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INTilODUCTION 

It is now generally conceded thc.t the decomposition of an organic 

compound can be realized in two different ways: First, the products may 

be formed by a single process of rearre~gement of atoms. In such case, 

the activation energy E and the frequency factor A contained in the rate 

equation 
_F/RT 

k==Ae 

as deterJ~~ned from experimental data convey real physicfti significance. 

Secondly, the products may be only formed through a series of steps in 

which the free radicals play the role of an intermediate, i.e., a chain 

mechanism. Both kinds of mechanism are, of course, possible. In fact, 

they may be operative simultaneously. The task faci11g a physical chemist 

in studying the decomposition of an organic compound, therefore, not 

only consists of the determinaioon of the chemical change taking place 

and the rate expressidn of the over-all process, but also whether the 

process comes through a rearrangement mechanism or a chain mechanism 

or both. 

The thermal decomposition of formaldehyde into H and CO, for 
2 

instance, may be a case of rearrangement process. The process may be 

pictured as the closing together of the two hydrogen atoms and the 

simultaneous spreading out of the C-H links with the subsequent forma-

tion of CO and H
2

• The lowest energy barrier involved is, in the light 

of London-Polanyi-Eyring theory, the activation energy. In principle, 

all the characters of such a process should be predictable from the 
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molecular constants of the initial and final states. 

1-~ chain process, on the other hand, represents no other than a 

combination of several individual rearrangemeht processes, among the 

participants of which are free radicals. The free radic2~ mechanism for 

the decomposition of organic compounds was first advocated by Rice (1) 

who, as admitted by himself in his paper, was prompted by the isolation 

of free methyl and free ethyl radicals by Paneth and his collaborutors 

(2) as well as other suggestive experiment like the polymeriz~tion of 

ethylene initiated by ethyl groups formed in the decomposition of lead 

or mercury alkyls (3). A little later, Rice and Herzfeld (4) were able 

to show that the chain mechanism is capable of accounting for the 

kinetic behavior of the total reaction by assuming suitable consecutive 

steps. 

For example, the decomposition of dimethy ether ~t moderate 

pressure was originally represented by Rice and Herzfeld by the following 

scheme: 

Eo. 

1 

2 

3 

4 

5 

6 

Chemical equation 

CH
3 

OCH
3 

= CH
3 

+ CH
3 

0 

CH
3

0 + CH OCH = CH OH + CH OCH 
3 3 3 2 3 

CH
3 

'+ CH
3

0CH
3 

= CH
4 

+ CH
2

0CH
3 

CH
2

0CH
3
= CH

3 
+ HCHO 

CH
3 

+ CH
2

0CH
3
= C2H50CH

3 

CH
3 

+ CH3 0 = CH3 OCH3 

1-'.e.te 
constant 

Act. Ent-rgy 
assigned (kcal) 

80 

15-25 

15 

38 

8 

For the s.ake of clarity, vte give indices t'o the different substances 
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CH 
3 

2 

CH 0 
3 

3 

CH OCH 
2 3 

4, 

and use x with the corresponding subscript to denote concentration. 

The steady state conditions are as follows: 

CH 
3 

-= 

dt 
k

1
x

1 
- k X X + k X - k X X - k X x

3 
= 0 

3 1 ~ 4 4 5 2 4 6 2 

0 
dt 

kx -kxx- 0 
4 4 5 2 4 

From these equations we can obtain 
kl 

X -1 klk4 X~ X= (4), (5), X= 
3 

kz 2, k k 4 
k4k6 3 5 

with the approximations involved in 

k2~x3 >> k6x2x3 and k3xlx2 >> k X X 
6 2 3 

The rate of decomposition of ether is given by 

~ first order equation, whence 

' 

(1) 

(
n\ 
.G) 

(3). 

( 6) 

(7), 
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and the activation energy E is equal to ~2 (E + E + E + E ), i.e., 1 j '± 5 

62.5 kcal. from the assigned values while the experimental value 

obtained by Hinshel:x;ood and Jiskey (5) is 58.5 kcal •• 

It should be pointed out, however, that in the above scheme 

several possible reactions like the combination of two methyl or two 

CB20CH3 groups are entirely neglected. If they are assumed instead of 

equation (5) as the major chain ending process, quite different rate 

expressions would be obtained. Moreover, the activation energies of 

these radical reactions were so chosen to make the whole picture 

consistent. To test the various detail .features of such a scheme one 

must know very definitely about the activation energies of these radical 

reactions. Despite much work done toward this end, there are still a 

great many data lacking. For the moment, such a scheme must be regarded 

as little more than speculation. Nevertheless, the work of Rice and 

Herzf6ld did a great service in pointing out the possibility of a chain 

mechanism. It s1:owed that the complexity of a reaction which had been 

always ~ttributed to the intrinsic nature of rearrangement process may 

well be due to the presence of certain chain processes. Therefore, in 

the experimental study of a thermal decomposition, an important point 

to establish is the extent to which free radicals are for.med in the 

course of the reaction. 

The presence of free radicals can be demonstrated in four main 

ways: the para- and ortho-hydrogen conversion method, the sensitiz&tion 

method, the irhibition method and the Paneth mirror method. 
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Pare.- and Ortho-hydrogen Conversion l,~ethod 

The pare.- and ortho-hydrogen which differ from each other in the 

nucleer spin can not change into each other directly, but only by 

metathesis (6), e.g. 

H +pH, = oH + H 
~ 2 

or by collision with a paramagnetic molecule such as o
2

, FO and NO~ (7). 

Now if some comparatively pure para- or ortho-hyc'_rogen is mixed -vd·ith the 

reacte.nt, Ecc·eleration of conversion may occur if some free radicals, 

which are parfmagnetic, or some hydrogen atoms are preEent. The hydrogen 

atoms may be produced by reaction of the free radical with the H prec,ent. 
2 

The method is useful, since the compoed tion of an para- and ortho-

hydrogen mixture may be easily determined by specific heat measurements. 

This method has been applied by Patat and Sachsse for the examination of 

the thermal decompositions of RCHO (8), CH CHO and CH COCH (9). It seems 
3 3 3 

not out of place to consider the general way in which the concentration 

of methyl groups in the case of CH CHO, CH COCH , etc. decompositions 
3 3 3 

has been estimc•.ted. It is assumed that when the hydrogen is present with 

thereaction mixture, e. stationary concentration of hydrogen atom is 

produced through the operation of the following reactions 

CH + H = CH + E 
3 2 4 

H + Cr~3COCH3 = H
2 

+ CH COCH = H + CH CO + CH 
3 2 2 2 3 

(org. subs.) 

k 
2 

Between the concentrations of hydrogen atoms and free methyl rarlical, 

there exists the relation 

k, ( org. sub.) 
t:J 

• 
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The ortho-para conversion is assumed to be due mainly to H atoms. The 

CH3 concentration is then calculated by es·cimating the ratio k
2 

/ k
1

• 

However, it must be remember~d that the free methyl radical, being 

paramagnetic, is capable of catalyzing the conversion itself. As the 

efficiency of this process is unknown, the free radical concentration 

obtained from the above manner must be regarded as upper limit (10). 

Sensi tize;.tion Methods 

The most important sensitization method consists in the study 

of the effect of the compound in question on the decomposition rate o£ 

some other substance. If a conspicuous acceleration is produced which 

can be sh~~ to be not due to any cross collisional activation, then 

it may be concluded that the compound in question yields some free 

radicals which serve to initiate chc:d.ns in the latter. For example, the 

production of free radicals in the decomposition of ethylene oxide was 

demonstrated by Fletcher and Rollefson (11) by its large catalytic 

effect on the decomposition of acetaldehyde. 

l~y polymerization reaction which can be induced by certain free 

radicals may also be made use of for the present purpose. For instance, 

the polymerization of ethylene was found greatly accelerated in the 

presence of thermally decomposing mercury dimethyl (3), or azomethane 

(12), or lead tetramethyl ll3). Since the total polymerization induced 

in all these cases are far greater than can be accounted for by the 

amounts of these substances introduced on a sto1chiome~ric basis, it 

ie evident that free radicals ar'e produced in the thermal decompositions 

of these three compounds which initiate polymerization chains in ethylene. 
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On the other h&nd, by some artificial ms~s such &s decomposition 

of certain compounds either thermally or lJhotochemicc:.lly, free rc:.dicals 

may be introduced into the substance in question. If a chain is set up 

in this way, pur.e thermal decomposition ill§Y proceed through chain 

mechanism. If there is no effect &t all, then any possibility of chB.in 

mechanism is precluded. Y,e shall illustrate these two principles with 

the cases of acetaldehyde and acetone. 

Leermakers (14), from his study of the ~hotochemical decomposition 

of acetaldehyde, concluded that the free radicals produced from the first 

act of absorption of radiation initiate a chain process above 80°C. While 

the quantum yield is o1uy 0.03 at room temperature, it rises to 300 at 

310° under otherwise similar conditions. The results were confirmed by 

£llen and Sickman (15) in their study of the sensitized decomposition of 

0 0 acetaldehyde by azomethe~e at 245 - 330 c. T.hese authors showed further 

that PQce-Herzfeld chain mechanism vlith the main chE.in propagating sters 

?. + CH CHO = CH + CH CO 
3 ~ 3 

CH CO = CH +CO 
3 3 

is satisfr~ctory in accounting for their experimental results. As the 

chain length, presumably, would continue to increase with temperc.ture, 

we can Sf;Y that around 500°C where normal thermal decomposition takes 

place, the average chain length would be greater than 300 once it is 

started. In fact, however, the methyl radical concentration; t.s estimated 

by o- and p-hydrogen conversion method (9) is much lower than is to be 

expected from 2ice-Herzfeld scheme, and the re&ction rate is not affected 

by nitric oxide (16). Therefore, v-hether acetaldehyde decomposes in a 

rearrangement process or in a chain process remains an open question. 
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The resistance of a substance to the set-ti:r.g up of e. chc.in is 

well exemplified by the acetone cc__se. 'Ihe photodecomposition of 

acetone \"j~.S studied by Leermekers (17). 'Ihe -quantum yields of ce 

production were, within their experimental accuracy, unity from 200 -

0 
400 c. Over the same temperature r£ffige, the carbon monoxide in the 

measured reaction products decreased from 50/~ to B.~;proxima.tely 33/~. 

