasi-heterolytic, and compaved the reactlon with she L,
mochanisng operating in solubions. He alge showed that the

relative rates of decompesition to scid and olefin fow @%hylﬁ

@“\

U‘&
P
51
<

igepropyl, and t-butyl ascetates are in the matio of 152
and 1:20:720 foxr the corresponding formates which indicates
that the thermal stablility of alXyl esters is nrot sivongly
dependent upon the nature of the parent carboxylic acid.
Maccell concludes thet the reachion is best considered as a
nucleophilic atback of the oxygen on the fB~hydrogan abtom, and
that it is the forming of the 0-H bond which d@terﬁines the
rave and nwot the breaking of the alkyl-oxygen bond. Althouvgh
Mecocoll upholds the Hofmann theory, which Ingold has =shown
to dmply inductive control of the resgdion, several move
recent papere have guesitioned ¥he specificity of dirvection
of oliminations.

im view of these confliciing vesulits mo Tivm

concluginne have besn drewn herve regarding this spescificl:

jate
o

Sg
(<)



There no Behydrogen is avedilable, A° scission ocouvs,
$o o miner extanb. High tempezatures are required for such
reactions which probably cccurs by & raldical mechanism. Huwd
[16] suggeets that the sbtability of methyl esters is due %o
thelyr inability o forma sipmembered cyelic transition state.

Ao »
[

P9 scission may be compaved with alkyl-oxygen
\ o

B,
5
o

seission of saturated esterxs (A% ). I is probable that the
mechanism suggested by Hurd and Blunck fow A' scission applies

alsdo o A8 scisgion,

I R A Sty

2. Agyl-oxygen fS¢ission. -  Route B.
This class of reachion cen be subdivided into two
categories, %1 and B2, since & hydrogen atom can migrate from

ither of two sites leading to itwo different pairs of P?Odmbugg

a8 shown bhelows

TS
>EHCO0 | 0:CHE ——=% $0:0 + HO:CH AU -
ST
POHE0 | 0uGHE wemd PCH-BHO + 0:G4 ceena..lBB
4

In the absence of & f=hydrogen atom, alikyl-oxygen
Beigsion is precluded, and & rouite B is normally predominant,
yieldi,g aither twe caxbonyl conmpounds or an alcohol and a ketan.
The latter is novrmally s very minor route.

An example of Bl geissiecn iz provided dy the



X0

decomposition of phenyl acetate [16)}, thus;
5°C, .
CH& a{:OePil .9_52 "-‘?’ CHB':G(J - Phoﬂ auan‘uom.ﬁg‘
Methyl) acetate decomposes at 1100°C by B® scission

%0 give the following products [14]:

on, .coom,  ~22%fy [om .gEO  + E.CHO]

Secondaxry products
Benzyl benzoats breaks down by B2 scission to give bensaldehyde
thus [25 ]
Bz0.CH, . Py e wedy 2 Ph.GHO vooono ol
Generally; however, an ester must be subjected to

higher temperatures before acyloxygen scission ean be induced,

1.1.3. Decarbonylation: Route (R

Loss of cavbon monoxide (i.e. decarbonylation), is
norpally a reaction more Charvacterisitic of aldehydes and
ketones than of estexs, Eowa%ar; there apre cxamples of
egtef decarbonyletion in the literature. These have
involved either esters containing an aldéhydim or ketonic
group, or esters undergoing decarbonylation as a secondary
reaction, having Tirst undergone primary vearvangement to &

labile aldehydic ox ketonic intermediate.



Li

Phenyl formate |26} provides a simple example of
ester decarbonylation. The Tormabtion of carbon nonexids
and phenol from phenyl asrylate [6] depends on primary fTormatio

of phenyl formate, which then breaks down as mentioned ahowss

CH, s6H. G0, Pl oy CHIGH o+ [H.GO, PR}

NG

G0 + PhoOH

Ritechie gt al, [2] have shown that in the case of viayl
esters, the decarbonylation proceeds by way of prinary
rvearrangement 0 a B-keto-aldehyde, which then predictably
loses carbon monoxids. Decarbouylation of an a-keto-emiter has
been studied by Celvin and Lemmon{ 68}, who pyrolysed a
14G-labelled ethyl pyruvate (14C w-cavbonyl group) and
eatab;ished the surprising result that the eliminated carbon
monoxide originated in the ester gro&pimg and net the

ge-keto-group thus:

CHy .1%C0.C0B% === C0 + 24Q-products
No mechaniam hag yet been proposed to ageount Tor ihis

nnexpected mede of breakdown.

lol.4., Decarboxylation: Rouve (2

Though the thermal decarboxylation of acids is common,
ester decarboxyletion was unitll wecently an infreguently

recorded mode of thermal decomposition,.



Anschiits [67] observed this weaction 8s early as 188% during

the myﬁeuy%ka of phnnv? maleate {or fumavade):

Allsn, Mellee and Ritehie [7)] Tound #1

PhOg .0l CH. 00, Ph wmmmmeees Pho GHy GFo Ph
’:'C:C)E vnbnuunoﬁc(}g

<

2ot decavhoxyletion

(m.m

ca. LO%) competes in the complex pyrelysis of oyelohensle

enyl bDensoate at S00°C

0.C0.Ph Fh
RS (

N
-mw.‘.mmmm%, E % 802 s or s oo nga
Mot

<«

Similaxly. vhenyl scryviate |6 ields sityrene and carbon
s I . &

monoxide ameng other compedting reactious:

Qe ; " o i
CH, 101,00, § H00°¢, €O, + CHCHPD

Vinyl benzoste, which ia isomeric with phenyl aczriste

also yieldo ﬁAMl?&? p?@&ﬁ@ba among otvher compeding reacvions

[

21,

In general, decarboxylation resction cceuwrs only im an

gster B.CQ,R' whomwR and or R® show either aliphatic or

aronatlic ursaturation. A complex example was noied by

Bennett, Jones, and Ritchie [ 28], who found that msq'-

dicyancbensyl h@mzo&m@ unfaergoes decarboxylation (Lam 20%)

in compesition with other muﬁ@s of breakdown.

This has been explained ag dug to the influence of



. T [ PO . G wr e
the unraturated GIN grovp:s

Y
oeuvo:«voa@-aﬁ

Phi0, o OPhe (BN )y ey 0P, (0H), + 0O

i)

4> ather compebing routes

Lola%. Bisproportionations Ronte D -

This

[

5 most commonly found in uwnsyamebtrical esvers, and

leads to compounds of greatey symmetry. Cratcher and
Pittenger [29] demonstrated this phencmenon Toxr a half-ester
of etbylene glycol, The wveasiion may be written down ass

s

G ﬁsfi?ag(}g OGE?' n@ﬁé ﬂc}ﬁ '-_—‘-E-—£.\ ATQGGB ﬁ(\jg;gaglﬂfg °G(}2 .&T

‘:’ E’EQOGH&?’ QGH\.; ﬁt};"{i %"}

LTI - T B O -5 g

Anothey example has been recovded in these laboraioriss

wta s

[5] in the pyrolysis of methylene dibemzvate:

ot A

EEG"}@}?&% bGB:‘j :;* 1‘3(’32 O ‘{' G 2%3 0

b2
D A e 4

1ol.6. Reavzongemenbz  Roubte R.

Prom the peint of wview of the presend work, the

Boas dmportant example ig the bhermel rearvrangewwent of af-

nusatursted esters o Lhely isomeric

e
d

diketones, £iest
reported by Wislicenius|30] in 180K

It mey he reopresenied thus:
N . & &
B On a {Egﬁghﬁ m*:..—:-y }%,QQ()OQE“ nﬁ-ﬁ00§{

A

This was confivmed by Young i al. [30]
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L] o b IR [P T
doeompdsiltlon. Lo gclaectsu owgy

I RO N ooy T G oo T € eadrlgar T e P BT SO S
QﬁupamM Tor the pryvolysis of polylethylene semaphthelote t.

- . . . EN o Ear g7 oy T, Ao R Ty
The same model was amongst those praviously selectvad by

. . ; = by t "y . . oA
Gitehie of al. 12, 3, 36] im o systemetic siudy of the

pyrolysis of poly ipthvlcaw terephthalate ). Prsliminsgy

B

woerk in these laborstories shoved bthat @vxu iypisg of the
polymer itnelf iecads to grest diversiity of products., To

aimplify the problem, attention was thervefore turned 0 modal

compounds representing a segment of the intect polyester che

ov o primary pyrolysis product. This wmethod proved vezmy

e
M
3]
D
@
W
o
[
5
@
‘;»»3

plaining the gensxal nature 0Ff the prrolysis

Model compounds vere salected by consideration of the

o
3.
T
7

-

"
£

was thought probable that the known &Y scission

of simple allkyl esters would also

cu

P
E:?

&

in this polyesier,

7ith the formation of vinyl ester endgzoupings. Preliminony

o

wovk Yailed, however, o weveal such end.groupings in Hho
pyrolycabte: and laster gtudies with molien polyesser [3851 at

NINR

340° and 450-47%°C showed that cerbon monowide, acetaldehyde
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and terephithelic scid were The major preducta of pyrolysis,
vith amaller ancunts of anhydweides, bewnsolic seld, pezcoityle

-5
bensnoelc acid, a0@5 phencis, vinyd henzoat oy an nncharagterised
ketonic substance, waster, methane, sthylene, and acetylenc. o

aasigt the im?eﬁn atation Ot bhﬂJU gomnxcx resuita attenvion

was turnzd to the following medel compounds:

(1) (1)

Bz0.0H, O, « (B2 Ba0.0H, CH, o G.C T o Ol o (g

4

AR ey :-.:x:_mx;my\*
ST R e 4 ks

%

P R ATy,
f \\g‘ ¥ . # N S
A@ 00, JBH, mha%c§§¥ J» G0, (CH, LCH, .0, ¢
w oy o o SV & [E L2

(Tilp X » E or €1)

B0.GH, wCH, (08 B30, GHICH,

{1¢) (v)

dodels T amd YIL ci@&vl; represent simple repenite
segments from within the imtsets polyester chein. Model XX
vag selseted becauvae of the known 1ﬁavoi&a sig inceorperabion

of oege

é

aional ether«linkages diwnto *a@ chain duviag poly

™ iy

condensasion by vay of ethylene glycol units. Hodeld IV
ropresents an endegroup containing o half-esterified ethyieno

glycol molecule, while model V ropresents the vinyl esber
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0o the besais

pyrolysis of vinyl bensoate, Bengough,
14271 comeluded that as 510°C,

the decompeosltion, pow

T

Lt U

Ray

the overall pyrolysis of winyl benzoate is a homogeneouns react?

and that free

of vinyld benzoaiso.

Lo3.1. Primayy Routes im the Pyrolyais

o ethylena.

e Pha@(?? 0:3' - GZ‘E%Q}:{ R EEE R ﬁ:\'."’
§
i
‘;:' W .
: o - - <y
Cgly + GO,  Ph.OH + GO
-y PhLOGIGHE, + GG RPN 5
= [ PRo GO, CH, . CHO RPN &
i
- PR.G0.ON; + €O teeeeraal®

el

ax

e PROGREG

3

=

4
PRoOH;,

4

analyssag of oxit gases Lfrom the

%

voube

fod'd

@ G2 15%, and voule 42 6%; and the

accounied for by uncharsuterised side-vsaction

The above suthors have. also shown thaj

(1) #oute Rfur is the wajor

node of breakdown. It hae

been postulated thet vinyl bensoate rearranges to bensoeyl-

acetaldehyde s

sungeented for the anslogous rearrangement of



0
a

N - I . N ! - ] U "y v
I, I TPRON 3 o2 S I Mot o T R
anGd bozylates (A%, 3L jsee Seotioa L.l 51, This labile
. K R L A

- .o o 5 3Lt R Y N TR S S SN DI S
f-ketenldohyde conld not be poesitively detecved in the prrolyoaia:
N X 25 o g e o
iyeais of vinyl bonzoate gave acetophenons
and garbor nonoxide. Doweovaw, the instebility of she
: T D o Ty 4 oot 2 N ; S . L AN
feketo aldehyde i woll kuown [44]. Allen, Povmon and Bitchis |2
,,,,, S o amrere o oy ooy o] e ,.
pyrelreed hensoylacebaldehyde at 500°0 and wreported thor only
ond SN 1 ) v . oy T v . o P
15% rensined uwpdecomposed, Mudw i@j f@putuo che pywolyein of
s enwad Ao Teyeampy D vy da 3 4 P - 3 L e e
bensoylacetaldehyie and found i% $o decompose szolupively o
L
arhon monexids and agetophenone,
An intremolecwulsr mechonignm involving o cyelic dwaunsibion
h e " e = . NN ey .} i - . I . ' T
niato as suggosted by Young et al.[31] hea been applied [21 to
- . ~h o man . e 12 @ T ey ol & en el ey
his reaction of vinyl beazoats. This labile intermadiats
. - T W S . I - ,,..-x,. A T
facomposes further by the known axdebhyde weastion ot high
bemporatures o give carbon moponide and acetophenone.
= o
Fi B
b
u s
niv =) s N pes
{}eemricn 3 o 0O Q O oenr O LY
* AT
if | e PRIV
j 6 >
HE eommee O Bjemee G,
o =4 e ar

{ii) The decarbomylsition veaction [route €8} of vinyl

ot A TE e i O 3 Zors P Bad 0y 2 3 3 ey s 3 my e e,
yanzoate provided the First of 2 series of unsupected esdew
S P ST R TRy e o b A € 3 3 T )
degarbornylations. Beangovgh, Ritchie and Stocedman S@E} shogad

by means of gas apalyses that this rogetion is mainly hemogonoovs

5 [t
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P

bt also coeurs in pavd a% the walls of reactlon wvessel. Thie
suggosts that thevs may be two types of mechanisms operating

in this peaction.
In ordey %0 elugidatse the_r&ma%ion mechanisn,Raningen

and Ritchis [45] pyrolysed vimyl o~, m~ and p-chlorobeazoaten.