This means that at 400°C two molecules of gas not condensed in liquid air 

are found for each molecule of eo. ~t 200°c one molecule o~ non-condensea 

gas is formed for each CO. The non-condensed gas is either ethane or 

methane. The interpretation given is that: at 400°C the two radicals 

resulting from 

CH
3

COCH
3 

+ hv = CH +CH CO (8) 
3 3 

CH
3

Cb - CH +CO (9) 
3 

react bimolecularly with acetone molecules to for m methane and the 

comparatively stable CH
2

CocH
3 

radicals. 'Ihe radicals do not further 

decompose, at least to yield a non-condensable gas, but disappear by 

recombination in the gas phase or on the wall. At 200°c the radicals 

liberated in the primary act do not react with the acetone molecule but 

disappear according to reactions (9) and (10) 

2 CH = C H 
3 2 6 

(10) 

, that 2s, a molecule of ethane is formed for each molecule of eo. 

The stability of CH COCH,_- radical is further substantiated by 
3 ~ 

the work of Rice, Rodowskas and Lewis (18). T.hey heated &cetone 

containing approxiiD£.tely 1/~ dimethyl mercury in the re.nge 350-400° c. 

No ketene was found in the product. Instead, a high boiling substance 

identified as acetylacetone CH COCH CH~COCH was found in amounts 
3 2 ~ 3 
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approximately corres1:"Jonding to the amount of dimethy mercury E:.cided. 

The evidence suggests that the followong reactions occur 

CH
3

COCH + CH 
3 3 

Pure acetone decomposes thermally at 540-620°C into methane 

and ketene (1~). If a chain mechanism plays a part here, the important 

propagating steps would ·oe 

R + CH COCH 
3 3 

RH + CtLCOCH 
. 3 2 

CH CO + CH 
2 3 

Thus a rapid unimolecular decoi!ll:>osi tion of CH COCH radical is the 
3 2 

prerequisite for the propagation of a chain. From the two studies mentioned 

previously, it appears that this radical is stable up to 400°C. i;'uhether 

it still remains quite stable at 550°C is not known. Nevertheless, a lower 

limit of activation energy for the decomposition of CH COCH radical may 
3 2 

be estime.ted from the results at lower tempe:i~ature. A comparison of this 

value vdth the one necess8ry for the success of the chE~n scheme may tell 

some more about the possibility of such a mechanism. 

Inhibition Method 

If a minute amount of some compound has a marked inhibiting effect 

on the rate of homogeneous decomposition of a second compound, then the 

decomposition of the second compound must take place, at least in part, 

by chain~echanism. In a chain mechanism a considerable inhibiting effect 

can be produced by a small amount of foreign substance, if it can react 

with the chain carrier and destroy it. 
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NO Inhibition 

Host important of the inhibition agents is nitric oxide. Stavel.sy 

and Hinshel\,ood ', ~~o) discovered that a SinB~l amount of nitric oxide can 

reduce the r~te of decomposition of lower members of ethers to a steady 

limit of only a small fraction of the original value. For instance, 1 

mm. of NO was found to be enough to reduce the rate of decom)osition of 

hundreds mm. dimeth-yl ether to about 6;'~ of its norm&l value at 540°C, 

v-;hile further increase of NO up to 20 mm. produced no more effect. 'Ihe 

nitric oxide W82 gradually used up but usually only slowly. For example, 

:2. mm. lJO was su:'ficient for the decomposition of 400 mm. diethyl ether 

\.rJ.ich, in the mean time, reacted at about one third the normal rate. If 

NO was used up before decomposition wc .. s complete, the rate rose rather 

abruptly to the normel v&lue. 

This phenomenon was explc.ined by Hinshelwood on the basis that 

the ethers decompose by a chain mechanism, and that NO is capable of 

reacting, hence destroying, the chain carrier with the result that the 

length of the chain is shortened and the total r~te of decomposition 

decreased. 

Hinshelwood, in fact, goes further. He interprets the steady 

l~it obtained as corresponding to an enti~ely inhibited reaction. 

'Ihis is tantamount to assuming that KO combine with each free radical 

produced before it can react further with other molecules. In case the 

cnains are few but long, the part of the inhi1.~ited reaction due to 

chains would be negligible, and the rate of inhibited reaction would 

be little different from the rate of rearrangement process. 
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In table ·I the reactions which have been tLsted with li;O are listed. 

Substance 

H y dr oc arbons 

Methane 

Ethane 

Propane 

Butane 

Eexane 

Ethers 

Dimethyl 

Methyl ethyl 

Diethyl 

Methyl butyl 

Ethyl propyl 

Dipropyl 

Diisopropyl 

Aldehydes 

Acetaldehyde 

Propionaldehyde 

But aldehyde 

Chloral 

Ketones 

Acetone 

1viethyl ethyl 

Esters 

Methylformate 
(heterogeneous) 

Table I 

Effect of Small Amount 
of NO 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

Inhibition 

r:o inhibition 

Inhibition 

Inhibition 

I~o inhibition 

No inhibition 

No inhibition 

No inhibition 

1teference 

(21) 

(22) 

(21) 

(23) (24) 

(21) 

(16) 

(16) 

(16) (25) 

(26) 

(16) 

(16) 

(16) 

(16) 

(16) 

(16) 

(16) 

(16) 

(16) 

(16) 



Substance 

Alcohol 

Methyl 

Cyclic ether s 

Ethylene oxide 

Propylene oxide 

Dioxane 

}..:iscellaneous 
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Table I (continued) 

Effect of Small Amount 
of NO 

No inhibition 

Inhibition 

Inhibition 

Inhibition 

Iodine-catalyzed No inhibition 
decompositions of 
aldehydes and ethers 

Polymerization of Inhibition 
ethylene 

Hydrogenation of ~ Inhibition 
ethylene 

Reference 

(16) 

(11) ( 24) 

(27) 

(28) 

( 16, :Mi tchell' s 
unpublished 
rc.sult ) 

(29) 

(20) 
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T.he above explanation of function of nitric oxide is substantiated 

by several more observations: 

(1) Mitchell ar~ Hinshelwood (30) observed a reduction of the 

quantum yield in the photochemical decomposition of acetaldehyde from 

several hundred to about nearly unity by the addition of nitric oxide 

with 1 mol nitric oxide used up by about 1 mol of radical produced. 

(2) Thompson and Meisaner (31) followed the change in the 

absorption S?ectrum during reaction of a mixture of NO and dimethyl ether. 

It was found that the NO bands progressively weakened &s ether decompo-

sitions progressed and that NH
3 

bands appeared. T.he disappear~~ce of the 

NO bands paralleled the resumption of normal ether decomposition. Using 

diethyl ether in a similar experi~snt, new bands appeared which could be 

attributed to methyl amine. 

(3) The admission of minute amounts of nitric oxide into a 

stream of ether issuing from a furnace at 800°C inhibits the removal of 

tellurium mirrors (32). 

A quantitave treatment o£ the NO inhibition phenomenon has been 

attempted by Hobbs and Hinshelwood (21, 22) and Hobbs (25). 

In the case of ethane, the theory is as follows: 

Let ~ be the concentration of the activated ethane molecules 

which yield radicals, n that of the normal ethane molecules, R that of 

the radicals or atoms which propagate the chain. In the stationary state: 

dWdt = k1 a - k 0 R
2

nY - kt::E.(NO) = 0 
w "' J/2 

whence -k5(NO) +{(k 5(N0)) 2+ 4k1k~anY) R= 
2k nY 

2 
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The term k ny allows for the o·ceration of either binary or t~Srnory 
, 2 

recombination mechanism, ~ is an unknown function of the ethane concen-

tration, which we will represent approximately by nx. In hddition to the 

chain reaction there is a rearrangement process the rE:.te of which is 

k
3
f

2 
(n) and possibly a surface reaction of rate s. The total rote, V, 

is k
3

£2
(n) + kL..:R n + s, it being assumed thc..t the chE\.in propagating 

reaction is proportional to the product of the ethane and ---~ the radical 

concentrations. 

Vwnen (NO)= o, rate =V , 
0 

Let V~ be the limiting value when (NO) is large, 

whence 
V - Voo . 2 J/2 
--- = ( (y(NO)) +1) - y(l,~O) 
V- V 

o oo - (x+y )/2 

where y = c(C ... H ) 
~ 6 

(ll) 

(12~ 

r:~· hen ethane is constant, y is £.lso a constant, while for different 

ethane pressures y varies according to (12). 

The mean chain length being measured by V~V~ is 

2 6 ' J (
c H )2+x 

v clv ... - 1 + K -cc;n;r6;;("-c~Y+s l 
I ~ 

\13;. 

For four different pr6ssures of ethane, initial rB.tes were 
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measured with different proportions of NO at 600°c. 1be relation (11) 

was found to be obeyed with y equal to val~es listed below corr6sponding 

to different initial pressures of ethane. 

p 
c2H6 

y 

57 100 

3.60 2.10 

300 454 

1.15 O.E:5 

m:. .·, 
a 

'Ihe meen chain length was B.lso found to vary with c
2

H
6 

as represented 

by equation (13). 

p 
C2H6 

~,:ea.n chain 
length 

57 

9.8 

100 300 454 mm. 

6.5 5.9 4.1 

By comparing the experimental data with these equationSit was 

found that x= 1, y= 0. 66 yield the best fit. x= 1 signifies that the 

rate of production of free radicals is nearly proportion&l to the 

concentration of ethane. That y==0.66 suggests two possibilities: There 

may be two independent chain-ending mechanisms, one involving binary 

collisions and one ternery. 

be made to vary with ethane 

choice of the ratio k '/k • 
2 2 

The ex~ct expression k
2 

+ k~'(CrH~) 
, ~ 4 c 

can 

11 (c ~, ) o. 6 6 b pressure as we as .- .rl y a 
.:- 6 

suitable 

On the other hand, there is also the 

possibility of a single ch5in-ending process, the order of"which depenus 

upon the pressure. If the time between collisions is comperable with 

the mean life of the activated association product of the redicals, then 

it is easy to show that the rate of chain breaking will depend upon the 

ethane concentration according to an expression of the form (C
2
H6)/(b+lC

4
B

6
)) 

which can also be represented over the range in question by a frv,ctior~£.1 

power o. 66, if a sui table ve.lue of E. is chosen. 

Equation (11) was found clso to be valid for methane, propane c.l-_u 

hexane. The mean chain length of each, as in the ca~e of ethane, 
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d ecreases as the initial pressure increases. 

T.he behavior of diethyl ether is, however, markedly different. 

Here the (V - V 
01
:)/(V 

0
- ~) vs. p1~0 curve is the sc..me for all the 

different initial pressures of ether, ToJhile the mean chain length is 

also independent of pressure within the pressure range 51 mm. to 400rilli~. 

at 504°C. 

L.ccording to Hobbs, this r11ay be explained by assuming the 

following chain mechanism 

(1) C
2
H

5
oc 2

H
5 

= CH + CE ,. OC.:-H5 
k 

3 .:, l-.> l 

(2) CH + C 2H50C~H3 = C2H6 +CH OC H k 
3 2 2 5 2 

(3) CTT oc ~~ CH + CH CHO k 
n2 2n5 = ,·, 3 3 ,) 

(4) CH + Cl-i OC H = Product k4 
3 2 2 5 

(5) '·'0 .. , + cn.
2

oc
2
H

5 
- Product k5 

To make it more general, the large radical CH
2
oc 

2
H

5
, 1:1hich is 

removed by the ::o, will be called S; the small r~tdical CH
3

, which reEcts 

with the ether, ~vill be cclled R; and the etherwill be called L.. The 

conditions for stationary state ere 

d(R) 
- = k (A) + k ( S) - k (::)~) (A) - K (i:~) ( S) = 0 

d t 3 2 4 

d(S) 
- = k (A) + k ( R) (A) - k ( S) - k ( f~) ( S) - k ( S) (X 0) = 0 

dt 1 2 3 4 5 

whence ( (k k (NO)) 2+Bk _k (k k (N0)+2k k ) ) ]/Z 
2 5 ~ 4 1 5 1 3 

I n addition to the chain reaction there is a rearrangement ~recess 

and possibly a surface reaction, the joint rate of which may be written 
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e.s k' f(A). 'lhe total rate is therefore 

V= k' f (A) I k2 (R) (A) 
' 

it being assumed that the ch<-.in propagating reaction is proportional 

to the ether and radical concentrations. 

V=k'f(A) + 
k (A) v· 2 (((k,/k 5 (}~o)) 2+8k, .. k

4
(k k (H0)+2k k )) ~-k k (LO)). 

4k k hJ 
4 1 5 ' 1 3 ~ 5 

2 4 

~':1'1... •.J.uen (NO)= O, rate= V 
0 

• 

The rate of the uninhibited chain reaction, (A) (k
1
k.kjk )J/2 

is thus 
4 • 4 

proportional to the first p~ver of the ether pressure. 

V~is the limiting rate when (NO) is large, then 

V- V 
CIO 

V- V 
0 t:P 

voo = k' f(li) , and 

where c<=(k2kr4(klk2k3k4)J/~ ,and p=-k/2k3 • 

(V - Voc/' V 
0

- V
00 

) is thus independent of the concentration of the ether. 

The mean chain length is given by - J/, 
k' f(A) + (A) (\ k

2
k __ /k ) r:. 

V I V 00 =- - ·- k f (A) ;j 4 

• 

S taveley and Hinsheluood (20) found that the rate of the uninhibited 

part of the reaction, k' f(iL), was of the first order with respect to 

the ether concentration, so that the above expression shows the mean 

chain length to be independent of the ether concentration. 
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It is to be noted that in this connection the real charac-ters of 

the small and large radicals are not important. It might be, as y;ell, 

CCH5 and C H OC 2H • In fact, this type of chain mechanism was first 
~ 2 4 5 

postulated by Rice and Herzfeld (4) to get the first order char~cter 

of the over-all reaction. An interesting point here is that reaction 

between NO and the light radical is relatively ineffective • .According 

to Hobbs, it may be due to the greater abundance of the large radical. 

Much work has been done to ascertain the product of the re~ction 

between NO and the free radicals. In many pyrolyses inhibited by NO, 

tests for cyanides in the reaction products have been obtained. In 

others the presence of .::;rt has been demonstrated. In still other cases, 
3 

a white solid has been isolated and it has been suggested th~t this 

solid was formaldoxime (33, 34, 35). 

On the other hand, however, reactio~s have been followeQ in 

presence of N6 and no positive tests for cyanides or runmonia were 

found (36) wherefore decomposition of CH3
No, the complex postulated, 

into CH
4

, CO, N2 and H
2
0 was proposed. Further it has been suggested 

that the stability of the complex relative to the reactants forming 

it is small. Echols and Pease (37) suggested that an equilibrium is set 

up between the complex, l.,~O and radicals in butane pyrolysis even at 

Thompson and Meissner, from their spectroscopic study mentioned 

above, suggested formation of formaldoxime might occur between CH
3 

£r1d 

NO and the reaction 

C
2
H

5 
+ l'JO = CH

3
NH

2 
+ CO 

night occur for the ethyl radical. 
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It may be mentioned in p;;.,ssint:, tho..t if Hobbs' suggestion that 

the main reaction of 1~10 lS with the heavy radical ~s true, these 

respective products may be the direct products of such processes. 

The pyrolysis of formaldoxime has been studied by 1aylor and 

Bender (aS). It dissociates first into hydrogen cyanide and water which 

react: further, but more slo·\'a.y, to produce chiefly CO £..nd ~T • i.ccordin1;s 
3 

to them, formaldoxime is more satisfactory as the intermediate between 

uethyl group and ~TO than the isomeric form~.mide, although isomerization 

between these two at elevated temperature might occur. 

Inhibition by Propylene 

The inhibiting action of propylene on therm~1~ decompositions of 

organic substances was first observed by Rice and Folly. ( 39) Its 

effect was explained by them by assuming it to remove some of the active 

chain propagating r<?t.dica~s R by renction to give PJ-I and the ~~lyl r_r.dical, 

which combined v.'ith itself to form diallyl instead of propagating any 

chain. 1be decompositions of propane, n-butane, acetaldehyde, acetone, 

dimethyl ether, trimethyl £:.mine e.nd ethylene oxide vrere all found to be 

inhibited. It would be really interesting if the reported behavior of 

acetaldehyde and acetone are true, for they both show a negative rbsul t 

toward no. But, as the authors themselves admit, the measurement of 

initial rates was not accurc.te owing to complications arising from the 

strong cataly-tic effect of traces of oxygen present as well as the 

decomposition of propylene itself. The whole is8ue, therefore, must be 

viev:ed v.Tith interest but with reserve. 

However, inhibition of the decomposition of n-butane by propylene 
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was confirmed by Echols and ?ease (4CJ, although the effect was found 

to be only 2_bout one twentith to one thirtith that with nitric oxide. 

The phenomenon of inhibition is, in fe.ct, a very general one. 

::itric oxide distinguishes itself only beceuse of its particular 

effectiveness in deactivating the free radicals. :aut any substance like 

propylene Y.'hich can react with the chain propagating radicc.l to form 

less active radicals would have the effect of inhibition. For exe~ple, 

by virtue of the stability of the C:h,_COCE group, acetone ac-ts as an 
~ 3 

inhibitor in the sensitized decomposition of acet£ldehyde by ethylene 

oxide. (11) 

Paneth' s T:irror llflethoG. of Direct Detection 

The most direct method of detecting the existence of free 

rc.dical is that developed by Paneth c;.nd others. It is bo.sed u, on the 

ability of the free radicals to combine v:ith the metals such as lead 

and mercury etc. to form some volatile compounds which can be collected 

and identified. The nature of free r~dical combining with the metal can 

at once be known when the identity of the compound is known. In this 

way, Pe.neth and his collaborators (2) first proved in a direct way the 

existence of free methyl end ethyl radicals. However, the successful 

detection of these simple free r&_dicals had been restrictec[ to the 

organic decompositions at high temperatures in which cases their 

concentrations may be rather high. Recently, radioactive lead has been 

used to increase the sensibility of th~s method (41,4~). 
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The modifica.tion consists only in meo.suring rc.dioactivi ty instead of 

identifying the metallic com)ound by chemicE~ means. It v1as claimed by 

Burton ru1d others that they had succeeded in this ~ey in establishing 

the formation of free radic~s in the pyrolysis of acetaldehyde at 

500°C. This modified method seems to have a great possibility oi 

development. In view of the s.ccure.cy of the rLc(ioactive measurement, it 

may not be too much to ho)e that before long this method will become 

most useful in mec,surE.ing the concentration of free re.dical in organic 

decomposit:!.ons • 

.. 2~fter free radicaLs have been shown to be produced in a 

decomposition, there remains the problem of determining the part they 

play in gen0re.ting short or longch&ins. The number of chains initiated 

depends upon the free rLdical producing ca:pc:·.cJ..ty of the substance. But 

the length of the che.in depends u,on the chain propc;.g<:,.ting cc.paci ty of 

the substance. These two different quc;J.ities ~:_re by no means &lways 

associated. For instance, we hE·.ve already seen that acetaldehyde can 

propagate a chain of hundreds in length c~ound 300°C without being 

able to initiate it in the same temperature region. On the other hc~a, 

there e.re compounds which can produce free re.dicals readily but cc:.rJ.not 

act e.s a medium for che~in propagation. ~~ typice.l example is azomethane. 