If Qecaxboxylation occurs hv & free  wadiecal mechanism,
chlorophenyl and vinyl radicalz shouwld combine to give

chioros tyrenes wi h new orientationsa. However, it was found
that in &il of %h@sm casss alnost the whole of the resulting
chlorvostyrere had the same orientation as the pareut esglex.
With the help of ghe chromatography they were able to detect
& very minor amount of differently substituted {(orientasted)
chlovogbyrene in the pyrolysate. Heuce, with all this svidenge
and the fact that decerboxylation is not effected Ly imbhibitors
[42], Relninger and Ritchie have proposed an intramolecular
mechanism guch ﬁﬁ&t the avyl grouping is &% no stage wholly

detoched Trom an adjacent carbon atom, o0 that there is no

oppertunity For change of ovientatlon, thua
%r GH CH, Ax----GH:CH, Ar - CHsGH,

fisd Y ™ m"m—mﬂ ‘ E . : e . ot
0wt -0 Y >

ey .—.—nE OEGL‘:O



4) It has heen suggested [45] that the

=5

(s
mechaniam for A% -gcismion of vinyl esters is similar to that
prepesed by Hurd end Blunck |[16] for A' elimination from

saturated estews, again involving & siz-membersd ring, as follows:

B L - u

A N / )

B =-C CH ROC\\ ,GH R.Q\ CH
\‘O/’ ' G/ B 0

1.3,2. Secondary Routes in the Pyrolygsis ol Vinyl Bengoate

Several sscondary products have been detscied tolusne,
from acetophenone; benzene, from the decomposition of henzoic
acids; sand methane, from the decomposition product of seetaldehyde,
the latter being produced in the Ffollowing way [45]:

PRoCO, «CHs CHy + PhoGOy H ==P (Fh.CO, ), CHMe e (PhoCO, )5 O

KR

E"I{GOGHO noonaouuD

1.4. Catalysed Thermal Decomposition of Bstexs

Though vthere are 1ot many vecovded examplea of the
catalyiic decomposition of esters, i® is recoguised [46] that
catalysts do effect the rate of degradation and can produvce
moxve products than the simple th@ymal reactiong., Sebatisy
end Mailhe [4?} have shown that formic esters break down

by *wo compebtitive routes on pyrolysis in presence of



B

cortain netels (i, P, Cu)s

n‘-i ¢ 1. 00, . T Y
\..») é?. I'EOLO',@ gnli‘@gi _';_ 1 M_}’

%
3 OF)

2 i A al
(2)  HeCOmoC Wy . q __ 5 (e 8 o -
The second route is the normal predominant A* scission
of aliphatic eastevrs. The ether from the fiwst wmeaction was
not datected in the pyrolysate, but decompesed furither to
watew and olefins, TFormic esbers weve Ffound to be stable

.

when pyrolysed above ot 400°C urnder vecumm in glass tubes,
but decompesed at lower temperatuve when pyrolysed over
metals. The formates started to decomposs ah@ve-220°e with
nickel as catalyst., with plativam at 270°C, and with coppsy
av 350°C. Otheyr catalystes have also been tried. Sendersens
[48] hes pyrolysed ethyl acetate and ethyl butyrate over
aluming and thoria, and incremsed breakdowi was observed as
compared Hto the all-glass system. Other esters have been
racorded which breakdown by é@?@?&l &empetiﬁive rcﬁ%@ss and
with increased th@rma; breakdown Catalysts other than
metals have besn used, and incressed breakdown was obhsevved.
For example, Pearce and Wing [49] have pyrélyﬁaa esters over
anhydwqus aing chlariﬁeﬁirar@ garth hy&roxidesg flunina, and

tracss of sulphuric acid over punice,



na
B

Muir [9] pyed olysed eyclohexyl benzcate im an
all-glass systom, ead algo ovey Woodfs fmietal. In the
Tormer 9¥ rabem it bresks down exciugively by A scispion 0

bensoic agid and cjvlwbﬁﬂamma

560-550°€ E"f*

PREO, h ' . PR.OOE + l o roohi
i\\ g e

In the presonce of Wood's metal, however, the bresk-

down was much more complicated:

7,
“%;' Pho@@{.hﬁ ‘3‘ E$ } @aoacooox}ag
\s“‘,

500-550°¢ ’ %
P00, - N

m? Phn(ﬁ}i@ “f’ i E O @ oooacola":z

£
0o ¢ o0 @9 N

OFf all the Wood's metal componenits {(tin, lead, bismush,

cadmiuvm) tin was found most eiffective.

1.%. Kinsviec Studies on Paetey Pyrolysis

Huch work hag bsen done on the kinetics and mechanism
of the sthermal &QCOHPGEMﬁA@u af & variely of csters [%Qs 511
Makensg and Bversole iﬁ&} heve shown that Sho thermal brealk.

down of eothyl formate inte formic acid and othylene is
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Faeyen

: Sty YR e e o e
BOBGHORGOWS AL QX Bae Timst orde

sugngy of 40 F,@ai/m91~‘ Blades {531 later found, by

=

ng of o teluens flowetechrigue, that the activation
gnewgy of the dnhibited vozmetion was 44 hncvu/éoleu

Dibonsyl could not be detected in the wveacblon products, and

thore was thus nwe evidence of gany free vadical weaction.
Gbher similar etudles have dealt with ne-propyl

Fimgll . S Gy b R SO S

formabe {541, {~)-menthyl venzcate [8], t-budyl proplonato

f56], and debubtyl acetate [59). ALY these decomposiitions
are homogeneous and of the fivst owvdey, with activabion

ats o -.

energies ranging from 30-50 koﬁq%/ﬁ31@n In all these
vanctions ouly allyleoxygen scigsion wes fo
prinary aad oeeondary wroubes oceurved Lo nn exbent amg
enouth o be idgpored. FHe invensive seevch was made faw
free radical reactions. Howevewr, Blades [53] could aot

K 1 o

¥ athyl formate by mesans of toluene.
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imilariy, Govdon, Price, and PTrotman-Dickenson [%?j PeRGELLi

Uai@hc ene, a free radical Snbi thitor, had no effect

s of L-butyl fcc BATE .

-y, -‘; P - - 3 -
on the pyrolysis
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Joiiin {%Sj vanorted vhe digproporiionation of
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Gt !

ethyliddne diacetats 0 acetic anhydride and acetaldehy

,

" .

and found that the decomposition was homogeneous and of oh

3

o

Tiwed oxdaer.
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rormed dweing the pyrely

Praviocug work on

picture W ezplain all th

sunlysing the vexy comples

Iin the present wo
Aetermining the kinetics
aovion and the effect

prolininary Fownte.

f=ds

.o Section L of this
o gtudy the pyrolysis of vwinyl

al compound foxr the end-groups
sia of uaﬁy?eﬂoo

this ester had given g full gualitetive

e obgerved products; but no aceurad

then nedo, bocamse of the aifficuisy of

pyrolysato.

vk, 1% was planned So study the

-

yrolysis of iﬂyl bengoate guantitatively, in the hope of

and mechendsm of sach competing

of catalysis by mebals on each

fog chromatography appeared to be the wmost promisibhg

R
D

snalytical Btool; and

(X% ]

v

asegss ite accuvacy Tor

alinipary work was done in oxder %o

the above system.
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5. CETPERTHENTAL

3.1 Preparation of Compounds.

%.l.1 Vinyl Benuwosie.

Yinyl bensoste was preparid by the Follawing two
&S
mathods s
{a) Adelnan®s wmethod [5%13 ester interchange

(b) Nesmeyanov's method [60]; benmoylation of chleromercuri.

(a) Vinyl Intewrchange meihod.

120 g. of Anslaxr bensoic acid were dissolved in 3520 g-.
of vinyl acetete by vigoxrocus shaking. 4g. of mercuric acetate
and 1 ml. of conce entrated sulphuric acid were auded to produce
mercuric sulphate in situ. The mixture was refluxed fox
80 hv. et 35°C, %then was cooled, and énhydroug sodium
poetate was added to neutralise any scetic acid formed. it
was then fractionally distilled through a 2 foot column. The

£ "
ester was collected atb ?1a73”qg5 mm. Yield 65%.

The agter was found to gonbtain impurities, by gas
chronatographic analysis. These were ethylidine diacevate
and ethylene diacetate. Muiy [9] Suggested the following

reagtion echeme to account fer these impurities.
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{v) Nesmeyanov Method.

Hesmeyenov prepaved s series of vinyl esters by weagting
the cemplex chloremercuriacetaldehyde with the corvesponding
20id chiorides

GlEg.CHy o CHO 4+ CgHg oO0RL ewmet CpHy 000, QM CH, -+ Hgllg
The complex QLEg.OH, .CHO was prepared by edding 86 g.
-

of vinyl aceitate to en aguecws solution of mercuric assgiate

fead

{320 go din 1.5 1, distilled water) with vigerous sheking. Any

precipitate of mercuvic salt was Filtered

il ] Y &7 -
teved of'f, and 1% go

potasgiun chloride were added to the seolution A crysialiing

precipitate of c¢hleovomnercuriacetaldehyde was obhtainad as

i..,:

colouriess plates (196 g.: 71% yield}, m.v. 132133°C (1it.
300

}
;..a
""3

MoPa L2

it

. - 7
eld 100%}.

2§

g
[«
r%

he mewvouwy Gﬂm“T@E was finely ground and suspended
in sodiup-dried xylemnce {200 mi.), 100 g. 0Ff hengoyl chlowide

were slowly added to the mizituve, which was. then heoadted ab

B0°C for & hyw., with counotant stivring. Hercuric chicride

=y
Lade
et

aan Itered off. The esiter {(orude) was then irsated

[
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‘&) Vinvl Mognesivm Bropide {63
e LN

6L g, {0.81 mole) of vinyl bromide were added to
14,6 go (0,61 g. atom.) of mogresivm turnings in 500 mi.
of setyabydrofuran. The tebrahydrofuvan was distilled from
Lithium aluminium chlowride o vemove water and perowide.
A dry-ice condensew was used, and a few dveps of methyl iedide
wers afdded t0 start the weaction. When the rsactlon was
over the condenser &t -T8°C was wveplaced by water cendenser.

Tinyl magnesium bromide was recovered

{b) Methyl Phenyl Vinyl Carbinol

200 g. of acobtophenone (1,67 mele), dissolvaed
in 500 ml. jtetrahydrefuran, were added Yo vinyl magmesiv
brenide solution ai & rate which maintained & gentle wedlui.
The minture was consbtanitly stirrved during eddition, and few

i hr., aftor addition. S00 mi. of saturaied ammoninm

Pty
F)
bt
2
3]
fore
3y
e}

b JPR S . [ - - TN . e - R R
selubion in vater were added to bkydvoly bha compleg.
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Tt wees a 182 ¢Bo 4 mm. Pyrex column, pask@é with felite 545
with a suitable stetionary phase. The apparatus uses & P-vay
ionisation detector with Sv®0 as 8 foray aouxcag first
developed by Lovelock [64]. This instrument is highly
gensitive and capable of detecting crgeanie vapours of the
order of 2 x 10m13g0 in argon, the 1&%%33 baing used as @&
COrvier gan.

One of the ehiéf advanveges of this jiustrument is that
vhe argon flow-vate has noe effect on the ﬁase line, because
it is based on the neasurement of elecitwrical eon@psﬁivity
of partislly ionised gases. The conductivity is allterad Wy the
appearance of an elubted vepouy in the eriginaily pure gas.
By contrast to this, with a detector dependent on measurcmnent
of gesg properties such as thermal comndictivity, density. heats
of combustion, ebtec., small changes in the coenditions of fLlow
of the c&fﬁi@r gas; or fluctuations in tompersivre measuremsnd,
can produce signals comparable in size of those of the eluted
VEROUTrs .

The carrieor-gas was dried by passing thiovgh molecular
sieve HA°, was previously dried at 400°C with argon pessing
through it foxr 2 hr. The detector souvce (S¢90) was vencwedl

avery 6 months,
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B.2.L Proparation of the Columns.

&

A number of columuns were made in ovder to fulfil the
needs of various experimental conditions. The column, 122 cn.
in length and 4 mm, in dismeter, was mede of Pyrex glass, with
BT joints abt top and bodtom. Ib was £illed with felite

545 using & suitable stationary phase. The celite 545 (mesh size

,

20-80) was obtained from Hopkins and Williams, and was mede
ppecially for gas chromatography. A brief description of
the prepawvaition ol the column packing is given below.

3.2,1(i) Column with Aviemon L as Stationary Fhase.

2 g, of Apiemon gresse were dissolved im ether,; the
solution filtered to remove any impurities, and then added to 8 g
of Uslite 545 in & vound-bottomed flask. The ether was siowly
evaporated off on & water bath, the solution being comtinuousliy
shaken, and the residue was then dried wnder vacuum at 100°0C

for £ hy,

3,2,1{ii) Packing the Colunmn.