Because of its various interestil~ aspects we shall discuss this case 

in some length as a gooQ illustration. 

The decomposition of azomethane \7b.s first studied by H.amspergbr 

r. 0 0 oc ( 43) at temperatures between 2 l'J - 33 &nd c.t pressures from 
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O. 26 - '1 08 mm •• 'Ihe reaction is homogeneous and of first order. 'l.be 

rate constant starts to fELll dovm. E~t low pressure. 

Eeidt and Forbes (44) showed th&.t eJ_ though the fin[.l pressure is 

always nearly twice the initial pressure, the composition of ge.seous 

product changes ste~dily with the course of re&ction. 

0 
Riblett and Rubin (45) studied the reaction at 340 c by an 

anelytical method in different stages of reaction. The main products 

were found to be nitrogen, methane, ethane and a liquid with a higher 

carbon-ni troger: rr:.tio than thect in azomethane. The percentage of 

nitrogen aud, more markedly, that of methene incre~ses as r6action 

proceeds, the percentage of liquid decreases, while ethane shows little 

variation in its percentage. Furthermore, they showed that if the number 

of moles of each component produced by the decomposition of 100 moles of 

azomethane is plotted against the percent re£~ .. ct.Lun, the liquid and 

nitrogen lines are straight and may be extrapolated to yield fifty moles 

of nitrogen and fifty moles of liquid r...s the primary products. 

The work v1e.s extended by Taylor and Jahn (35) who studied the 

decomposition of azomethane in the temperature range 290°C - 340°C by ~ 

' analytic8.l method. They confirmed that methane, instead of ethane, is 

the main hydrocarbon product, and suggested (CH . .,) nE N(CH3)
2 

to be the 
0 :::, 

Jiquid in accordance with the c::.~Jproximate value of its com:;_Josition 

obtained through carbon ~d hydrogen balances. The re~ction mechanism 

was considered as consisting of mainly 

CH.N= KCH = N + 2CH
3 :J 3 2 
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and the subsequent decomposition of the hydrazine derivative to yield 

hydrocarbons and other products. The activation energy of the total 

reaction was found to be 52500 cal •• 

The supposit:,_on that azomethane decomposes into 1 molecule of N2 

and two free methyl groups as the primary step was confirmed by the same 

authors (46) through the study of azomethane decomposition in presence 

of large amonnt of NO. The i'eaction was accompanied by small pressure 

increase and yielded insignifica~t quantities of hycirocarbons in the 

volatile products. This was interpretated as indicating an initial 

dissociation of azomethane into nitrogen and free methyl groups which 

for tho most part combinsd with nitric oxide. The energy of activation 

of azomethane decomposition in presence of NO is the same c~-S that for 

pure azomethane -- a coincidence suggesting that the sa~e process is 

the r~te-deterrDining step in both cases. 

The capacity of azomethane to produce free radicals and its 

inability to propagate chains are supported by many other studies. 

Leermakers (47) and ~ce and Evering (48) both demonstrated the 

presence of free radicals in the azomethane decomposition by the mirror 

method. 

Allen and Sickman (15) found the.t :::..zomethane can sensitize the 

decomposition of acetaldehyde. 

Leermakers ( 49) sh0i.7ed that up to 27 5 °C the ethyl radical does 

not react with azomethane. 

Forbes, Heidt and Sickmann (50), in studying the photodecomposi­

tion of azomethane, found that up to 260°C the quantum efficiency lies 
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below 2. Davis, Jahn and Burton (34) concluded from the effect o£· l<O or.t 

the photolysis that the }rimary process involves only the formation of 

a methyl radic~l and that diss~ciation by a single act into ethane e~d 

nitrogen does not occur. Together, these two seperate facts shows t:u'-~t 

the methyl radical does not start ch0.ins in azomethnne. 

Of course, the cases of ace-~aldehyde ?lld azomethane as presented 

above s.re extreme ones E..n1ong various possible combinations and gradc;.tioLs. 

In every actual case it is necessary to determine whether the chains are 

short or lo:r:.g after free radicals have been shown to be present. 

The most direct way of determining the chain length is to study 

tne quantitative effect U?on the substance in question of definite number 

of free radicals produced emong its molecules from the decomposition of 

other substance either thermally or photochemically. Aside from this, 

there are a few criteria from -0·.-hich, occasionally, useful information 

to this end may be drawn. 

In a long-chcin case the products are practically those given by 

the chain propagating steps. In a short chain case, the products from 

both the chain initiating step and the chain endi~g step are iLn~ortant. 

Tnus a detailed study of the products might be helpful. 

If the free radical is of -~he -cype which can react with HO, a 

detailed study of the reaction in the presence of NO and its comparison 

uith norms~ decomposition should be informative. If the activation 

energy of the icl1ibited reaction is far smaller than corresponds to any 

bond strength in, the compound, there must be on.Ly a ve~:y small fraction 

of the primary process which leads to the formation of free radic&lG. 
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1his knowledge, togethe!" Y:i th the me on chain l(;;n6-rr·l would n&ke possible 

a rough estimate. of the true ci12..in length. 

In consider ins here the length of th:e chc.in, it is perha}Js not 

out of place to examine the validity of hinshelwood's ~ssumption that 

the inhibited ~rocess corresponds to an entirely non-chain process. 

Tnere is am:ple evidence to show that the s.bility of nitric oxide to 

combine ·with methyl, ethyl and, perhs.ps, some other radicals makes it 

ca:p~.ble of reducing the chdn length to a very small value. E0\7ever, 

evidence also exists to indicate that the chain may still propagc .. te 

a few steps before the chain carrier is caught U) by nitric oxide. 

Jahn and Taylor (51), in studying the decomposition of azomethc;.ne irl 

the presence of large amounts of nitric oxide, i ound that there was 

still appreciable reaction of methyl radicrls ni th azomethane, the 

upper limit of the rc;.tio of nitric oxide to azomethane rec-..cting being 

about 2. This is not difficult to understand. The reaction of nitric 

oxide and methyl radicals, presumably, involves also an activation 

energy of a few kilocalories. As the activation ener·g-y of this associe.­

tion reaction must be also verJ lotT, it is natural that part of the 

methyl radicals would res.ct vrith azomethane rather than with nitric 

oxide. The s81lle si tu at ion should be expected to e,xist in other NO 

inhibition cases, since the activation energies of radical-molecule 

reactions are, in general, quite low.·Thus it is quite probable that 

the inhibited reaction still involves chains of few steps. ·,nen the 

chrcins are long, this part would be negligible, and in such c~ses 

Hinshelwood' 5 f}_pproximation is essentially correct. ·;,hen the chains 

are short, however, serious error mey be involved in the approxim~tion. 
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llierefore, before the relative extent of chain process and reC~.rrc.J.-:.gcmeln 

can be fixed by this method, r.. knowledge about the leng·cL of the che:.in 

is necess~J. 

On the experimental side, the ul timv.te solution of a thermal ccecoL1-

posi tion problem is only considered to be ree.ched when we know. e~l about 

the individual process involved, - not only the chemical changes invovlecl 

but also the rE.te equations governing them. 

In fe: et, becr~usG of the ex~~erimental difficulty, exce~Jt for c:. feY.' 

simple re&::.~r2nLeDent processes, by fiT the rm::.jority of studies of organic 

compound deconr'Jositions is still fz.T short of such a go~.l • 

.Among all groups of orgs.nic compounds the c:J.iphatic ether grou) 

is one of the few t:hich have rf;cieved extensi .e studies ... ~.s the p1 esej_·_t 

research is concerned 'i i th thG therme::~ decomposition of vinyl ethyl et~er, 

which is different in type from the ethers formterly studied on account 

of its double bond, it seems necessary to make a review of the kinetic 

studies that r.ave been nc,_ce ul·,on . the aliphatic ethers, It serves not 

only for dr-c:.\':ing comparison with the results of the present study, but. 

also helps to illustrate how in~.dque.te our genero~ knovrledge still ~s 

even in such c; n extensively studied s'- ries. 

Compc.rc:.tively well studied among the ethers are dimethyl-, diethyl­

methyl ethyl- o.nd methyl butyl ether. The revie-:; will be confined to mainly 

ti·_ese compounds. Eoy;ever, the case of divinyl ether will be &dded to the 

list because of its particular charc;..cter in posse .. sing two dcuble boEd.E. 
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Thermal Decomposition of Dlinethyl £ther 

This reaction has been studied over the temperature r~ge 400 -

600°C (5). It is a first order reaction, yeilding CH
4

, CO and H
2 

as the 

final products. Formaldehyde we.s found to be the intermediate. TI1us the 

main.changes are 

CI-1
3 

OCH
3 

= CH 
4 

+ HCHO 

HCHO - CO + H2 • 

It was found that the rP.tio of the emount of formaldehyde to the initial 

amount of ether is independent of the initial pressure, and only dependent 

upon the percentage decomposition of the ether. The relation ce~ only be 

understood if the decomposition of formaldehyde is elso of the first order. 

Kassel (51) c8lculated from the experimental data that the rate constant 

for the decomposition of formaldehyde v.:r.s five times thc:.t for the ether. 