A& piece of glass fibre was pleced in the boittom of
the column to suppoxt the packimg, and the column was then
clamped vertically, standing on & soft pad. The packing was
then slowly introduced from the ﬁOpg with conatant tapping
of the column with a plece of hard rubber tubing. Befoxe

wee the columms were heated to 50°C higher than the vequized
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seupovature, With avgon passing through, Tow ot lesot
af hw,
Neod acwoduetion of the Hemple
| Fhe wswal way of introducling the ssapis In thn 23w
arges chrangtograph was %o gdop the gas-Fflow cnd wold (11
she pressure inside She column reachsd aitnmospheric. Pao Liguids
vers then introduced into the coluan by micropivebioz, devised ©

3 T3 o Fee ser b o} e [ ) EagE e gt B ST
§13wf9’ﬁﬂ$£blﬁj! which coneigt of fianre vubling couuestod %o
«y
R I SO A 39 g 0} PN S I T, Ve Yy ey o
o salibrated capillazry. The method has the Ghet

introdncos seme alr dnbto the coluun, which wmight cxidiss

e ed any

-
i

exanple, ong of the compoundsesitimaied, do susceptibls to

o3 P . * 3y o P, . [ S i Shey -, oy
2dilon areand 150°0, the noraal wovking dempeoraiund ol

osdd

the (391,

FTho systern was aodilied siighﬁly te provent alp
entvaring vhen the sample was intreducsd, Sthe g

by menns of & eallibreated capillary atiachal 2o o
stesl wod.
ERFE ative Anslyoils.
The ligulds wors caslysed guanidliatively Ly gas
and the gzses by the Hempel gas sbhsorpdlan

w3 e T B - v Y e ., e T . - 1 3 g e
unit, Jn the Fye avgon curoerstograph the oample £ise




the ordew of 0.02M0 which wos extremely difficult to meassuxra

+

pecurataly. Howsver theve are & number of moethods avallable

ey

in ghich

D

he sample size uveed not be known. A bried descwipilion

3 N 5’ ™ R -1 sy # =X
wiven below {see section 3.3.2).

s
44

The guantitative interpretation of a chropaiesran
is basged on the pesak height or pesk awven. The latiter is vhe

pove satisfactory, and the arveas of peaks cen be measured bY

the Tollowing methods.
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them. This method is mather tedious and weguives more Gipa.
By moons of a planimetew.

By emploeying some subomatle integraiing.

i
)
N
ks
2
s

pulbiplying the pealk height by the width alt heli-height,

o - ot o BT to - 1 I . Y <o S b
{5} By epproximating the brlangles. TYangonits are drawn at She
3 . 3 gy 4 o) e o O T e, 21 T ER 3 =, AR

noint of inflection, and form o triangle with the bape Lins

Charel

N Y.

e

Tho area of Sriangle ds given by 34 base z alitiftude
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) wos used For measuring the avehs, being
found more sibtisfactory in esbimating bthe ?éli*ive
compesition of & RAEERre. The f@jl>fizg mathoeds aveilable Tow
gquantitative analysis do not regquire thalt the amouwat of aampl&

shounld bhe kunown.

FeI01s FThe Imternal HMarkew Mehhod

A sultable pure substance in known amound (zhe inavkep? }

a2

1o edded %o the mizdture. Supposing the mizmture had only fwo

compenentn 4 and B, then several synthetic samples are made oFf

peveentege domposiltion is

plettod against the vatlo of arcas of A and the marker. A

X

ptraijght line is aga@wu‘ obiained, and sinilax plots ave

obbained Yor B and the same mowrkew, A chiromatsogvasm of dhe mix

Tysm o« - - - o PR T N S . 33 e Ty o - EX
plus & kuown smount of mavker is then obutained, snrd the amounis

o

of A and B are calcewrleted thus. Thip method becomas gomnplicated

a2 X « . o oy
when move thar WO CORPONeN s are preson Lac and Qlivex {66 ]

Ty o e a A T Y e gy E3 M e [ R T T T SR Sen o
heve suggenved the wvae of Twe or mowve intevnal merkexs in some

- i"- .
giveunns boncas.

3e%.2. The Mothod of Taternal Hoxmalisation

In this mesthod, it hes o be assumed thet vhe avea

.y m e -2 E] Ry R e oF K S s b LN
undor cach peal is diwvectly proporitional toe the amount of the

vosponsible counponent, Then the emount of ench componsnt

k) o n

can be determined by adding btogether sll the peak avcas and



finding tho prepovdion of each arce to this fotal. Thie
mebhoed is not appllcable te 8ll detecltors and mixture

contalining compounds having » wide vangs of boiling points.

3o3.%. Brackeving Tachunigue.

N

In this techmique an spproximate compesition of tho
zanple is caleunlated without applying calibraticn factons
from the tobtal peak area. 4 syathetic mixtuwre of this
compoaition is then prepayed snd snalysed undex the same
gonditions. The peak aveas ave compared with the oviginal
sample, and figures for amalysis ave adjusited accowrdingly.

In the pressnt work o nodified bracketsing technigue
WL uséd° The mreas of peaks were measuvred by itrispgulation
method. At least three synthedic mixtures {unless otheyvise
atated ) were prepared end chromatogrephed under identical

coundition. The pevcentage composition of the unknown wes

then messured by comparing the sreas of ‘he peaks of the knows

mimtures to the unkwoewn. The pereentege composition of tho

unknowa was adjesbed accordingly.

.

of Vinyl Benmnonte

u‘)

:'-,7:‘ 2 fg- s F?}?Qj T8 i

ey

Berlier studies on the pyrolysis of vinyl hengoats
[2,3] concentrated on qualitative identification of the

2

GJYQ tysin products. The btechnigue used was pywolysis of



nyl berzoate abt 450-550°C in & fl@ﬁ'?na@tawg anrd the rosulio
helpsd 4o siucidate the gerewal nature of the pyrolysis of
a%&ge it could only be deduoed that
rouhe Bfﬁi vas e major reacihion and youte B o trace weschlion
and 890 OR.

A dedtailed otuwdy wes dons by Beugouzh, Steodman

e

and Ritchis[aZ], vho followed the rate deogradation of the esier

“3

empirically by messuwring the vate of gee evolution from a

aysten conbaining the refluxing ester and its vepour. They
ugnad & staﬁié reactor eomnected t0 & mercury manemeten, and
the zases wers collected in s flask connented o a high
vacuum ling.

In the present work the pyrolysis of vi@ﬁl bengoate
WAS @ﬁuéi@é-by using & flow system wheweby liguid vinyl
henzoate vas dropped into the top of the reacior ot &
gonbtrolled Tegd-mate..

One of the chiel &dﬁ&ﬁ%ﬁgﬁﬁ of the flow reactor is
ayeten dg that it minimises secondary breakdown reactions
and reactlion bebtween tho ?yreiy@&n@ and the preducts oF

3,  This method also ensures that sufficient matarinl

can be eollacted for snalysig.

P
2
1
&
2
o
]
@
f‘a
o
et
o

temperature cannot wpeadlly be defined emactly



S
w0

i"d

)

the vate of flow of the reacbtants through the system and Lthe

3

{see mpection 5.4.: Phe wesction time is caloulated from

length of the veactor zonej but this, of course, asgumes that the
gas comes 0 the reactor temperveiture immediately, on enteving
the »eactor zong, and is qven&hmd inme diately on lesving the

HONG.

3.4.1 The Flow System.

The all-glass Flow system consisted of the following

The feeder (Fig. 1).
The wzeactor (Fig. 2).
3} Constant prossure ges collection device.

(1) The Fesder

The feeder was designed so that the feed-rate of the
ester could be varied and the pyrolymis carried out at diffexent
residence times. It consisted of &8 6 inch pywrex tube of L ineh
Qiameter,; with & P19 socket at the top through which
PLRSsuYs on bh@ liquid could be varied if desired by nesns
of nitrogen. A étopccck wan Jjoined o the botbtom end the
sﬁgpeask outlet was comneched o 2 inch of 1 mm, capillary,
vhich had a B-T7 cone at the bo?tomo Capillaries of various

gizes wore fitted to the feeder using this cone, and the

feed rate of the pyrolysand could thus be altered,
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Ao2. The Reactor

The reactor consisted of & Pyrex tube of about 1.5 inch
dismeter &ﬁd.24 ineh length. It contained a thermocouple
pocket, which wan %the leangth of %he reactor and allowed the
thermogouple %o be placed at any point along the length. The
react0r was packed with glass Rasehig rings, or glass helices,
the volume bf unpacked gpace bsing sbout (.21 litre. The

dimensiona given above varied slightly for the different

reactors used. The tenperature

fuds

nside Sthe reactor was measured

by a chvomel-alumel therxmocouvple. The temperature of the

furnace was controlled manuvally by o *Sunvic? thermostat.

The thermecouple veadings were taken from an 0-50 millivolt-

meter. The accuracy of the tenperature measurvement was # 5°C.
The temperature distryibution inside the reaatcr WS

pmeasured by mavimg‘the‘thexﬁoeouple along the length of the

veactor and measuring the bemperature at various poinis.

Fig. 4o Showg a.typi@al temperature distributlon. The

hottest spot indicated by this curve is taken as the effeciive

temperature of the resciow.

3.4,%. Constant Pregsure Gas Collection Devige
Since all @yrolyaeé were carvied out ai &ﬁmaaﬁheri@
presaure, the enit gases wewre collected at consitant
atmospheric pregsure 0 avoeld a;ﬁérimg ﬁhe pressure in the

reactor during & run. In this syetem Two aspiraiors were

o
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used. One of them f£illed with water with a sucrfoce layewr
of paraffin, was connected to the flow system. The oubtles
from this aépiraﬁor is connected to a small resevvoir level
of which is mainbtained at the same position as that of the
aspirator by mesns of a nullpy»andm leoat system. There is
an outled fraé the veservoir to a socond aspirator which
must be at & lower level. The ieservoir is suspended by
means of 9 string through a pulley and is counterbalanced by

a Tlcat on the asuvface of the water in the second aspirator.

Any chauge in the pressure in the system due to pyrolysis

will cause water to flow from the fiwvst aspirator inito the
gecond through the reservoir. The level of the float will

e raised and thua the reservoir will be lowerad and iis

level will be adjusted to that of the first aspirvator

A.d08. Decarbonisation of the Reschor

Before each new run condensed resctioil producie were
reroved from the weactor by washing with mixed solvente,
and tha vesctor was then decarbonised by heating for 2 hw,

at B50°0 with air passing through it.

50%. Pyrolysis of Vinyl Benzoate ovey Wood's Metal Componsnis

Muivr [9] studied the pyrolysis of cyaloheyj %@n“eaue

B

n the presence of Wood's meital and its components, wsing



2 statlic reactor. In the present study, vthe object was to
oxtend this work by comparing the flow pyrolysis of wvinyl
benzoate glona with the pyrolysis in pr@sané@ of the components
of Wood's metal alloy, and emamine any caltalytiec effects.

Initially there were a mumber of expevimental

=

difficulties., The component of Wood's m@ﬁ&ll(Sng Pb, ed, Bi)
all melt below 350°C, so that if the reactor is simply packed
with pleces of metal, these melt and run awey during a run ad
400-550°C. As an alternntive Pyrex glass was vacuum coated
with a tin mirwor, and broken up o act as pecking forx the
reaction but again the metal simply melted and zun away at
400-550°¢., —

The methed Tinally adopted was bto meld the metals at
the top of the rveactor and allow them to run into the reactovw
at a rate which ensgie& good contact beltween the metals and

vapourized pyrolysand. About 100-150 g. of metal was used

for 3-4 g. of ligquids pyrolysed.

5.5.1. The Apparaius

The epparatus s shown in the figure 5 is essentially
& small furnace capskle of giving temperatures up to 400°C
It @enéiaﬁs of. two Pyrex tubes, one 6 inch by 1 inch and she
other 1 inech by 1 imchj joim@a-%@g&?her by & 2.5 cm, capillary

of 1 mm, diameber, This was covered with asbentos paper
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and nichromewire (24 gauge) was wound round it. The nichronrs
winding was again covered with asbestos. The winding had e
resistance of 496 qhms » and 30=40 volts @oﬁemﬁiai difference
was necegsary Lo raise the itemperature o 300-340°0.

In oxder to control the {low of metals through tha
apparatus, & glass yod fitted %o o screw drive, and with &
ground end, was inserted inlto the metal fecd~tubs. _ﬁﬁe greund
end of the glase vod fiviad over the capilllaxy tubing, so %hab

by adjusting the screw, the Teed-rate could be comitzelled.

&, Pyrolvasis of Bensoic Acid

Since benzoiec zcid is & solid of falrly high m.p. it
was dropped into the reactor in the fovm of tablets, while
tin wes initveduced inte the reactor by melling 4t at the top
of +the reactor and dropping it in as described in secticn 3.%.L.
Bach teblet contained about 0.206 g. of benszolic acid and was
dropped inte the reactor by means of an 8 inch long side-tube

with dieneter slightly greater themn that of the tablet (Figure 5},

v3
[}

he btablets vere Aryopped inte the reagtor at & steady rate
PP J

being released oxne at & time by a manually coperated glaas

thook® (sse Figuze 3).
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4. RESULLS

B
[«3
=2

Purity of Vinyl Bengzoate

g ‘)

Vinyl bensoate, prepaved by the vinyl interchange

retvhed =nd by the Nesmeyanov wmesh odﬁ was chromab ographed a%
150°C on & column oflloiyﬂﬁﬁLgane Erease on Geliﬁg B45.

A three~peaked chromatogram was obtained from the vinyl
bengoate prepared by former éeﬁhoﬂ, the twe mimor_pé&k& being
due to ethylene diescetate and ethylidene diacetate.  Theiw
ccourrence has been sccounted for in Chaptewr 3, An obtbomph
wes made o remove bthese impuriiies by fractional distillation,

but without success. Vinyl benszoate prepared by the Nesmeyanev

C"'

method gave & single sharp peak indicating vexry high purity,
and by this method of preparation was therefore wsed in the
pregent work.

s, ) &"“‘uj
The initial yields of ester wewe rabther low (25%:

1it. 60%). However they weve increased to 35% by consitant
stirvring of the weactlon mizxture, raising the reaction

semperature fzom 50°C to 80°C, and incrensing the time of

heating from & So 10 hy.

4,1.2 The Validity of Quantitative Anelyses.

i, L)

The pyrolysed preducts were snalysed guentitatively

by gas chromotography and Hempel gas enal y31mo nitielly o



Lo
L%}

aumbey of difficulties were encountered in the gas chromato-
graphlie analysis owing %o the high sensiitlvity of the instyumantg
end to theve being ne satisfactory available method of

The samples wewxe introduced into the column by & capillaxry
attached to a stout vod, ag desc¢ribed in Chapter 3. The beat
method of introduction, however, is through a serum sep by

maaus of a hypodermic needle. However, &% the time the
erperimental work was done, the smellest hypedermic needle
aveilable had g eapacity of 10 ul,;, whereas the sample reguired
for good vesolution was 0.02 ul, anything in excess of this
canging the recorder needle to run off the chart. A hypodewvmic
negcdle of 1 ml ecapacity divided inte 200 parts, is novw avallable,

though this can be used only for cleawr homogeneous mimiures

]
E

ligquids,

A number of runs were done to find a sultable f@mp@ram
ture ot which all componenits from the winyl bensoate pyrolysate
could be rescelved., This was found to be 150°C. The compounds
pstimated were: Dbenzene {(hop. 80°C), toluene {(b.p. 1310°C¢),
styrene {(D.p. 146°C), acetophencne (b.p. 200°C), and vinyl
benzoats (b.p. 203°C). Four synithetic nixtures of these, with
varying known compositions, wewe chromatographed at 150°C undew

identical conditions and pevcentage composition of one of thenm
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products, is not given here exgepdh where redentlon time is

atased.

20% Silicone grease (Bdwards High

Golumm g
Vacuum) on Gelite $45 (mesh 80-120)
Column Hempo. s 150°C
Detector voliage 1250 x 10
and sensitivity :
Argon Tlow-yate : 20-30 ml, nin
Senple size s about 0,02 pl

In each of Tebles 2=5, resuld 1 shews the smount of
initialvvimyl benzoate destroyed im each run. Resulis 5-9 xe
r@pfés@nt the analysis of non-geseovus pyrolysate (exeluding
benzoic acid, snd small treces of diphenyl and benzaldehyde).

Resulda 10«13 zepresent the esnalyses of voital gaseocus pyrelysase

{perceniage composibtion by volumel
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Table &
B e

e SL

PRROLYSIS OF VENYL SENZ0ATE AT A50°0

o o Regidence Time &?ﬂ@ &7 ﬁlé—ﬂ
{aec.} ‘
1 % pyvolysis AG.7 1% .3 16 .8
2 Amt.=pyrolvsed (m.) 525 .50 L.04
3 Bl o recovered (o) B o758 i .03 b, O
by (ins colilected (mi.) 82 Q7 135
5 Boagene () 6,03 0.0k  0.i%
6 Tolumone (%) 0,005 0.007 0,02
7 Styrene (%) | Qo 0.6 L1
8 : ﬂ@@%@pﬁ@@@m@.@%B Lol 1.3 2.5
o Vioyl bemmeate (%) 98.3 98,1  96.8
2@ e (%) 758 75 75 oy
13 gen (%) 18 & 16, 15,6
ia cx:on (%) 5.3 6.8 7.0
Pnsab . Bydrocarben 8.9 1.8 2,0

{5

AT e, v b,

49
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ATERITTEIS A el L T SR

WHUFIIINE WP e - Rt R Rl e d ey e e ey o ot
PYRDLYSIS OF VINYL BENZOATT AT 500°¢
T 2 o Y MES RO B it £

focrert g bty 0. 4 AT s £ T S LT T
A W . % o
Wer e Hesdidencse Time 34 125 =270
TSI AT T A ! « Ty TR
by s crmarey T emay o LYY 4 T3, Bt ey ¥
% % yyeolysis o 2Y o BG.E
DA N\ el ays oz s 0 \ ] 3 % I i g s 5 e
5 St . pyrolyeed (g, ) 8 .58 %.78 IS
RS Nrrsle | amaen gt e T f a ?ﬁ & 4
o L5t o Tocovered k%o ¥ 3 e B 3.0%
& Mg, of Gases (Bl 120.0 20% BEF
4 T e ansm @ é’ﬁ'? @ %4 (&) 2 G
pe SUMBERE Lo Y R © o LR

& Toluena (96) Gl Q.5 D,

frim} L 8 < oy e ! o g 2 prad v -
7 Seyrane (%) L5 3.6 Bed

8 foetophenens {9) L8 1% .9 28 6
D Vinyl Bonmoate (%) 13,3 8.8 Y ol

O Fani iz -1;? A s e P
3‘:2 M ?@Aﬁ (C‘?G:Z} ? 03 rd‘:’ ::.E;!) ﬁgu:‘:)

L T o pezy T B . e A o < ;
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7 . - ‘o
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£ awmb. wywelysed (g.) 5.20 Iy 90 b 96
{go) 4,20 3,76 3,56

3 Amn., Regovered
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P
32
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PEROLYSIS 0P VINYL. DFNZ0ATE AT %50°G

— e I N
Be o Beoaidence Pime 25 Th 237

SRS O A e 2 S Ap— S rC T
1 % prrolysis 58,5 1,9 87.6
2 Awt. pyrrolysed (g} 6.10 8,27 8,50
& fws, peeovered (g.) % .70 3 .85 .56
% tas colleeted {ml.) hok B30 60

&

er  ~3

Homsene
Teoluneno

Stymene
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()

{s5) 2.3
{s8) 0.9
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4o1.4 Detection of Bensaldehyvde and Diphenyl

Cas-chronatograns 4id not show any new products in the

pyrolysate (benszene, toluene, styrene. and acebtophenone all

4

P

3 o

L1

o

7ing besn previously established). Tt was thought iik@iy

thet some components wmighl be present in the pyrolysste whiclh

would neb show in the chromatograph, either being present in

$00 minute quantities, or having high boiling poinits and not showing
up at low column temperaitures. ?he pyrolysate (vinyl benzoaie,
residence time 2%7 seeconds) was chromatographed and the retention
times ave given belows

o lumn L0% Apiezon L on celite 545

{mesh 80-60)

3]

Column ftomp.

L1d

150G

Avgon gas Flowerate

LE]

2% ml min.

Sample size : 4 @l

b

Detector wvoltage

. .\ 1250 x 10
ond sensitivity ° N

Resention Time in Minutes

o, Compounds - Pyrolysate Stendsra
3 Benzene 1.4 | 1.4
2 Poluens 1.7 1.8
3 Styrene : 3.2 B2
4  Bonzaldehyde 5.8 5,8
5 Aeetophenone 6.9 6,9
& ¥inyl bensoate 8.8 8.8
7 Diphsnyl 20,5 20,3



Two new peaks appsared on ﬁhe shromatogramn vhen &
lazgeor gemple was used. The@@}p&aka WAYe shswﬁ~(Tmhle ¥
NWo. 4 and T) to corvespond Ho the peaks produced by beaszaldebhyds
and diphenyl. Chromatographic anslysis at 200°C also
confirmed these twe compounds in the pyrulﬁsa@eo

An aﬁt@mp% to analyse them guantitasively proved
vather Aifficuld, since when the sample was large encugh o
produce measurable peaks for diphenyl and benzaldehyde, the
psaks for other compounds preasent gould not be recorded on the
charst,

It was comcluded, however, that benzeldehyde and diphenyl
are present in the pyrolysate of the vinyl bensecate as minute

traces (.0, of the ordey of 1-2%),

3

£.1.5 Detection of l#EaButadiaéa in %he Pyrelysate from Vinyl
An attempt was made te desect ceritaim componends nod
praviously identifiled. 3, 3-Butadiene was fomally possible
{ome Sectiony Pawrt 1), though present only in minube traces, and
the following procedure was adopied.
Viayl benzoate {50 g.) ves pyrolysed in o flow-peastor
se that enough pyrolysate gases were p?@@u@ad‘amﬂ bubadiens

corld be eollected in sufficient guentity Yor anslysis.



Aboudt 8 litres of 9639 produced during pyr@lqus wers passed
through sueeessive traps. The fixst was hspu at 0°C %o

gollect any volatile productsy the next contained anhydrone
0 aﬁsufb wabters; aﬁé butadiens was finnlly condensed in & thivd
tmag at ~78°¢ {dry i@g)a This lest trap was transfevwved to &
high wacuum line, where it was furthor ‘degessed?® in a trap
wader liguid nitrvogen at mIQS“CD and finally transferved t¢ an
infrered gas esll. The following infraved sbsorption
frequencies wexrs ohsarved:
3000, 1800, 1597, 1360, 1000, end 900 e,
Bax gl et al . {68) have given m number of exemples of ahpcwpn¢@ﬂ
near 1600 Gmgmi ariging Trom conjugated (=0 sys temp<l 3-butadiens
1597 cmomi)e Reo [69] quotes infrared spectra of various gases,
and in the list reproduced fyxom [70] gives the infraved
absorpbtion of 1,3-butadiene as:
3000, 1820, 1600, 1360, 1030 and 900 eme™
Hence the infre ared absorpbion suggests that 1,35-hute-
diene 1g in fnot present in the gases. A Turther confirmation
wea provided hy the ultraviclet absorption spsctrum of the
pyrolyaate gases {dissolved in n-hexane). A wvalne of ;%\m&zc

= 220 mp was cbtained (Llit., 217 mu, in wn~hewene [T1}],217 mu

in ethencl [72]). This further confirms the presence of



%51
L3

s

butadiene in fthe gases. The nlizht diserepency (3 mp) may

be due to impuritvies.

4.2.6  Rate Constents and Acbivabion Brergies.

-

From the resulis on pages (7~10), information on the
pyrolysis kinetics of vinyl benzoate wes cbiaivsd. A Llow-
resebor wes uaed for the pyrolysis, and a b ief deseviphion
ita given below of the calculsbiocns involved, as d@ﬁ@?ib@@ éy
Iaidlew [75]. |

If the reachion mixture or reactant pass through &
reactor at & velume rate of flovw u (ex cprossad as mole see litre ),
consider & slab of vclume dv in the reachow.

Ko dv d% noles disappear by Gﬁ@mical reaction in time 4%,

where O = concaniiration

\\

Divection of flow : V/
e
>
el e .
,,_/ \
//// Y
ucds meles u(c-dec)ds moles

enter in tims 4¢ leave in Hime 4t
For a first orxder veaction, the rate of disappearance of the
subotance is given bys

. . I -
Vo om o "“jé’ o= x{G uacouch@oaovnucubaﬁn-)a=ene(-}b)
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o At the entraunce of the resctor v = o and

N

¢ = ¢ (the initial concentration),while at the exit, v = v, and

-

¢ = ¢, (the final concenirabion of the reactaus). Thevefore

&
G v
s (&7
l(’ ca;g.{.u o -};g réi%'r (ﬂ)
- G Ll O ¢ P U * oY IO IUWUDIT oL RED e
€3 0

e . ¥ o
;g,n m{_ - R =af-3_—- oeoao:;aooccooa&oo&ﬁ}
Q. u
i
¥o
= 8 equal vo the + of the static system and is

salled xesidence time, the average time taken by a moldeunle

to pass through the zeactor. The vesidence times weye
gelonlated by the following equatiouns.

T - G = L?’;FWQ‘“:’E—E" oonooeeaovcuaeooﬁn(s)
p— 22.4 TN '

where %t = residence time (seconds)
p = pressuzre {atmespheres)

Tree unpacked space in the reasctor {(litres)

<
]

? « temperatuve {(absolute degresa °K)
¥ = feed wate {mole see)

wheve p = L am., expression (6) can be simplified to:

12,2 v :
oo S s aue&Oooouoooouoao(?}]

TN



Tt is sBeen from eguation {5) that if & log ef is
8
plotted ageinst residence time, the veluwe of X is given by the
slope of the ocurve.
Plotted in this way, the vesults {Fig., 9 } for the
overall breslkdown of vinyl bengoate show the linear welationship
vaguired by equetion {5) for a firet ovder reaction. The

ralues fopr K for the overall yeaction is glven in Table 7.

Teble T
. . wd
No . Temperature ¥ sec.
o0 {overall veaction)
. -G
X 4850 1,04 = 10
Ry
] "800 8,91 @ 10
. m:ﬂ
5 525 1,62 x 10
s
4 550 2,00 x 1
Pigs & and 7 show tho relatlionship

betwesn breakdown {%) and residente time at 550° and 500%C

vegpecitively,
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amounts of acetophencne {for R Cf reaction) formed were

50

TG {L} Deterningtion of the Rate Congitand and the Activmtion

Bunarries for the Peimary Reactions in the Pyrelvsis of Yinyl

Benzoate.

In the pyrolysis of wvinyl benseate a consgiderable amount
of meterial is lost as bar, etc., retained in the rea@ﬁor’(gae
tables 2 - 8)., The amount lost veries with temperature and
vesidence bimez. There ave two ways by which the rate constant
ean be caleulatved, Inltha first, the calculations wera done on
the basis of the initial amount of viﬁyl benzeate used, on the
assumpbion that no seecondary decomposition of primary products
{eg. acetophenone from Rfﬁg reactian)ﬁoak place.

Hethod 4.

Initisl amounts of vinyl benzoate pyrolysed and the

moles of vinyl beunzcate-noles of
- acetophsenone
moles of vinyl benzoate

sonvevrted into moles and log

was pletted against residence time, the slope giving K the

rate conagtant.

Similar celeulations were dong for Of reaction.

.
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Hethod B

The calcoulations were done in & similaxr way as
above.eg@eyt the totel weight r@@@Vered.after the pyrolysis
was considered as dnitial concemtration and wasn converted as
moles of vinyl benzoate.

Fig 4l 1y showe the plots by two methods, and the
rate constant so oblained were used to determine the
activation ernergy of the weactlon.

In the second method, the tobtal welight of materisls
cecovered (net including the loss by haldmﬁp) was Laken as
the initial weigbt of ester. it was assumesd that the ratio
of pyimavy product to vinyl benzoate was the same in the

coliected product a3 in the fraction lest by hold-up
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fih-&m@(giz_.‘az) Activatlion ¥nexgies

L enexgles were ealounlated by the Avrhenius

E/RT
Wl s

Aotivabio

bl

o= A e oevovo-aoouuco(@}
whare K= yate condbant

A = Iraguency faetow

B2 gobtivation energy

=]
i

gas consbtant (1,986 cal/ﬁégrag/mble)

1
8

absolute temparatuve {(°K)

¢

=

Plots of log K ve T vwere drawn, and the activanion
ensrgics caleculated {(sicps = - E/ «50%R). The Tollowing values

wars obdtained Tos

‘F‘!