The rec..ction rc:.te begins to foll when ini tiQ.l pressurf:) goes belovv 

350 cm.. Since the re:,_te constant does not fall during the course of a 

run, the product must play some part in the £.ctivation process. It has 

been sh~~ by Hinshelwood that nitrogen, helium, ccxbon monoxide e~d 

carbon dioxide h~ve verJ small activation effect. 1berefore, the 

activation ce.n only be due to hydrogen·. This inference was verified by 

separate experiments in the presence of hydrogen. Tile rate constant at 

in finite pressure, kao , obtained by extr~:;,_polation of 1/k - J./p cune, 

conforms to the following equ&tion: 

13 -5850o/ RT -1 
~ 1.55 •10 •10 sec.. • 

Increase in surface decreases the rea.ction rate. Binshelwood 
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and .Asl~ey found th:;;.t the rc.:._te in c.. silic~ bulo ha1f-fille6 Yii tt JC\:cicreet 

0 
si1ic~:- was appreciably lower than thc..t in an empty bulb •. A.t about 535 C 

and 1'£5 mm. initial prt-ssure, the decrease v1as about 14 ~-~. Pease (52), 

us~n; two 1:::yrex tubes, one empiy and the other filled with 5 lT.rJ. yrex 

chips coated ~,-:·i th pot as si urn chloride, clso found 11.5 /~ decrease l:L. r~te 

of pressure increase in p&cked bulb &t 481°C. He considered this as 

evidence of the presence of chains in dimethyl ether decomposition. 

Strong confirmat:...oL of the existence of a chE;_in process carne form 

l:O inhibition work. Staveley and Hinshelwood (53) found that 1 lliill 1;0 

reduced the initial rate of ether deqomposi tion to a smr,.ll fraction of 

the norm£~1 value which was not changed by further addition of NO up to 

20 mm. partial pressure. As previously d~;.-scussed, this phenomenon wc..s 

attributed to the chLin character of the re&ction, and the consistent 

value of the minimum rate wc..s assumed to correspond to a fully ir.!.hibited 

reaction. The meen che.in length, defined as the ratio of normal re.te to 

0 
fully il'l.hibited rE..te, W8.s about 17 at 5C5 c. ~he activc-,tion energy of the 

fully irJ1ioited reaction was found to be 62000 cal •• 

The 2cbove postulated scheme of chemice..l che,_nge as well r.s the 

inhibiting effect of nitric oxide wc::.s confirmed in detailed anclyticrJ. 

\":ork of Gay and Travers (54)-. This method of study consisted of enclosing 

a definite amount of the ether in <:.. glass bulb, which was heated rc,.pid.l:, 

to the temperature desired r.r.d maintained at that temperature for a 

definite period of tiiDe, after which the bulb WLS cooled rc;:.lJidly to 

arrest the reaction and the content ~-. te.ken out for e..neJ.ysis. 1\-:o 

experiments \7i th pure dimethyl ether were carried out by tLeu at 490°C 

a.t concentration corresponding to O. 04 gram mols per li ter. The reactio:r.. 
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tubes were heated for 15 anc 45 minutes respectively, when the amount 

of decompositlon corresponded to 48 and ~J2 > of the dimethyl ether 

present. The following tables record their results 

Table II (in gram moles per liter) 

Sample I 

c H 

(CH ) 0 
3 2 

0.08000 0.24000 

H ----- 0.0247( 
2 

CO 0.01381 ------
CH4 0.01813 0.07252 

(CH
3

) 2o(unreact-0.04156 0.12468 
ed) 

C02 0.0003~ ------

C2H4 0.00026 0.00078 

Eon-villatile 0.00570 0.01156 
at -80°C 

Unaccounted 0.00015 0.00570 
for 

Table II (g.mol 
per li.) 

I II 

CE
4 0.01813 0.03525 

(CE
3

) 2o 
decompd. O.Ol~j22 0.03678 

Difference o. 00109 0.00153 

0 

0.04000 

------
0.01381 

------
o. 020'/t. 

0.00072 

-------
------~ 

0.00463 

ce 

H 
t::, 

Sample II 

c H 0 

0.08000 0.24000 0.04000 

------ 0.06180 ------
0.03454 ------ 0.03454 

0.03525 0.14100 ------
0.00645 0.02529 0.00321 

0.00027 ------ 0.00054 

0.00022 0.00066 
_ .. _ .. _ 

o.oo332 0.00904 ------
0.00003 0.00221 0.00171 

Table Ill (g.mol. 
per li.) 

I Il 

0.01381 0.03454 

0.01238 0.03093 

Differer.ce 0.00142 0.00361' 

~~y other experiments were made with packed 8~d unpacked bulbs. 

In all these experiments the amounts of carbon monoxide and hydrogen 

were always found to be approximately the ~me. The rate of decomposition 

of the ether, as determined from the amount of methane formed, was found 
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to be Imlch slower in packed bulbs than in unpe-ccked bulbs. 

The results of some t;r')ical experiments 1·ath ether-NO mixture 

are listed in the following table. 

Table V 

T 520°C Initial (CE
3

)
2
o 0.00458 g.moJ/liter .. t 15 minutes. 

Serial 1·'0 (initial) NO(final) H CO CE CO Final 
2 4 t:, (CE2) ~0 

1 0.00000 o.ooooo 0.00203 0.002165 0.00250 0.000065 o. 002.33 

2 0.000055 ------ ------ 0.00011 0.00014 0.000045 0.00442 

3 0.00015 ------ --- ... --- 0.000035 o. 00015 0.000015 O.t)0441 

4 0.00026 0.00011 0.000035 0.00005 0.00014 0.00005 0.004:51 

The above results establish the chemica~ changes that take ;place, 

and that a large pert of the decomposition takes )lclce by a chain mechu.nism. 

The effect of increased surface indicates that the chain m~y ·be quite lmng • 

. Very little is revealed, however, about the mech&.nism of the chain lJroces s. 

~<uch light was throvm u1:on this aspect by Leermakers' study of chain 

decomposition of dimethyl ether photosensitized by ['_cetone (17). 'l11e 

reaction was followed by the amount of methane produced which was, in turn, 

obtained by substracting from the amount of non-con<iensable gc.:.s twice the 

volume of CO found. _,_t temperature range 160 - 400°c, the follm:.:ing 

equation was found to hold 

d (CH
4

) I 
r,bs. k (CH

3
0CH

3
) -

d t ( cH
3

) 
2
co 

where Ir,.bs. J.S the product of the incident light intensity e.nd the frac tior:. 
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.10
3 e-1600Q/ Lt 

of light absorbed by acetone, &.nd k= 't. 3 

-1 sec • The quantum yield of methane production or what was as~umed to be 

the equivcdent of ether decomposition, was 0.s high as 230 at 400°C for 

experireents of lowest light intensity and \vas about 11 at 270°. 

For the detail mecho.nism, Leerm£;.kers sug2oested the folloriin6 scheme 

CE
3

COCE
3 

+ hv - CH
3 

+ CH
3
co (1) 

CH er CH + CO ( 2) ·...) -
3 3 

CH + CH COCH - CH +CH COCH ( 3) r, 20 kcal. •.V 

3 3 3 4 3 2 "3 

CE + CE OCH - CH +CH OCH (4) C; 15 kcal. 
3 3 3 4 3 2 "LL 

"" 

CH
2

0CH
3 

HCHO + CH
3 

(5) ,-. 35 kcal. 'c) ·s 
CH

2
COCH

3 
+CH OCH_ = CH C !lC'. + c:;. OCH ( 6) 20 kcal. 1.1 U ,; 3 ,j 3 3 3 2 6 

CH20CH
3 + CHZCOCH

3 
= X (7) n 

'"'7 
10 kcal. 

Tne activation energy values were chosen to justify the following 

approximations: Iabs. is small compared to k3(CH3)(CH
3

0CH
3
), 

k 6 (CH
2

COCH
3

) (CE
3

0CH ) and k k I (CH
3

0CH.) ; 
- 3 5 6 abs. 3 

k
3

k.
1 

( CH
3

) ( CH
3 

C OCH
3

) 

and k4 (cH3ocE
3

) is large compared to k
3

(cE
3
cocE

3
). The choice of (7) 

as a chain ending process was made because it led to the right rate 

expression. T.he final expression for the rate of decomposition of 

dimethyl ether is 

d ( Ch
3 

OCH32_ 
d t 

the second term on the right side of the equation being negligible. 

considering only the first term, e~d assuming with Rice and herzfeld (4) 
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14 
that the coefficient of the exponential ~n first order re~ctions is 10 

B. n d in seco~_d order reaction is 101 .::1, v~-e nave 

k k k 4 c::, .-- ·,· - 2oooo I -::~ '11 

k = · ""=10 e ·· 
k k 

3 I 

-1EOOO /h'l 
Y:hereas the experirilental value is k = 104 e • 

From this it can be concluded that the chain ln the normal dimethyl 

ether decomposition must be very long. ; .. s the mer..n chain length is only 

about lr/ at 565°C, it is pro bable that only a small fraction of the 

ir~ibited reaction results in the production of free radicals, the major 

part of it being a rearrangement process. 

L very interesting point here is the way in wilich the formaldehyde 

decomposes. filetcher and Rollefson (11), on strength of the fact that the 

decomposition rate of formaldehyde as an intermediate in this reaction 

is fifteen times as great as that of pure formaldehyde, suggested that 

formaldehyde was decomposed here by a sensitized reaction in the presbnce 

of free radicals produced by the ether. Thic explana.tion has been rend6:.·6d 
. 

of quite doubtful value by an int.::.r·esting study made by Steacie and 

..:~.lexander (55). They decomposed mixtures of deutero-s.cetone and ordinary 

dimethyl ether at 5';;;0°C. If the decomposition of formaldehyde is not E•. 

chain process, the hydrogen obtained should be all light. On the other 

hand, if formaldehyde decomposes through a radical mechanism such E.s 

J.i. + HCHO = PJi + CEO 

CHO = H +CO ' 
t hen as the hydrogen atom must have a good chance of extracting a 
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deuterium c;;.tom from the deu·cero-compound and the hydrogen gas obtained 

should have a high content of deuterium. In fact, they found the.t V!l thin 

an experimental error of about 2 ?~ the hydrogen from the mixture v;as 

entirely light. This result rLther indicates that the higher ra.te of 

decomposition of formaldehyde as an intermediate in dimethyl ether 

decomposition is not due to the action of free radicals, but may be due 

to the presence of some energy ch:;ins. 

Thermal Decomposition of Diethyl Zther 

Since the first work by Hinshel~ood in 1927 {56), the thermvl 

decomposition of this ether has been repec:.tedly studied by vc.:rious 

investigators. 

'Ihe reaction at normal pressure i.e. around l3.lld belot'i 1 atm. 

may be considered first. It is essentially homogeneous and is icllibited 

by nitric oxide • .f.~dehyde was found as an intermediate product. Davoud 

and Hinshelwood {57), vtorking with ether at 300 mm. both pure and in 

0 
the presence of 5 mm. NO &t 547 c, found that in both cases the amount 

of aldehyde incree.sed a.t first with time, passed through In£.ximum, e..nd 

then decreased. 1ne rr~imum for the inhibited reaction a}pears in a 

later period than that for the norma.l retlction. The r<:.te of decomposition 

of aldehyde in both cases can be inferred from the curve. The ratJ.o of 

rates thus inferred at correspondir .. g pressures of e::.ld.ehycle Y,"ithand 

without nitric oxide is 2.'J • 

Fletcher and Rollefson (58), however, carried out quanti t:;~tive 

estimation of both formaldehyde and acett~dehyde at 507° and 552°C 
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0 for an initial pressure of 200 mm. and £~t 552 for an initial pressure 

of 20 mm. Their results on total aldehydes are similar to those of 

Davoud and Hinshelwood, but the E:mount of formaldehyde vies found in 

each cz.se to constitute from 20 - 25 ~·~ of the tote.l e~dehyde. 

The resu1 ts of gas· analyses from these two se)ErE_te studies e_r·e 

as f oli. ows : 

F1etcher and Rollefson 

200 :c.1m. T 50't °C 

t:.p/ L:'Poo Hydrocarbcn /J 
Unsc...t. Satd. 

7- <J, 

n2 /~ Pressure 
increc.se I o 

o.os 7.6 '17 .4 7.4 7.6 10 

0.075 10.0 ?4.8 7.0 ~.2 15 

0.25 9.5 68.2 5.3 17.0 50 

0.40 8.5 68.5 4.0 19.0 80 

0.50 10.5 60.~ 4.3 24.3 100 

o.~o 8.5 57.9 4.3 29.3 180 

Lavoud and Hinshe1wood 

Po 300 mm. T 547°C 
C02 

Pressure CO.-. 02 C2H4 CO H CH +CH Ratio on cor:1bustion 
t:, 2 4 ~ 6 Gas increase e, ,r;; 

25 1.~ 1.9 8.4 24.1 3.1 60.6 1.38 

35 0.7 1.5 8.1 23.7 6.2 5~.8 1.24 

50 0.9 1.7 6.9 27.8 4.0 58.7 1.41 

60 0.6 0.6 4.4 2<J .4 5.2 59.8 

75 o. 'j 1.6 5.0 26.1 2.7 62.7 1.47 

85 0.8 0.4 5.6 29.0 6.2 58.0 1.31 

100 1.1 1.6 8.7 28.6 6.5 53.5 1.35 



(continued) 
coc 

Pressure co0 0 C H CO H CH +CH .. t . ;'., on c ombin~.tion ,-·r; ~0 ----
2 2 4 

- !..L.·. 

Increase -1 ~ Ll 2 6 
'·I ~ Gas ;~ 

110 0.5 0.8 5.1 31.4 3.6 58.6 1.31 

125 0.8 0.6 4.3 33.1 3.4 61.8 1.35 

135 0.3 0.2 4.0 32.D 4.9 58.6 1.37 

150 o.o 2.2 6.2 32.5 4.9 54.2 1.36 

Po 300 mm. T 547°C p,.o 5 mm. 
l·J . co2 

Pressure. cor 02 C H CO H CH +C H on combil15.tion Ratlo ----
Increase -.· t:.J 2 4 2 4 2 6 Gas ;o 

1~·. 8 1.7 1.5 20.6 re: 2 ~.;. 4.8 46.1 1.41 

30.6 1.8 2.2 16.5 25.5 3.7 49.7 1.45 

41.0 1.5 1.8 15.0 24.8 3.8 53.1 1.30 

49.8 1.7 2.1 12.9 24.5 3 a r( 55.1 1.26 

60.4 2.1 1.7 8.6 29.7 4.5 53.4 1.40 

70.2 1.8 1.0 7.4 30.3 3.1 56.4 1.43 

ao.o 1.4 1.0 6.6 32.6 2.4 56.0 1.35 

90.1 1.7 2.3 5.6 31.0 3.1 56.3 1.47 

100 1.3 0.6 4.5 32.2 3.2 58.2 1.45 

110 0 u . ;; 0.5 6.0 32.8 3.6 5C.2 1.33 

120 1.4 0.6 6.8 31.2 3.7 56.3 1.38 

130 1.5 0.6 ~:. 7 34.3 3.2 52.7 1.40 

1.40 0.9 1.2 8.0 34.2 3.4 51.5 1.43 
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D2.voud and 1-~inshelwood proposed the follo-,-~ing equ<:.:.tions to 

represent the change~ 

(1) 

( 2) 

( 3) 

(4) 

C E OC H = CE CHO + C H 
2 5 z 5 3 2 6 

C E OC E = CH ChO + C 1: + h 
2 5 2 5 3 ~ + ~ 

CH.,ChO = CHLL + CO 
.) .... 

- 2C H. + h 0 
2 4 .:, 

(Surf~ce r~action) • 

(1) and (3) are the mc·.jor chr.nt:,es, (2) is postulL.ted to account for the 

presence of E
2 

and C~H4, and (4), considered as a surface change, is 

postulated to account for the disparity between the amounts of E, and 
~ 

C :::.E 
4

• They postulated reaction ( 4) as a surfe.ce reaction since , when 

the surface of the reaction ves Eel wt.s poisoned by a c&rbonc.ceous film 

obtained by decomposing e.cetone vapor <;._t 800°C, the amount of ethylene 

formed was found to be ap)reciably decreased. 

Fletcher end Rollefson, on the other hand, ::~ostulated a different 

set of minor ch&nges. Their scheme is 

(1) 

(3) 

( 5) 

(6) 

C H OC _ H - CH Ch 0 + C H 
2 5 ~ 5 3 2 6 

CE
3

CHO = C~I4 + CO 

C,..E 5 0~ 2Hr:: = C,H + CH
4 

+ HCHO 
2: " ~ 4 

HCHO = H
2 

+ CO • 

Although the scheme of Davoud and Hinshelv.rood nust have some 

deficiency for fe-iling to take account of the presence of HCHC. It 

appears that Fletcher cnc~ Rollefson' s scheme also is not satisfactory, 

since their scheme indicates that 

which is, however, far from being the cc.se accorclir..g to Davoud Wld 

Hinshelwood's results. 
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The difficulty involved in cl2rifying these minor reactions is 

immediately apparent. The accuracy of presert experimental r:.ethods used 

in .the analysis of small e~ounts of complex organic mixture is, in gener&l, 

poor. Furthermore, if the minor reaction is of heterogeneous nature, it is 

even difficult to reproduce the change. Y{ith s. mes_gre experimental 

information in hand, it is naturally very difficult to decide upon the 

right course of minor reactions emong numerous plausible s~ ternatives. 

That a chc~n mechanism is involved in the reaction is borne out 

by the following facts: 

(l) The r&te of decomposition of acetaldehyde as sn intermediate is 

greater than in the pure st&te ( 58). 

(2) The aldehyde, as an intermediate in the ether decomposition, 

decom~oses slower in presence of nitric oxide (57). 

(3) The decomposition of the ether is inhibited by nitric oxide (20). 

(4) The decomposition of acetaldehyde is accelerated by the presence of 

small amount of ether (58). 

(5) This sensitized decomposition is inhibited by nitric oxide (57). 

Kinetically the first order constant rises with pressure and 

approachs a limiting rate eround 600 mm. or higher. The addition of 

hydrogen at lower pressures of ether restores the rate to what it would 

be at higher partial pressures.(56) The effect of deuterium is 

uncertain ( 5'~). 

The dependence o!· the reacii.ion rate upon the ether )ressure is 

nearly the same for the NO inhibited reaction as for the uninhibited 

reaction. The same effect of hydrogen is also observed here as in the 

unirJlibi ted case. ( 20) It is thus evident that the fall of rc..,te v1i th 
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decrease in initial pressure has liitle to do with the chcdn character 

of the reaction, but is due to the failure to att;;;.in ~-·i?.xuell-Bol tzmar;n 

equilibrium concentration for the activated species by collisional 

activation. 

There is quite a range among various activation energy v2~ues 

determined by different workers. This is partly due to the different 

ways in Y.rhich the r2.te constant of the ether decomposition is taken, 

and, of course, partly due to the unavoidable experimental error. 

Activation Energy for Uninhibited !le action 

~ctivation Energy 

62,000 cal. 

58000 CC?..l. 

53,000 cal. 

Method of Deterw.in<:::..tion 

Initial rate of pressure 
change 

Aldehyde factor 
corrected 

50 ~ pressure increase 

; .. uthor 

Rice and Sickmann (60) 

Fletcher and Hollefso:r:l 
(58) 

Hinshelwood (56) 

;'"ctivation Energy for NO Il'·:hibi ted Reaction 

Activation Energy I~ethod of Determination 

67,000 cal. Pressure change 

62,000 cal. Aldehyde corrected 

l:.uthor 

Staveley and l-linshel,;:ood 
(20) 

Davoud and Hinshelwood. 
(59) 

Our knowledge about the extent and charLcter of the che.in part 

is comparatively meager, but may be briefly outlined. 