She overall reaction and the R/Ui reaghion

Tanle 8

P e

LAedivavion sunergy fov

C 8.7 ko e,“/ ole
the overall decomposition 387 kocal/mol

Actsivation enargy for 9“002 Met had A
seatophenene formation 37.6  Method B
Activation energy fox 14.6 Method A

styrone formabion 16,2  Wethod B

Agtivation energy fow

carhon monoxide 28 Kocal/malg
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An attempt was mads %o complete a mass-balance by

washing out the reactor width mixed solvenis, evaperalting the

=3

solvents end weighing the wesidue. Tar adhering to the waells
wvas combusted at high temperature, with oxygen passing through
the reactor, and the carbon dioxide and water given off veve
estinated by absorption in seds lime and magnesium pexrchloraete
vegpectively. Thiep method, however, did not work well, sinca
a8 large amount of water condensed amd fell into the receiver ab
the bottom of the reactor and could not be esitimated.

The only alternstive was %o weigh the veactor befoxe
and after each run, and this wvas domeq

Vinyl benzoate waa pyrolysed at 55%0°C, with residence

N

Hime 2

W

T saconds.

Amount pyrolysed 5.100 go

Amount recovered 3,564 go

Amount of gases 660 ml.
collegted

guantitative analysis of the recov

&
i
@
=
N
§
[y
i)
o
o
adp
bl
o’
)

gas chromatography is given in Tablse 9.



Jable 9

LA
'_.1,’

“Nog Compounds h % Composition  Weight
Sho
1 Benzene 4o 0. 15
2 Toluens 1.4 0,05
5 Styvene 12,0 0. 44
4 Acaetophenons 65,9 2,26
5 Vinyl bensoste 18.2 0,66
Geas analyses = Tobal ges collected = 660 ml,
Table 10
“THo. Conpounds % Gomposi bion Weighdt
Shilo
1 Caxrbon monoxide 7.8 0.63
2 Cazrbon dioxide 10,8 Q.159
3 Acetyiene 8,2 0.0%6
4 Unstd, hydrecarbon 3.2 -




EX

Adding all the weights together, we thus have:

Amount vecovered (liguideselid pyrolysate) 3.56 g,
Gases 0.83
selvent euxtract 0.46

Weight differeounce of the wxeactor before
and after pyrolysis 0:,18
2,

Total 5,08 g

5.0 g, was pyrolysed and 5.0 g. was accounited for which ds

=,
i

98% of vhe initial vinyl benzoate. This discyepancy is within

the expsrimental ervor.

4.2 Pywolvsis of Benzoviacetaldehyde

Rengoylacetaldehyds was pyrolysed at 500°C, with
residence time 100 sec.  {The @léehyéa contained up to 10% of
acetophenone, arising during ita_prapar&tion; (S@@ seetion
3,1.2) 5 g. of tho aldehyde was pyvolysed; and, s expected,
broke @own'éxslusivaly by G! secisgion to glve acetophenone

and carbon monoxide.

4.3 Pyrolysis of Vinvl Bensoate over Wood's Metal Componsnts.

The pyrolysis of winyl benmoate oveyr ths lowe-melting

metals, tin, lead, @admiumﬁamd bigmuth, was studied by and

7 .
dvopping the molilen metals into the veactor along with the
vinyl bensoate. The veperiped ester and the moliten mebtals

come into comtact as they pass down . oveyr the glass helices



E} Py

£ the Teactor.

which comprise the packing of
& difficulty encountered was that at the lowerw
she bottom of the weactor , the metal solidifie

oe

tempevatures ab *
and prevents liquid pyrolysate from floW1ng down into the
The difficullyy was overcome by removing the glas

systen. The d
of the reacltor, so thatv the

‘rom the last 2 iunches
solidify on

helices £x
petals will either Tall down Iinto the receiver o
the walls,
Deteiled analyses &are glvon inthe Tebles

the liguid pyreolysate,

11=15%5, where

the analysis of and

Tesults 6-10 zbow
the pyrolysaste gases.

vasults 1l-14 the analysis of

Prom these tabul ted results it appears

%haﬁ Woodta

overall ﬁ@eompasmbxan {sew

metal componants increase the
Fig. 1 ) shows a plot of perconitage prrolysis egainst residence
in presence of these metals, and also aleone in an alleglass

% dime
the effees of Woodto

™

cen be seen that the order of

system. Ib
on the pyrelysis of vinyl benzoate

tf"

iz as follows:

medtals

gm » PFb 7 €a % Bi
s Y L) o
iz alge increased from € to 4H

The yield of diphenyl
and of bomsaldcechyde from 2 mexre byrace wup %o 9%
Tha only pyrolysis preducts which ave appreciably

he presence of metals ere garbom diexide snd

7 b

affected 1
The amount of cerbon dioxide given off is

approgimately

bhennene,
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1L  Pyrolvsis of Vinyl Benzoate over Metals

Pvrolysis without metals

Bismuth

Residence Time

o) .ﬂr.ﬁmmom.

x 75
fmmwamuom Hwamvmw HMW >
X 115 a
L 125
1T -110
byt .
esidence Time mmmom.v
O 125
xX 120
A 124
7 110
pa 105
\
Residence Time Ammom.v
® - 16L
b4 160
L5 k75 . : 500 525" 550 ¢+

-Temperature °C




VNI, DENZ0ATR _OGVER METALS

s

Be, Temp. LROOQ 50090
1 Motal ey Sm- Pb cd B
2 Residence Time 150 10% .9 110.4 134 )
8GCs
3 P pywolysis 8.5 hi.3 41,0 kO.®@ 39.2
b Amd.pyrelysed (m.) ho28  $.20 .10 3.00 2,60
5 Aimb.wecovered {2.) 3.5  3.76  3.86 2,36 159
6 fAwd. Gas collested 174 999 200 220 130
@;ﬁu)
9 Bewzone. (B) @.5 2.3 2.3 1.9 1.8
8 Tolueme (%) 2.0 0.5 0.6 0.6 0.5
9  Bhyvewe (%) 1.8 5ok I o2 3.9
20 Avotophemone (%) 3,3 16,8 19,2 16,8 16.0
20 Tiayl benzoate (9) Gk 8 T5.8  T6.2  FT.2 78.8
12 ge (%) 847.5 59,0 59.0 59.0 58,8
13 eoy () 50,3 29,3 30.2 30.2 31.0
s ©xF; om (P 9,8  10.b 8.2 8.6 B.6
iS5 Gasat. (%ﬁf@@@ﬁ’b@m 2.7 Lok 2.6 2.8 2,8
[v]
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Table 12

ST L T e UM D T

PERDLYSES OF VINYL, DEIFZOATH 4T 52j¢
opast R ST A W T

P — PR

TSI Y DT

¢ QVER MIBTALS
. 23

AL E AT T LT e e 6 EF LA AT LT RN RN e R PR RLT T R T e T T T T STy s 2 e P S )
O A - e a ) ,:
ggﬁ'} @ E’ﬁi‘fi} ‘33%53 :}i ] E:@&E éi I@ L @Ll
LS 0 &) G N
i 1160 115 125

Reaidenee Time

(Bewc.)
& 4 pyrolysis Sk 52,6 B2

3 bt . pyeolysed (z.) .G 3.6 2.9
B Lwt . recovered e} 3.22 2.76 2,22
3 Gos collected {wi.} 390 | 366

&} Renwene @%@ 2 ol 2.3 2.8

v Poluene (%) 0.8 0.82 0. 88

2 Avetophenone (5) 25,8 235.6 26 .8

16 Vimyl benzeate (%) 67 8 68.7 67 7
&

- ‘] ¥ €%y 4

iR €0y (G0 20,23 0.0 98 .2
2 ko] 3 fetf ) =3 1
L3 orscH (%) o Mk, 8.9 5
2% : Tlap Qe % - > 8 1L @

R Visant. Hydrocarbom PEN LN B.5 K,
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PYROLYSTS OF VINYL BENZOAIE AT 350°C OVER METALS

1) B g

s> 23] .
S W G ~F G Wm

f3

&=

Motals Sm
Repidencs Time 84 .2
" {sec.)
% pyrolysis 68 .9

A . pywolysed {g.) h.6
Amt . vocovered{g.) 3.4

Goe collected (wl.) 620

Beunsene ($) 5,2
Poluone (§5) 1 o
Stywene (%) 10.5
Acetophenone (%) 30.3

Yinyl bensmoate (B) 43 .6

0 (%) 59,0
©0y (D) 29.6
cw s am {5 8.

Trnpat. Hydrocarbon 3.1
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doubled in the presence of metels, under the same condition

of pyroiysis {e.g. at 500°C in the presance of metel bhe

prodnete of the pyrolysis. econdain %0% of carbon dioxide compared
with 14.4% without metal ond with about the same residence Sime ).
This is probably due to asecondary da@omposition af bensoic

acid o caxbon dioxide and bensens {the well-lknown ithermal
decarboxylation is accompanied [56] hy'a miner amount of
decarbonylation to phenols asee Table 14). To confirm this idea
bonzoic acid itself wes pyrolysed in présence end absence of tin.
The bonzolc acid wee extyractad by ethanol snd tltrated by

gvandard ¥ 10 sedium hydroxide in esthanol.

4.4, Pyrolysis of Henzoic Acid

Bensoic acid was pyvolysed in the form of tablets
(see Section 3.6). The detailed results are given in the

Tollowing Table 14.



PERQ@YfIS OF BRENZ0IC ACTD AT 550°C

Mo, E&éﬁi@@l@ra Pyrolysig Alone Ey?olﬁsia in
' presence of tin
1 Ambt. pyrelyased 12 tablets L4 tablety
w 3,12 g w 3,64 g
2 Amt . Toooveved 2,78 ' 2.80
3 % prrolysis 11.0% 22;2%
4  Amb. of games 170 ml, 250 ml,
5  Resideonce time 10 see. L1l sec,
& OGerbon dioxide G0 BO%
7  Carbon monoxide 9, 2% AT . 895
8 Boanzane Q0% @Q%'
9  Phenol 167 20%

Notes  Resuls 3 is based upon the amound of beonzoic acid
racoversd unchanged
Regults 6=-7 show composition of exit gases (by
volume )

Resulis 8-9 show composition of non~gaseouws pyrelysatse
{by weight) -
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4.% Redicagtive Twacer Work

£o5o X “?@D&Tﬁﬁ&@ﬂ of Ishelled Vinyl Bensosate
Vinyl benzoste, lebelled with Y40 in the carboxyl

group; was nwapa?@a from wadigactive iﬁﬁﬂ@gﬁlﬂﬁﬁﬂﬂdic agid by the

&

Adelman [$4] viayl intes eha ge method, The labeiled bensoic scid

was obbtained from the U.X. Atomic Bnergy Commission Radiochsmical

Centre, Buckinghemshire, Bngland.

,
'S
1’3

5 mg. of Q.1 neE., benzoic acid were dissolved in boiling
diatilled water (2 1.), and 50 go of Amaler (insctive) henzoic
acid wvere then furither diﬁs@lw&@ in the seme solublon, which
was thoroughly @'i:?@ﬂ and allowed %o cool. The meecrystallised
agid waé_@ri@é vede® vacumi. 5 go. of the dried material
{0,020 wml ox 10 mec)} were then further diluted with 50 go oF
iﬁ&@%iv@ Analaz benzoic acid in owrder to make wp %o & suibtable
concontration for neasurement with the ligquid secimbtillation
sounter. 50 g. of this bensoic acid {10 pe) were dispsolved in
120 g. of vinyl acebate with sheking. 2 g. of mervcuric scetabe
and L ml. of concentrated sulphuric acid was added o form
the catelyst mercuric sulphate im siiu. The mixture was

sfluxed Lor T7 hr. at 35°C¢ cooled, trested with anhydrous
sodivm acetabe, and Tractionally distilled threwsh a & .

solumn, The pxoduet hed bop. TL°C 3 mm. (Yield 20 go: 50%),
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PENE

Fi T B I g T 4 L A e
The aobtivity of the liguid and solid producty was

geasnrad using & Liguid sceintillsdtion-counier; wnile thet of the
Fases was neasurad using on endewindow goiger counber, whigh had
besen proviounsly calibzated.

t:

The scincilistion-counsing technique, as well as other

L)

C‘A’
0 .
c&
fada
"Q

AL

pei iy

watheds Ffor measucing radieactividy, vapts on the i
i anclear radiations with metter. The effect of bhese intepe-
actionz offewxs n unrigue way of dotecting single puclenr eVeRHE.

In gao counters and i@ﬂié&ﬁi@n chambers nese ic nede of ionised
particles produced in the counting gae. These chorged periticles
are collected at the eloetrodes, giving wise to & emall gleetrical

A,

current or voliage vavistion, eilther of which mey ke recorded

.
.o “

atter suidtable amplification.

in mb&ﬁﬁ#ilﬂb?Oﬂ counbing, unn“ia made of the photons
orented when o sultoble luminescent material i exoited by nuslear
radiations. These photonz are collected at the e@%&aﬂ@ of &
yﬁ@%@@@119 which converss shem imto electrons. Multiplicadion

™ N

ef thene electrons in the photomul

ler tube will give wise

tap

5—.-!
P

$0 the electrical pulses whieh may be resovded in the usual way.

Y

The MNuclear Bniterprise (Rdirburgh) Scintillation

. 3 € . “ A * \‘"5; .
Gounter was mede. It was calibeated by the shtandard ©9¢o (O ~vay)

for bthe

{2?..

0y i S T o3 43 . ] o el
RE 80uresd. The following conditlons wore wuoed

8obivity mengsuransnts.



Pyl

I 4

sonabans voLda,ﬁ BET 750 v.
{oarse gain 26

Pine gain 0.55

Pulae helghd G.25

Uoing 5i2-ghannel anslysew.

The seintillator (WE 213) consisted of & mixtuwre of

-

. a b » - . - 4 - <A &
5 go Llitwe  of 2,%-diphenyloxamole {P.P.0), end 0.1 g. litzes

of 1,4-bis[2-{5-phenyloxasole ) |-bonsene {P.0.F.0.P); in tolucne.

4.5.3 Bockaxound Corxections

Recause of eosmic radisdions and other factoxs &

fats

bockground radiation is slways counted by the countew. This
wag oorrected ags uswvel by subitrvecting the bhackground counis
¥rom the original counts. Where possible atiempis wers mads

o minimiss the background counts by uwsing lead sheeds,

I

@s?@@ially in counting with the ond-1 window (eiger counter.

Bo4 Imitiel Acbivity of {abelled Vinvl Bengoate

5 mg. (100 pe) of bemzoic weve diluted o 50 g. acld o
G g of this mimturs (10 po) was wsed Tor prepavation of 4he
oster was 1% mi. (50%).
0.1 ml, of thie 1% ml. of estver was diluted with

‘unlabelied?! ester o0 1 mi., and 0.1 ml, of sthis diludted produes

vas wsed for messuremens. It was added to 4 ml. of scintillstion



C“}[
0. p

>

aa

ave 80 GopPoB. (eammt%/seg) with buskgzound

i
B3

13},

geiustion (X

&
3
&

COryrechiony .
Bince 3.7 & 1020 d.0.8 = 10

The initial activity of wimyl bensoato

- 22 mne

= ey 1,30
3

= 2,16 mne

A

Potel activity in 15 nl., = 2,16 x 180 x 10 = 3,25

£.5%:.5 Pyrolysis of Tabellied Viwyl Benzmoaie

Tob go {1,625 pe) of labelled vinyl benzoale was
pyrolysed at H00°C in a §3@Wm?@&&ﬂ@?9 with & f@si@@n@@ time
of %0 seconds. 6.5 g. of non-gaseous pyrolysate and 40 ml. of
guacs were collested. The former product was digiilied, ian order
%0 get a seclouvrless ligquid for scintvillation counting, and alsoc

%0 perait the meking of & golourless and pure derivative of

AcBTophenons . Acetophsnone was igoletsed as its semicarbazmore

derivative, which was recrysiallised from methancl (m.p. 198°C §
Jito, mM.Po 1985201@G)c The activities of all ﬁ&cmg proeducts
wers messured separately.
4.5.6 Aetivity of Overall Ron-gaseous Pyrolyvesse
0.1 ml., ef the distillave from the n@nmg seous pyrolysate

(6.8 g.} vas dilubted o 1 ml., aud 0.3 mlo of $hig solubtion was

addad So 4 ml. of seiwntilisior solution. After bhackground



gcorrecbion, bhig solution gave T2 C.p.8o

° e b P G ad i2
o o Aativiby of Solutlon = 5 ome

2
= 1,95 mpe
Q
o o Total ectividy in pyrolysed products collected (6.5 g.)
= 1,95 ® 65 x L0 = 1,27 ue
Initial sedivity in vinyl benzoats = 1.625 ne
Aetivity in the pyrolysed produchs = 1,27 e
ﬁﬂ -~ o o8 3 ofle 1 :
7o Activity im the pyrolysed = 78, 5%
of the inistial
valag.

¥ Of Acstophenons

L
7
]

e
b

]
o
<
&7

o

A aimilar pyrolysis ofunlabelled- viayl benmosta (550°C;
vesidence time 74 seconds; mection 4.1.3) yielded about 40%
of a@g%epheman@¢ I% was therefore assumaed that A0% acatophenona
also produced in the 'labelled? reaction.

Total mess of pyrolysste = 0.5 go

Fercentage of ecetophancne assumed

A
. ) %
in pyrolysatae 407

i

. . Noss of acetophenona in pyrolysate « 2.6 g.

« « Theoretical weight of semicarbasone
derivative of acetophenomne in pyvolysate = 3.0 go
60 mg. of semicarbasoms was dissolved in 10 ml, of

acetone, 0.1 ml, of this (containing 0.6 mg.) wes used fox

o
=iy



T

measuring. After background cowvectlons 1% gave 4 CoPo.B.

o o The activity in 0.6 mg. %7 mue = 0,108 mpe

activity in 60 mg. = 10.8 muc

° o . 53600 x 10.8
o o Activity in 3.6 g. of semicarbazons « 2 <

Inditial aectivity in vinyl benzoate

= 050 mpe
{7-5 g.) 70 =

Letivity in pyrolysase {1 1@u4&3) . 1,27 e
(6.5 g.) Pel s
s T8,0%

of the initisl

Activity in acetophenone (2.6 g.

w65
20%) = 650 mps

=  A47% of to0tal
O3

35

FEN
LB

tets

ipal @eBivity.

7

4,

5.8 Aebividty of Gaseous Eyrolysate

Pho é@tivity of the gases wes measured by the
erd~-window Geigayr counter.

A simple epparatue wes de@igﬁ@ﬂ 0 onablse the counter o

be brought near the geses, and thelr setivitises Ho be measured
in a standerdised manner. This consisted of & ges sampling tubo
with an opon end covexed with a peolythene winfow |Figo. iﬁﬂo
The bottom of the tube égmﬁéin@@ twa stopeocks, opa comuschHed

2

O 8 a&%m sle fummnel thyough which the tube could be Tilled with



Fig. No.l¥

Apparatus for meassurement

of activity in pases

& G-M Countep

b ‘ T T
Aimenddy,
2 Funth, s

Gases 'in




'.__y,
&5

ORGSR . = et o T T, A 7 «; £ oy v =3 bl
aeildified water, and the other for dntwoduetion of the gas

The cournter was calibrated by injecting an aguasous
solution of standerd radicactive sedium caurbonate gﬁdaiﬂﬁomyw@)
and o 10% sulphuzrie aaid 3@1mﬁioﬁ into the sample hottle through
the polythene f£ilm by means of a syringe. The puncture in
the polythene filn waw imm&@i&%gly.qbaﬂee with & piece ¢f BelloSaps.
and the redioscbive carxbon dioxide evolved was couated by
yeinging vhe window of the coumbter 0 approximately less than
0.5 ocm. from the polythens window.

G500 ¢.DeS. wér& regorded, @nd, therefore, it can

deduced that if vingl benzoabte of 2 noe is pyvolysed, and

. . N a - 7 » 2 =
pyrolysis goes Ho the exbent of 65% at 550°C; spproximately

H

50% of the activity will be in the carbon monczide, if the
proposed nechanism is incorveet (see Chapter 5§2 and 2 count o
100 cope8., wWhich is oasily deteciobkle, would be recorded.

The pyrolysed gases, afiter background corvecvlons,
gave L0 o.p.8., = 0.1 e (6.2% of the initiel sctivity of 3he

vinyl benscate). Howevew, when ak e pases were breated with

i {0 obsorb carbon dioxide), the resldual gases gave only

W)
€
a

(%]
&

)
2
Teds
rv;‘a
‘ﬂI

ov backgronnd cowrvechion, which is equal o oaly

r_

12% of the initial sotivity of the vinyl bemnzoaite.  Henee,itha

3

liberated carbon monoxide is virvbually inactive, within the



33 ) 4 . - og #5n Oa = PR 4 N, - ey v e 3 v ] et Laom
limites of socuracy of the counting bechalgues the petlivisy

of the gas clearly wesides in the covbon diomide,
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5. DISGUSSION

501 Original Ains of the Wowk

The work wes begun with ﬂﬁ@ clear intention fhough a
gecond intention cmerged as it procecded.

Previous stndi@s on the pyvolysis of v;ﬁyl banzoata |2, B
A2] had given a good g@n@r&l ploture of the reactions conbributing
0 totad breakdown: bub there hed been no systemadic quantis ai&vm
study of chauges in Ccompos f@n 6% the complex pyrolysate hwaughm
about by changes in temperature, residence time in the reacsor,
and the presence or absence of catalysts. It was hoped that by
using & vange of these veviables, it would be possible to
produce significent chauges in the relative anmounts of the breale
down products, and acgurate gquantitative ocrplysis of the totael
pyrolysate for each choice of variabl@ wight thop shed gsome
Light on the naiuve df the mechanism of each competing woute.

It ;i gh

Q"I‘

» Yor example, prove possible to determine the reaction
order of each and to ¢aleulate thelrsectivetion ensrgless end if
onply some ¢f the rouves were Ofl@ﬁﬁﬁ@ by the presancgs 6% meballic
catelysts it might be possible 30 divide Ghom into cleariy
diffevent p vieg, and porhaps *o distinguish betveen

mnolecular, ionic, and fryee radical veactions, The wvemalts hav

been presentad in secvion 3.
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As the work proceeded, it wes also decided to abudy ons
of the main breakdown rouwtes (h/Qﬁ) by mesuns of isotope-labelling
and to use model compounds vo elucidate the mechanism of breskdown

of sone xoelated esters previously examined in these laboxstories

by other wovkers. These resullis have beer presented to Pard I,

Bolo Limitations of Anslytical and Txperimentel Tochninues

APl Plask )

It was first of all necessavy to develon sufficiently
accurate me thods of guantiitative analysis. Gag~chromatographic
methods calibrated by synthetic samples were mainly relied upons
these have been Qescribed in Section A5 3&?%,X) and their limits
of weproducibility assessed, but the following points may be
emphasised here.

o th@ compounds to be estimated, benzoic mcid (formed by
A2 geission) wag one which could noh be ﬁaﬁaﬁmiﬁaﬂ by this method,;

sinee it is very etrongly sdsorbed by bthe @Glumﬂ packing, and

»

;

the chromptogrens always gave s ‘tailing' effect. 4 similaw
poor geparation of ceortain fatly acids was observed by Mavtin
and James [21), though th@y'wérw able tb-elimimate this
adlling effect by using & ccolumm conbtalining 1.0% W/ﬁ stearic
ecid, Silicons oil 550;9 with 10% o"thwphﬁabbewls aaido

A similar type of column containing orthophesphoric acid was

trled in the presant work, but withoul suceess, snd 1t was



8z

decided to use determinetion of agetyleme rather than of
hensoic acid &5 the messure of the primary A® route.

Arother limitebtion of emperimental accuracy has also
0 he cousidered hewxe. The temperature of the reaction wes
considered to be Tthe highest temperature ﬁithim the furnace:
moveovey, as described in Section 3. It wag assumed that the
liguids entering the furnsce acquivres thaet temperature
immediately end lose it on leaving. Tenporature fluctuations-
were not more than + 5°C during each wun, since mogt of the zuus

o~ -

were done at & faivly slow feed-rate.

565 Geneyral Natuve of Quantitabive Results.

One diseppointing fact soon became apparent during
the work, nemnely, that in genersal thé variables studied had sur-
prisingly 1ittle effect on the watio of the competing breakdown
TOuHeSs . Thig meant that part of the oviginal intention ¢ould
10% be achieved. Also, though the mein none-gageous product
(pcetophenone ) was formed in sufficient amovnt to be determined
quite acourstely, within the limits of experimental exryor, mosd
of the others {such as styvene, toluene, and bensens) were
formed in such relaﬁivalg small amounts that the unevoidable
gxperipental erroxw was here fairly serious. Reliable

ealeulations could be based on the amount of acetophenone,; and



of uwndecomposed esitersy bubt calculations based upon other minow
materials were @hvxnasly ?maﬁ reliable. The fraetion of @sﬁgg
breaking down o assﬁ@ph‘ 2one by the R/@i rounte wWas Q8. 78%  undew
meat coaditions, and the. charscieristics of uhws particular
E@amﬁiaﬁ conld e sepavately sepossed with some confidence.

The overall breakdown @f'vinyl hénzgate could also be
amensured guite accurately {b JO@ upon wndeconposed eoter)s bud
its appazently @imél@ nature must be vegerded with some TQOETVE o

M

It iz ¢learly dominated snd dedvermined by the majow R/U& reactiona:

-

-

and it must not be assumed Hhat all the cbher compebing renctlong

ars algo simple and of the Tivst ovdew. It is well known that many
vapour-phore weastions which appear e -be simple and give good

Pires crder plots are in faet Bhe sum of soveral complicated con-
tributing concurrent react ans L8] «

The activetion eunexgy of the overalld ﬁyfm!ysjﬂ ie
38,7 k.cal /a ole The activation cnergy of the R/éi reastion is

‘betwosn approximately 31.0 and 37.6 kngal/mela { the limits =s

estimated by two different methods; see Seetion 4 Part I). Fhnb
ef the (8 reaction has bheern colculated from the sitvyene content

of the total pyzolysete and appears o be between epprozimsd & 3y
14.2 and 16,6 k cal./mole (agoin the limibtingvelues from tWe mothads
of entimatlon). Thempe latter Tigures are surprisingly low, mud

even though determination of the W£a¢1 gtyrene content is less
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aceurate bthan that of the 2& 508 aﬁaﬂcpb@nano combent, it is
unkikely that she @ajcalaied &ct ation enexgy of the (2 weaction

is entively wrong. This large diff@f@nca botween the Rj@i and

&2

ivati

el

2 ac: ion enexgles le nevertheless consisient with previous

tontative conclusions (summorised in Section 1 Part I), that thewe
8 & marvkad diffevence between the mechanisms of these two

breakdown rountes.