(1) An estimate of the concentration of free radicals has been made by 

Davoud and Hinsheb-iood ( 5rl). From 300 mm. ether at 546°C, the maximum 

nressure of aldehyde formed was 60 mm., and the ro_te of decomposition of 
... 

this aldehyde in presence of ether alone was 2. 9 times as great as s_t the 

corres)onding pressure in nresence of ether and 1:0. It is assumed the.t 
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the incree.sed rate is caused by free radicals from the ether, there 

being good evidence that none is due cldehyde itself. rihus the rate of 

the radical-catalyzed reaction is 1. 9 times the normal rate, found C~.t 

this pressure to be 1.85 mr~. /sec •• The number of molecules reacting 

. 2 1 15 per c.c. per sec. 1s 4. • 0 • It is assumed equal to the number of 

collisions betVieen aldehyde molecules and free radicals, rwltiplied by 
-d ?.T 

e , ~n1ere E is the activ&tion energy for the reaction between 

acetaldehyde and free radicals, known from the study of the photochemical 

reaction of CH CHO at 300 - 400°C to be 9700 cal •• At 60 mm. ~d 540°C, 
3 

the number of collisions be~veen acetaldehyde molecules and radicals is 

'i-, s•1o8
n1 , where ~ is the number of radice;~s per c. c •• According to the 

o -';//00/le98 •sl:;; 15 
assumption made 4.5 • 10 n

1 
e == 4.2 • 10 vn1ence 

-..j -10 
n = 3. 6 • 10"', which is equivalent to 1. 35 • 10 gram mol /ll •• It is 

1 
pointed by the authors that there are t·wo sources of uncert&inty. li''irst, 

some of the aldehyde mi.g~.t be formed in an active-ted coLd::. tion, decomposing 

immediately. Secondly, the valu0 of = Qerived from the photochemical 

experiments depends u~Jon the assumption that there is no c..) ~reciable 

activation snergy for t~.e combin~:tion of two free radico~s, which i::: nearly, 

but IIIB.y not be quite true. 

(2) The sensitized decomposition of O.iethyl ether by ethylene oxide hc.s 

been studied by Fletcher and Rollefson (11) .With ~:. mixture containing 5 /~ 

of ethylene oxide the initial rate &t 441°C for an ether pressure of 180 n@. 

was increasec~ by a fe..ctor of t·nenty, and the ree~ction went 82 ;, tovvard 

completion. If the chain length of th6 ethylene oxide-catalyzed res.ction 

ls not very diff€rent from that of the chains in the normal ether decompo-

si tion , it is apparent that the proporil.ion of free re.dicals produced 
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directly from t;ther is only about one fou1· hundredth of the propor·tion 

from ethylene oxide: Considerably less than one ether molecule in a 

thousand, therefore, forms c:. free radic&l. 

l'Jow the mean chain length c:~t 550°C is about 3. 7 (5~). If th~ fully 

i:nhibited reaction corresponds prr..cticclly to the rec:rrangement process, 

the chc:in part in the normal reaction would be (3.7 - 1)/ 3.7, i.e. 73 ;" 

of the total reaction • 
• 

Viev:ing these two pieces of irt..forn~ation together, it may be inferred 

that the chains propc:.gc:.ted in the ether decomposition c.re quite long. 

The mechan~sm of the chain part of the ether decomposition into 

ethane and acetaldehyde has been postulated as: 

( 1) C 2H~OC 2H5 = CH .:5 + CH2 OC 2H5 

(2) CH
3 

+ C}l
5
oc

2
H

5 
= c

2
H

6 
+ CH 

2 
0C 

2
H

5 

( 3) 

(4) 

CH
2
oc

2
H = CH CHO + CH 

5 3 3 

CH
2

oc
2
H

5 
+ CH

3 
= R • 

It yields the correct products and gives the correct first order 

for the chain part. But it is easily seen that the same conditions may 

be fulfilled by suitable variation of the above scheme. The primary 

chain initiating step may be carbon-oxygen Sylit instead of carbon-ca~bon 

split. In the reaction of methyl or ethyl radicals ~~i th ether, the free 

radical may simply take one hydrogen atom away from the ether instea.d of 

breaking the carbon-carbon bond as postul~ted in the above scheme. The 

bond energies of carbon-carbon and carbon-oxygen do not differ largely 

from each other. It mc-.. y be that in the p:cimary pi: ocess both carbon-carbon 

and carbon-oxygen splits take place. As to the propagating process, it 



-41-

<;:;;·:;e[.rs theoretically that a:n E•.ttack u~~on the '.':ell-shielded carbon-cc.rbon 

linkage by the free radical is quite unlikely GS compared v.i th an <=ltt£: .. cl\: 

upon the outer carbon-hydrogen linkage ( 61). 

It is interesting to note that se.llle indication can be obte;dned 

from a compar2.tive study of the deutero-compound and hydrogen com1Jound. 

b_ccording to Davoud 81ld Einshelviood ( 5S), the rE.te of decomposition of 

:r·=-ether is about twice that of the D-ethe;:-·, but the meo.n chai~n length 

of D-ethe:r is smaller than that of n-ether. Thus the chain part of the 

:-i-ether is more than tv.rice as fast as the chain ~;art of the D-ether. 

Since the priG£TY process of the chain reaction depends Uj_~on the b1·eaking 

of a carbon-cc:.rbon or a carbon-oxygen bond a.nd is, therefore, unlikel:;- to 

be ::.Mch slo~::er for the deuterium comJound, the observed results )robably 

means that the introduction of deuterium slows down some later stage in 

the chain })rocess. This i..s consistent ~::ith the idea th().t one of the chain 

steps involves complete ru·,Jtu:ce of a carbon-hydrogen or carbon-deuterium 

bond. 

!.:e'.-.'itt and Vernon (62) stud:_,_cd ether decon~:osition ~round 400°C 

at nressures between 2.·j5 c:.tm. and 13.8 c:d;~,1 •• Both HCEO and CH CnO v.ere 
• 3 

found to be ~resent in the products in qu~tities depending upon the 

initial pressure of the ether and upon the stage of' decomposition at 

which t.(::_e reaction was e.rrested. In individur.l experiments aldehy6.es 

a~).:_Jeo.red in considerable quantities c.t e" very early st ... Ee, increased to 

a maximUm, and therea:Lter diminished slowly. The main gaseous products 

were eo, c
2

H
4

, c2
H

6 
with smc.J.l amounts of C~H4 and H

2
• The velocity 

constants fo:t· different initial pressures followed a relation of £1.. highEir 

order th&n the first. 
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'ilie higher pressure range Y:<..s furti1er ext8nded by Steccis (.;._ne 

others ( 62, 64 ) to as high c:~s ~20 cdm.. '_:he reaction '.iLS f'ou1:ci. hor1ogeneous. 

The ref~ction rc .. te r;:s determined both by pressure che.nge ccl:d analyticr .. l 

results still showed an increBse v,ith the initial pressure. The rLte ~--t 

""'8"' rt~ ~ U c.:t ... .Lie 'ltYr..s found to be fc.r greater thu:. the limiting rate extra)olr.ted 

from the runs 2ct normal I-Jres sures. It seems probable thc.t c.n 5ntirely 

different procesF of activation may be o::_:::erative in such r.idely different 

pressurE- rc..nges. The products YJere mc:i.nly the sE . .me e~s in low ..:.:~ressure \7orks, 

although certain condensation )recesses -r;er e fe;.vored by increB.se ir. ::_:;1 essure 

as indice.ted by a decrease in the percentage pressure increase at the end 

point. 

Thermal Decomposition of Lethyl Ethyl Ether 

Tne react:Lon was first studied by :--linshelwood 8.:t~c. Glass ( 65), c.nc. 

late:: by Steacie (66), by Ure eJld Young (67), and by ~-ice, 1 
•• alters e11d 

-, f, '68) rlfll,.. t- ...L obta-ined by ~~.;1:shelwood &.~.d Glass h&.S beerJ. !'.uo r \ • L.u.e reac J..On r<:. ~,e ... .._ 

shown to be considerably faster than normal on account of the c&talytic 

effect of a. rrw.11ute amount of iodine compound introduced during the 

pre::;c:.ration. Therefore only the later studies need to be considereC:. 

Ste<.:;.cie ees.sured the times for 25 ;:~ pressure increase at temperc;.ture 

range from 460 - 5[0°G under different initial pressures. This value t.- r­
.:::.:J 

increases ~:.ith decrease in initie;l pressure. 2y extrapolc:~ting the t 25 - J/p 

curve and by putting ka=> equal to O. 30 times ~ t ~ 5 ) 
00 

, obtained from the 

extrapolation, he obtained 

k 
00 

12 
3.36 • 10 e 

-1 
sec • 
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Some analytical v:ork V.'c.s done by Ure end Young. 'Iheir r&sul-~s on 

the composition of the products both at completion of re£:.ctior.~. &r.:ci. <:.t 

partial decon~osition are listed in the followi~g t~bles. 

Products of the Thermal ~)ec omp osi tion of J.,Iethyl Ethyl Ither 
nt Complete r~e8.ction C'. 

Temp. =ther Percentage 
oc samnlE- Unsat • ... 

C0
2 

C F 0- CO .,.~ Ch c }i n 2~-4 2 2 4 2 f 

/ 

509 2 2.2 4.0 0 28.3 5.7 53.8 2.0 

510* 3 0 0 1.0 33.3 1.1 55.7 4.7 

456 4 c 4.0 0.8 30.8 4.0 55.6 4.7 

457 5 0 5.1 0.8 33.1 8.4 45.2 6.6 

4l-7 5 2.9 c~. 7 0.7 31.8 9.8 52.7 4.4 

50~ 5 0.2 1.8 0.5 32.0 ::J.4 50.5 5.6 

* pc:.c~{ed bulb 

Pl~oducts of the Partial Deconmosition ... of i~ethy 1 ~thy 1 Bthe r 

Temp. Ether Percentage 
oc S~I:J.p1e Unsat. 