S5od. Regction Mechanisms

5.4,1  The R/G: moutes
In the light of the present evidence, coupled with the
evidence of previous woxkers [2, 41, 42], this resction is besd

consgidered as precesding by 2 molecular mechanism. A four gentre

e

eyclic troanpition - sﬁzé@ for the vepour-phase resrvangement of
vinyl hengoate te its dsomeric B-ketomldehyde was éuggaaﬁ@d by
Allan,TFormen, and Ritchic [2] (see Seetion 1] The intermediate
bengoylacetaldehyde then decompones Au?tbe? 50 give &é@tophem@n@
and carbon monoxide . Bensoylacaﬁal@ehyde is @xtr@mély ungtable
and was never isclated from the pyﬁolvaate; In the present work
benzsoylacetaldehyde wap propsred and pvrolvsoﬁ ab 400569 gliving
@1m@s%‘eﬁolu$iveiy acetophenone and carbon.m@ﬁ@xidey
There was, however, »no cleay praaf'of the above

pioture, and the possibilidy of some other mechanisgm could not be
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g _ .
excluded {(sée S@@tzem 1 ko3)

Gonfirmetion has now been obtained by pyrolysing isotope

o

lebelled vinyl bengoate {550°Cs residence bime Sé B8GG. )y prépar@d
by thoe hknown ester interchange (591 ﬁatﬁa&v from vinyl acetate
and [ﬁ@GC%Hjmﬁﬁ'aowc acid., If the postulated mechanism (see
Seetion 1 Pert 1) is camweetﬁ none of the original zTadicactil ..i;A
should mppeer in the slimineted carbon monoxide from Hhe pr@pau@a
vrans lent éemz@yl&@@ﬁa&d@hﬁdﬂg wherees it caunet be corvect if
the acetophenons is inastive and the carbon monoxnide active.

ey

The wesults were cempletely in agresment with the Qrigina.

FREIN

L,
h

postulate. Some T79% of the original activity appeaved in the qu&&
pyrolysate, and acobtophenone (separated as aomlcaWE none) showed
sone 4T of the imitial actbivity. 6% of %h@ oviginel activity
appeored in the gaesos; buit when these were later sreated with
alkali (30 KOH) %o rémgve carbon Gioxide, the vesidual gases hed
only a meve twace {1-9%) of ﬁhé oviginal aetivity, which is within
the ezperimental evvor of the couniting technigues. ﬁeﬁee; it is
irmed that carbon monoxide iz in fact produced by the thermal
decarbonylation of the CHO group of the intermediate bemzoyl

aeeteldehyde.



¥

r.

Feeel?

)

nmy

[ 2
2o tio

Gt
i

Kayr!

i

- B
R Nl

cadbos

;:,3

r

e,

i

)

L0

.
"

o

5

%

R

vioh

W

l'”‘l’l‘)‘\ ok
A AT

s

o0

[/

e

Lla

Ie.

\

T
-l
[ERSAN

N

oy
ok

3,

&

>

RAMCES

I

R

L

T

~ eyt
SJPUR M NS

1o
=

I

*
N

3

e
Qg

&

Fe
L0

51

53
e

T
&

BOVNe
3

X0

0

chd

[
t

o
Wi

=]

35
2y ?
LR

e
Aa

Woep ul

ey

5.
"=
W

T oy
£3 OV
o

AR

[CeL I
£ ok

4]

o

15}

EEMR L

Ny i

3.
e

Bac

(o]
Lhe

Bl

L

”y

[N

\

(i
gl
3

"

L
-

AR

{

-

non
A AT
i A

A v

3 e

&y

(e

s g

. .
o el
R

I

L

LRV

% o
LT

(AR

LA
L)

el

e T
SLLAD

#E2

. P
ahafata

wny
SN

Wi,

3,

wy
i

nio

1 dech

"
LY

R

242

3
EXE

g s e
L

2]
D
D SRTIE NN

-

:
T
e Wa

§.



A,

by & free radical mechanism, in which each (0.0 group is complately
detached from its flanking groups before rxecombinstion of the lstew

aa free radicals, then o good deal of symmetrical frans-stilbene

should bs obtained. They were able to find very lititle unsymmeitrical
gstilbone,.

The pregents work slso supporbte the view expressed above.

The agtivation enerxgy 7Tor this mrsaction hes been found %o be

o
v

14=16 k,@ai/molgy which is vathex low for a free radical wreagtion,
However, & minor amount of diphenyl and 1,3-butadiene hap alsco

been detected in the pyrolysats. This can be best explained by
poastulating that the major decarboxylation (08) of vinyl benzeste

iz & moleculaw reaciion, a8 svggested by Redwinger and Ritchie {45]
{see Section 1.3.L, part I), and that the minor one probably proceeds

by a free redical mechanism, ag Tfollowse

Pi}.b GO& ‘,Gi{scﬂg .m______.....§ :9%1: 't' ocga 6(}1{3(}}{3 o ke 49 2B (3.;}

(rmaes

OGD@, OHs Cﬁg st @Op + uﬁﬂeﬂﬂq o Have 0 (2:‘

S s

Ph. 4+ oCH:CH,

? Fﬁocﬁnggg—y 9#209»&&’53}
Pho + oFR ey PR PR ceoovwold)

CHSCH, + o0M:CH, —eny OCH,:CH.OH: OH, sevsooalB]

&



5odod The 22 Reaction

Iﬁ hes been mentioned (Section 5.2. Pert I) that the
bonzoic scid. produced by bthiza reaction could not readily be
meaaur®ﬂ9 Hence, the content of aceiylene in the pyrolysate
was preferred as & meéémfa of the Ay, weagtion; but since there
wag not mch veariation in the amount of scetylisne, no new
evidence fox this reaction is presented here.

e

Lttle dls known about the A2 scission, though a lot

\

of work has bheen done on A' acission {sece Section 1 Part %). It

=]

QY

ar

P»...“

sesns likely, however, that tie six-membersed cyclic intermediste
proposed by Hued and Blunck [16] for the A remction elso op@ el

‘or the AR weaction. Reindinger and Ritehie, in a stedy of the

=iy

o 0

pyvolysis of the vinyl chlorobenzostes, fourd that the onset®
‘bemperatures P(CHICH) Ffor 4% scission and T(CH, .CHO) for A% -moission
{of polymexr) ave similarly and mavkedly ﬁ@ﬁ@&dﬁm% upon the dissociss=
tlon constant of the pavent acld, wheveas T(00) and T(GQ;) form &
lega depenient paiv. inbew, Rémﬁay E7&} repoated thadyr pesulin,
and fourd that metal cetalysts mevkedly dopreas T{CHZNH) end
P{ON,CHO), but does mot eoffect T(C0O) and T(CO, ). This agein
suggests that A and A seission hava o similer class of mechanism,

Anyid oG BE - f .
eyt differvent from that of R/G asnd 08 geission.
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o 8 The Tyrolveis of Vinyl Benzoate over Metals.

WA

I gerseal, 8ll the metals enployed as calalysts increased
the ovexall composite pyrolyasin, . Incressed smounis of gases

were collected. T!a orvder of aaualyuls activity is es follows

55.\ }“’@> ‘&31> €d

However, the mont effective metel (tinm) increasged the

pyrolysis by only 4%. ©he py

I‘Q

elysis dis thks not strongly
catalysed, and the small inevease in overall pyvolysis may o
dunag o0 o difference in the effective packing of the resetory.,

rather than to cedtalysis. The

o
&
53]
&
&
@
&
[
o
&
<

sherafove, do not of
thenselves excluds the possibillity of that the overall xesetion
may he hameg@n@oms rathew then the h@%@rog@neéuau

Once again, the gaSmahEGmaﬁmgramé 4id not reveal any noew
compounds, though the yields of benzaldehyde end diphenyl were
increaged. Venzaldehyde occourred in the non-cetalysed reashions
t0 only @& minute extent, while in the presence of metallic
catalystes the yileald iﬁ@re&s@& o &ﬁ@uﬁ 3% Similaxly, the
vield of Qiphenyl increased frxom 2% to 4% (approx.). The yields

of secondary preducts {hens ene and toluene ) also increased to a

R
[....s

raat extent. The yield of bonsens increased to almost double
% Lo T

the asmount formed Quying pyrolysis without meitals,
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3 —~

BB, 1 Ordgin of Cavbon dioxide

Tho gesecus pywolysate from Ihe metal-catalysed weactions
shored a mavked incwesse in the amount of carbon diloxide presond
{almost double the amouvnt with an all-glags system).

Tahle 1§

Amount of G0,: Tin as Catalyst

Temperature 450°0 500°0 550°8
Reactow alieglano &n  elleglagss Sn  all-glasd S

Residence 160 167 125 124 75
Timse {sec)

=
e

% Garbon 16.9 40,2 4.7

30.¢ 12,8 29,6
dioxide (vol.)}

% Benzene {(wbo) 0.64 Go5 0.9 1.9 2,2 502

However, gos-chromaitogrephic enalysis did not show éﬁy
@n?gﬂapaﬁéing increase in the amount of styfﬁﬂaﬁ but increase
in the amcunt of benzens was noted, again voughly double the
ampunt from non~catslysed reactions. This suggests that &
sgcondery decomposition of bensoic aeid is teking place in the
presence of metals, since decompesition of bensolc aecid is a
well known hetevogeneouns reaction. Moser [SZ] pyrolysed benwmoic
acid in presence of copper and veporited & nimémfolé inoresse in

the breaskidown.



-

Po cheek this idea, bensgoic acid was pyrolysed alone and in
the presence of tin as cosalyst. It was found that the pyrolyeis
indeed imcfeaged two-fold under the expevimentsl condibtions.

Tolo mpay explain the large increase in the amount of cavhon
Gloxide. In addition b0 bemsene gnd earbon diomide, phenel (307
and carbon monoxide were also detected in the pyrolysete from
bonzoic acid. Moser [56] had previously regorded this little~known

*

paiy of campc i%ive scisgalonss

;..;\_,_ GQ@ "f‘ G:“«BHS

Ph°GG§H
» G0 4 Ph,0B

505.2 The Acyl-oxyeen Scission

The presence of henszaldshyde in the pyrelysete confirma the
very minor acyl-oxygen secigsion (B2). This is incresssed by metal
catalyst in the weactor and high btompevesture is rvequired fox this

2

voute, which suggests that it mi ght be Iree radical in nature.

»-?-

Vingl benscate can react thus to o gmall exztent, becanse of
the préaance of & f~hydrogen stom,Where theve is no B-hydrogen
atom in She hydrocarbon group of an esber, woube B2 pradoninaies
(171

In the molecule of viayl benzoate, the electyvonr-abttvacting

propersy of the serbonyl gwroup, the nuclecophilie charascter of
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the phenyl gvoup, and the electvon repnlsion of the vinyl group
mey counterbalance sach other and seission acrosg the -0 bond
would probably be free radiecal. Bince the bond enewrgy of the

-0 bond iz 8% k.cal

[y

2a

Howevor, on the above evidence,; it is possible that the
initial scission produces two free-~radicals, while thew

disproporbtionate, thuss

PhoGOuOuGEaGE%mmmmmgxPhoGOQ oo 0.CHe CH,
+H wH
A Y
Ph.CHO 0: G CH,

I

Keten, which should sccompany henszsaldehyle in thisg Reaction,
was not detecved in the pyrelysate which is not surprising since

it is & known unsiable gas [75]. Toung [75] pyrolysed kete

h"‘

and found it to decompoese at 510°C into cavbon monoxide, caxhon

dioxide, methene, ethylene; and hydrogen

5.6  2=Phenyl-1,3-butadiene.

swanenburg {?ﬁi has studied the pyrolysis of l-gthoxzyvinyl
covboxyiates (RS = ORt, in scheme below)}, and has obtoined evidence

for the €following soquencs of reactions:

Rogrranzement: RoC0, LR 20H, ey R.CQ.CH, .CCLH

Brolispbions RoC0.GH, o00eRY vy R.C(OH)zCH.O0.R?
Aoy labions R.C{OR}: CH.C0.R? + R.00,  CRYsCH,

_..-__n;ﬂ E‘:OCO& cQRgGHBCEOORQ s E‘ie @GOOR“

Tf this idea is appliod o vinyl bemzoste (whewe R « Ph anrd



BY = ¥}, i% appears thet in addivion o the pyrolysis products
alveady neted there might be a minoy veaction seguence of the
above type, leading to Ph.C0; .(PhsCH.CHO, which would breakdown
urther by decarbonylation 0 PholQ, .CPhsCH, . Wow, since it has

been shown (Section 4.3.4 and 4.1.5, Part I) thet pyvolysis of

vinyl henzeate alone yields inter alis swmall quantities of

diphenyl and L,3-bubtediene (consietent with the idea of & minoz

,.J

free wadical componen? of O sexurleﬂ)s ite pyrolysis in the
presence of mome Ph.CO0, .CPh:iCH, might corrvesponldingly be expseted
to yield inter alis o mixbturs of 1,3-butadiene, 2;3-diphenyil-l,3-
butadiens, and 2-phenyi~l,3-butadiene (with the last nemned
predonineting). To check this idea 2-phenyl-l,3=buitadionse weas
prepared; its infrared absexpbion and chromabtogrephic retention

-

times were dotermined, and ite presence was sought in the pyrolysalte
from vinyl bensoate. The results were, however, negative. Bither
the Zwanenburg pyvolyitic sequence is not followed if RY = H, owv
decarboxylation (08) does not oceur in neasurable amount by way

of 8 Tvee vadical mechenisms there is inagufficisnit eovidence hero

o distinguish bedtween these two alternabives.



¥scharism of Pyrolytic Production of

jenzaldehyds from 2-Fhenoxyethyl Acetvate



Hochanign of QV”“ lviic production of hcnﬁ Ldehyée from

a-phenoxyethvl acetate.

6. INTRODUCTION

v

Tonggr and Rischie [38 |, while studying the pyrolysis
of the model compound 2-hydvoxyethyl benzoate for the pyrolysis
e

of polylethylene bterephihalate), found that its analogus 2-

phenonyethyl acetate breaks down thermally at 500-5%0°C in. the
Tollowing ways

“‘? AGDOE’I - QE GHO OP}“. o v e b g e 0!.\1.1

ar

L Meo.CGHO + [ PhO, CH, . Ch i 0] eosoo BB

7 . p
Aal, {—‘ZH.—; o (F -,00?11 PR GO o Phooa@j:i—- “ noeoooool.

(>}

i Flho O + Ac0.CH:CH, ouoveooald
A _
C}O + QQEIQQ om e oaQ 032/ f:i.

=

-7 Ph.CHO (+ unknown products)

-

The estoer breaks down predomimantly by A scilassi

Al

[
o
:—::}
o

N N P 2 . ’ -
give acebic asid (33%) and phenyl vinyl ether, with & 1ittle agyle
oxyveen scission to scetaldehkyde and phenoxyaceteldehyde.
Phenoxyacetaldehyie ceuiﬂ not he ddentifled in the preduciss

" e . . . A N .
but its predieteable decarbonylation (G" ) products were

.

identified {anisole snd carbon monoxide Similarly ascetone,
a major predicaable product Tzom vinyl aceltate, was also

identified.



On the whole the pyrolysis of the eeoter followa the

known hysaldown modes, except fox the very surprising formation
of benzaldehyds. Knights aud Cooper [9) also independently

found benzaldehyds {17%), on the DVFoi gig of the same ester at
G00°C in o Tlow weactor. The aim of the present work was o
elucidate the veasgtlon mecheonism by which banzaldehyde is
pensaldehyde at firvst sight end  ML3

& step whewre phenoxy group is wupturgd at the very sltable phonyls
oxygen bond. It was thought vnlikely that sueh a pyimery

.05 ogeurd, but it is perhaps possible that some homolytie

‘_n-
“4 0
fude

RRRN

Frc BN |
K}

seigsion takes ploce at the ~CH, -CH, - grouping of the molecule,

in which case the following siages may Qceuw:
!
i
]
. -
AcO ~ CH, | CH;.0.Ph
A

F200.08, 01 + {GHy . 0P ]
+H ol

AeOlio PhoOHO
{ vearrangement )

Phe wwo Tree radicale may EISpPDpOLuiﬂﬁUuQB it

cmanpior of hydwvogon, and with wvearvangement of the «(-0<-Fh

skeleton 0 «0-{i-Fh, yielding henzaldehyde.



The teontat
ahove mechanism can
=G, ~CI, ~ Linkege w
decomposed producta

thig wcmld agree wi

O
N

ive suggestion that breakdown ocours by the
be studied by labelling the ¢ abtoms of the
ith (24 and following the activity in the

(o] ’

P i Eadioactivivy appeare in the besnzaldehyds.

th the nechaniswm proposed shove. However such

a study might be difficuli, because benzaldehyde is produced to

the extent of only

10-15% in the reaction, with the further

possibility of the known (1 scission at higher temperatures %0

benzgene and cavbon monoxide. Hence, only very little bemzaldehydo

may survive in the
higher active initi
active bensaldehyde.
above reaction by m
@ompounéé
PRO.0
The advanst
(1) It eliminates ¢
in the ester Ti
(2}-Iﬁ has two symme
sclasgion oceu 2 wi
vo two identiliecal ¥a

hydzogen aund rTearvs

pyrolysate which will vequire the use of
al ester so ag to detect positively the
Eventually it was decided %o study the

eans of a medified and symmetrical model

H, .CH, . 0P
ages of this compound ave as Tollowss
omplicasions due to the acetyl groupiag
vat coneidexed.

.cally disposed phenoxy groups, so thatif
thin the -CH,-0H,~ grouping, it will give rise
dicals [PhO.CH .|, one of which may lose

"

nge o give bensaldehyde. A% the same time,

the other should give anizole.



The litevature was first of all surveyed, in & search

for known yadical vearvangement of the typs Re0-0.=p R-C=0.

Radical Reéprvangemgnts

The reactlions of ovganic molecules in the gas phase
and in non-polary solvents often involve Tree~yadical intermediates
Se al further ?eécti@ms of such intermediastes can take plaece,
including recombination, disproportionation;, étca Recent worl
has established that a further importent rveaction of the free

radigals produced in such a ayshom i intramoleculary rearrangemans

or dsomerisaticn. Detailed reviews of this topic axve given by

Fish[ﬁO] and Reutov L81]

Hadical rearvangements can be represented ks an atlack
by the free valency of the yadical on some ather bonrd in the
radical. These veactions ocecur by intramoleculay tramsfexr of an
atom or group, usually the hydrogen atde

Urry and Khavasch|82] were the first to observe a
skeletal rearrvangsmnens, while studying the reactions between
phenyl megnesium bromide end neocphyl chloride in the presence of
aobalt 3b30r1Q@} thua s

Ph - ClMe, ~ CHy. - oolTONEEMAnt,  cmo. - CH, - Ph
<3 - & .

Later, & similar type of skeletal reavrrangement was

revealed in cobalt chioride catalysed resctions betweesn



N\ Yoo
fo5)

organonagnesium conpeunds and halogen deriva%ives[@§gg in,

particular, vearrangement with 1,2 migration of the azyl

R e OH., e PEAOH s R N 107 - 14805 L
Pl& G “g CH& ‘:;txum—x\ "..‘, . —— = GHB Ch.a Lod 1k
f"., \\
Y

u&f" s g “1..

No zeferences o the phenoxymethylene radical
Ph.0.0H, . could be traced, though the two following wesnlts
arc of some velevanee. Rosuvaey and Terman [54] found that
dibensylperoxydicerbonate decomposes in solution in the Jollowing
ways

PhoGHly « 070 0. 08, 0.0H, o Ph

VmEGQg
2] Pn.CH, 0

H fzom solvent (benzene and isopropyl alcohol)

PREHO + PhCH, OH
furthermore, Portev gi ai.lag] irvadiated anisole, and

found that 1t breaks down to give & vadical ol the type Ph.O.

and not Ph.0-CH, .
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7.1  Preparation of Bithylene Glyveol Diphenyl Tihew

(1,8-diphenoxyethane ) [86].

N X - Cu ag ecatalyst
2Wa0Ph < Bw.CH, .CH, .Be Al A

PhoQ.0H, . CHy o 0Pl + 2NaBrw

Sedivm phenclabe wvas prepaved by dissolving phencl
in concentraited sodium hydvouide in walter. It was filtered
and washed with ether on the Buchner funnel to remove any
unreacted phenol and also sodium hydroxide, It wag dried
ander vacuum {Yield 100%; m.p. 61°C).

Fquimolar quantitics of sodium phenolate (232 g.) and
mahyi@ne dibremide (94 g.) were mized in xylene in 500 ml,
B.B., flask. BSome cepper bronze was added to the mixiture as
eabalyst. It wes then heated Yoy 2 hr., at 140°C mylens was
digtilled off, the rosidue was washed withwmbter %0 emove

unreacsed godiuvm pheunate, and extracited with ethez. The

desived ether was obbteined (Yield 60°, m.p. 97°C. Literature

MoWoe 9;’, G X

s

2 Pyvolysis of 1,2-Ripherncoxyethance

To2.% Pyrolysis in ¥low Reaclox

The ether was pyrolysed in the Tlow veactor at 550°C
(r@-i ence time 150 sec.) by the method described in Section

The fead wate was conitrolled woughly. dg. of the ether wvas



LOG

used, bub at thils temperature almost all of it was recovéred as
golid, and only 50 ml. of gases wewe colleate 1° The solid
prrolysate was dissolved in chloroform and a vapour-phase
chromatograph vas staken {Qwao on L colummn: 150°C). TFraces of
phenol and anisole were rveadily detected, and there waps alse
2 very small peal corre &po nding to the retention time of
Doenzelde hvdea However, in view of the very slight anouwnt of
breakdown, it was ée@id@ﬂ'%u coufirm thege pwroducts hy means

of & sbaitic pywolysis.

T.2.17 Pyrolveis in Static Reachor

The static veactor (Fig. 6 ) comsisted essentially of
tuba 9 dnch long an 1.5 inceh dismeler;, with a thermocouple

pocket. The exit

z-..t

and L

e
&
&
ol
o

quids were peasased through = coil

vhere unreagted pyvolysand was condensged and veturned o the

-“

2

readcs

%)

0. ‘Yhe gapes were coellected as previouwsly described fow
Tiow zeector. Nitrogen was pagsed thraough the appex ratus fox

sbout 2 hr. before pyrolysis. The ether was melited and dropped

in the veactery it was pyrolysed at 550°C Lor sbout I hr.

KA

z

Much tar was produced and 200 ml. of gases. and all
the material, both from cold trap and Trom renctor, was

collected in & single sample bottle and gas chromatographed av

&y

.

A50°C. Pour products were identified and measuved, as shown

in ths table below.



;

Fi{_},‘. 16 it'
.Static Reactor

To comstant De——
pressure gas
collection
device: —~—=] - From metal melting

apparatus (Fig.5)

(—zééim Nitgogen

8 "inches

Thermocouple pocket

C/

1.5, inches

Ee ey




Tablieo 16
C RN ey )

Retention times (sec.) for two duplicate runs

Compounds Pyw. X Pyres II  Contr
Benzsene 81 77 TT
Toluena 115 120 120
Anisole 217 210 212
Phsnol 340 360 350

Chromatographic conditionss

Column:  Apeizon L on €felite 545
- Temp. ¢ 150°C
Gas flow wates 20 ml minubo
SGensitivibys X310

Detector Voltage: 1250 volin.

7-2.111 Anelyeis of Bxit Coses:

Co = 768%

CHICH - 18%

Jon

nsat, hydrocarbon = 4%

Lol

Relative
Amourntas

1.0%



3 NISCUSE 1ON

The products detected in the pyrolysaie ean be

santatively accounted Foxr by the following scheme

[ PhOH  + CH, :0H.OPh
(4
PRO-GH, oG, .OPh - CHIGH + PhOH

L5 [ PRo0.CH,.] + [oCHy.0.Ph]

Rearrangenent

. . bransfex
< o7 T [uou?ﬂgom

1 Disproportionatior

.

¢

v ~ #
Pho0.Ma Ph,CHO Ph.CH, O}
~C0 J;:HQ 0
A\
Cg Hg PloCHy 0 0. CH, Pl
lél

Pho.CGHO + Ph.Ye

1;2mbiph@nexyethan@ is extremely stable, but atb

high temperatures it breaks dowa mainly by A% scission %o

phenol {6h%). Phenyl wvinyl ether, which should aesecompany this,
was nob present in the pyrolysate but it is known [38] to break

down readily to phenol and acetylene (detvected). Benzaldehyde

2 o da - - b o A
vas nov detectable in the pyrolysed products but its expectad
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decarbonylation preoducts, benzene (10%) and carbon monoxide g
were obsevved. As would be expected, banzaldehyde will not
gurvive at R50°0 in & svetic veactor foxr 1 hr. Vevertheleas

it i possible that benzaldehyde is in fact produced during

fue

pyrolysis of 1,2~dipheroxyethane as shown on p.ag

Theré ideas can be applied %o the earlier pyrolysis
0% Zephenoxyethyl acetate. It is possible that o similaw
mechanism coperates in the pyrelytic production of henzaldehyde
09 suggested on page "
Amonrg obther products detected in the pyrolysate from
1,2-diphenoxyethane weve anisole (23%) and toluene {(2%). The
production of toluene is intevesiing. It seems likely thet it
is yet another product from the phenoxymethylene radical. The

henoxymethylene vadical can form two iscmerig producis,anisole
P ¥ vl K 2

and benzyl aleohol with the gain of hydrogen o

[Pho0.CH. ]~ [PhoCH, .0
% H : ,
h i&H =ﬁ],

Pho0, Mo
PhoCH,0H  Ph.GHO




104

9. Pyvolysis of RBensyl Algehol
fiow weactor. The

s pyrolysed in &

Bensyl alcohol wa

following compounds ware identified in the pyrolysate by
gas-~chromatography by means of their retvtention times, as in

the following bteble.

Retention Time (sec.)

Compounds F?r@lysatﬁ Control

Benzene 51 20
Toluene 69 70

Benzaldehyde 120 120
Diphenylmethans LA49 150

Dibensyl 170 172

Dibvenzyl ether 240 245

Chronatographic conditions:
grease on Celite

Columps 10% Silicone high vacuum

545, mesh 80120

Column Temperaiture:
Flow Rate: 25 ml mino.

Gas
x 10 gensitivity.

Lebteector vgltag@ 8
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N

o

This confirme bhe view thaet voluene is in facth

L]

@

4

produced anonget other svbsiances by ths further decompesition

0

of bearyl alechol. It is kunown from peovious work [87]thet

dibensyl ether yields toluene and bemssldehyde on pyrolysis.

Proposed direct study of the phencxymebhylene wadical

To emmfiém these ideas fully, it is obvicunaly
desivabie o study the behaviour of the phencxymethylene
sadical, in solution or in gas-phase. This rvadical should be
produced by phenoxyacesyl prroxides

Ph(eCH, .60.0.0.00.0H, . OPh

With the loss of garbon dioxide, it should yield
THO phenoxvm@thylem@ raflicals, whose behaviour could then he
atudioed. this pevozide does not appear to be kuown, bub
Me. A F&j&cﬁﬁmwskiﬂﬁéﬂgkindl atbampted $0 preopare iv, and

[

o evaluate its stabiliby. He twled six pr@paraﬁioné by
various motheds, but withouts sucecess, though thers wes some
indication by'infrax@é-sp@@%rametry of o transient peroxide
group &% oune sitage,which vas stable only in the refrigeraior.
Due o the laek of Lime, %hié-imteras%img ides could not be
pufsue& further, but it is hoped that some Tuture worker may

comnplete the atudy.
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Gas Analysis

. . .
The gaseous pyrolysaites were gralysed in Hempels
absorption appavaetus uwsing the following solwbions,
Acatyienas Alkaline potaseium iodomereuric solution

was propared from mereuric chloride {40 g.). potessiun jodids

& W

n

{100 g.), aad sodium hydroxide (8 g.), disselved in water and

made vp to 220 ml. [90].

farbon Dioxides The solubion amployed was prepared 1

digsclving potassium hydvoxide (60 go) im water which was then
mode up to 200 mi.

Unsaturated Hydrocarbons: Bromine (60 g.) was dissolved

in an aguecus solution of potagsium bromide {(10%) # his

erbnn Monoxide: Anr amnmoniae gsolution of cupirous

AT

chlevide was prepared fyom euprous chlowvide (40 g.), 150 al,
- 7 . . o .
of {30%) smmoniwm chkloride solution, and concentrated anmonia

{30 mi. ),
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