C0
2 C2H4 02 CO H CH

4 
c t-

.L 
2 .:.., 6 

400 5 0 6.8 1.0 32.2 5.1 37.'-:J 11.6 

486 h 0 1.7 O.E 31.2 7.5 52.5 I' ,-, 

~ 
I • ·;; 

507 5 0 4.5 1.2 38.7 8.3 41.2 3~ 

;.cetcldehyde end formaldehyde were both detected in the products. 

The amount of latter was elways much smaller than that of the former. 'Ihe 

following sheme "v78.S :qroposed for the over-all reaction. 



CL
3

oc 2
H

5 
CI-i c-: o + C'. - L 3 -- ~ 

CH
3

CEO c· + CO - '.t1 ' 
~ 

CH ,...,.., r- hCEO + C H 1.-·\..• ,-~ 
"') ,, .... -
~ ~ ;:; 2 c 

C2H6 C2H4 + .(j_2 

";._TCr.;-0 - I-.. , + CO ~ .l _ ... ., 
/{, 

c p + H= c .c~ 2-~4 2 2 /' c-

'Ihe first tY:o steps consti.tute the major che.nges, the others bE-in[ rr:1nor. 

',7ork v;ith nitric oxide (53) ge;.ve result indicc:.ting that chains ~Te invo.Lv&d 

0 
in tllis decomposition. The mean chain len6th at 570 c is 7 .5. The e.ctivc~tion 

energy of the iflllibite;d reB.ction is 6~ kcal. 

Fice, I. a~ ters and :?..uoff ( c6) also found considerable 8.ll1ount of aldehydes 

in the decomposition 9roduct of this ether c.c•t 448°c and 473°C. 

These authors, in addition, hs.ve studied the s8nsitized decornpof?j_tion 

of T.:ethyl ethyl ether by methyl re.dic£·ls from azometha11e. The experiments 

were carried out at 300°C where norms~ decomposition of this ether is 

negligible. Their results ere aP follows~ 

Temp. 
oc 

297 

CO 

124. '{ 

:2xperiment 4 

Vol. ether Vol. 
c.c. r.':L'.P. azomethane 

c.c. l,!.T.P. 

3351 

~~ Ini ti&l ~~ Pressu:c e 
azomethane -;_Jressure increL .. se 

mm. 

473.5 1C.4 

Time 
min. 

Result of 6.istill.ation, using Podbielnia.k column, s.nd alw.lysis 
of products c.c. at E.T.P. 

!-I CH C2H4 C,.n :-, 4 CE OC H .:.. i, 6 3 2 5 

44.3 34.7 10.2 94.4 28?8 
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• 
2 

Ether decomposed .:>351 - 28'l '-- = 473 cc • .::.t l;. T.P •• 

b 
From the a.bove data it r,-c,_s es-circated that there r.ere about 400 cc. 

( at ~,:TF ) of aldehyde and higher boiling compounds that ,_-,erG Y10i 

decom)osed. 

Experiment 5 

Temp. 
oc 

300 

Vol. ether Vol. 
c. c . .. :TP azomethane 

c. c. l, TP 

288~ 102.3 

Eesults of distillation and 

CO H CL c r ·, 
o.l l.L ;;;; L_. .- 4 .:. 

€30 1•)<'. 
• .Jt:. 1347 5.9 

r 

cf! /" Ini ti&l /~Prsssure 
azomethane pressure increase 

r.ml. 

3.43 42c.o 55.8 

analys~s of products cc. at 

c 1-i CH oc H 
2 6 ~ 5 3 

264 1553 

~ Ether decomposed 2884 - 1553 = 1331 cc. o.t l\i'IP • 

Time 
rn~n. 

28C 

N'IP 

b 
From the above data, it Yir.s estimated that there r;ere about 600 cc. 

(at I:T? ) of aldehydes and higher boiling point compounds the..t wei s 

not decomposed. 

Both c:.cetaldeh?de U'lc formaldehyde were found to be prGser.:.-c. 

Assuming that each molecule of azomethnne gives two methyl groups, the 

number of ether molecules decomposed by the addition of ez.ch re.dical 2r. 

ex~)· 4 lS 17 e..nd in ex-r)• 5 ~s 7. It may be mentioned that these 

ex:?eriments ,,,:ere performed by rice, 'J.el ters Et11C F~uoff chiefly to test 

the probability of the reaction 

i.e. the probability of a fre( r~.diCE'.l ettc;_cking the bon(Lec: oxygen ~ tor•1e 
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.P .. ctually, they found no break, even no trace of inflectio::-:, in ths 

distillation curves at the boiling poir~t (-24°C) of dimethyl ether. 

From the accuracy of this method as found from the ble~~ runs, they 

concluded that not more the..n 5 ~;~ of the methyl ethyl ether decomposed 

in experiment 5 or 10 ~ in ~xperime~t 6 could h~ve ch8~ed into dimethyl 

ether. 

It is plainly seen that the chemical ch~es taking place in the 

sensitized decomposition are very much the same as these in the normal 

decomposition. Therefore, very probably same chain mechanism oper8.tes in 

the sensitized decomposition case and in the chain part of the normal 

decomoosition. 
... . 

Thermal Decomposition of :i/[ethyl n-Butyl Ether 

.f .. detailed study of decomposition of methyl n-butyl ether was 

made by I.~s.gre121 and Taylor (26). The reaction ,::£.s found to be essentially 

homogeneous, 10 ;: of the r:::action being, however, due to heterogeneity. 

It was approximately first order c..bove 200 mm. pressure and 3/2 order 

in the range from 25 to about 100 mm. pressure. They made analysis of 

the gaseous products s.t different stages of reaction. 'lbe datE. recorC::.ecl 

in the following table are part of their results. 

T0c 
(~of total 

1~ in n/p. condenBed Percentage in Gases 
I 

... ~ 

at -80 C KOH C2E4 CO H2 CH4 C2H6 Remarks 

1.18 480 81.1 32.8 7.1 

1.35 510 r12.0 32.0 10.5 9.0 27.8 20.2 



PIP. 
l. 

1.41 520 

1.70 50';) 

2.00 506 

2.40 464 

2.40 520 

3.00 551 

335 501 

?~ of total 
condensed 
at -80°C 

6iJ.8 

53.0 

11.4 

8.8 
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C B 
2 i.J: 

Percentage in 0~ses 
CO H CH C rt 

2 4 :(, 6 

1.3 31.1 14.9 0.4 27.0 16.5 

0 29.3 10.4 7.0 30.0 23.5 

1.5 30.2 18.8 

0.6 26.8 21.2 7.1 29.2 17.8 

0.7 25.3 22.6 6.7 29.5 14.0 

0.3 23.2 24.1 9.0 21.3 16.2 

u.O 26.0 3.5 26.0 36.0 

(287 mm c~~ei 
4. 3 mm Lu 

large surft::.ce 

( 267 mm etl'ler 
2 • 3 l~J.L l. 0 

30 hours 

In the liquid part of the product, formaldehyde and butyr2~dehyde vrere 

found to be present, ·.hile negative results were obtained for tests of 

methyl alcohol, &cetaldehyde and, in general, r..ny compound containing 

CH
3
co- group. 

~Lagram and Taylor suggested the following two simul t£J..Leous 

over-all changes to account for the products obtained 

(2) 

E,., + CO 
;:: 

'Ihe &mount of c
2
H

4 
is higher than this scheme can account for. It was 

proposed by them that the deviation may be caused by the 10 ~~ heterogeneity. 

Chc...in processes are involved in the decomposition since the 

reaction is inhibited by nitric oxide (26). 1he mean chain length at 536°C 

is 5.0. The following chain mechanisms were proposed. 
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R+ CH oc H - }-Ji + CHOC H 
3 4 ':) 2 4 ~ 

CH..,OC
4
H -

~ ';} 
HC:t-=o + C4E~ 

c4H;J - c H + c H 
2 4 2 5 

R + C H CHO - RH + C
3

H_CO 3 ., 'I 

c 
3
H

7
CO - eo+ c H 

3 7 

c
3
H - C2l-i4 + CH 

7 3 

The energy of activation calculated from rate constants of 

initial stage was found to be 56.6 kcal. from 10 to 100 mm. anci 540 kcal. 

at pressures above about 200 mm •• 

Thermal Decomposition of Divinyl Ether 

'Ihe thermal decomposition of divinyl ether has been studied by 

Taylor (6~) at temperatures between 460° and 500°C, and at pressures 

from 30 to 1000 mm •• The reaction was shovm to be very complex in nature. 

Increase in surface produced little effect ~t the highest pressures, 

but decreased the rate considerably in the lowest pressure range. Added 

nitrogen gave an interest~ng·effect. For pressures of the ether around 

100 to ~00 mm. even twice that amount of nitrogen had rel~tively small 

e~. feet. i' .. t higher ether :9ressures a considerably smaller amount of 

nitrogen caused a m&rked reduction in the initial decomposition rate. 
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The initial rec:.ct::..on r&te decre0.sed '~.ith the pressu:·e. Th.e log P - log k 

curve was concave upv1ard in the lov1er pressure side and. concave doYl11Yfo.rd 

in the higher pressure side with a point of inflectioL betueen. ~ne 

energy of activation calculs.ted from initial rates incre&sed 'iJith increb.seci 

pressure. b.round 30 mm. it "~:r&s found to be 47000 chl.; c:.t 100 mm. 50000 c<;.,~ .. 

while at 30C mm., 51000 cal •• 

Taylor concluded from these results that the reaction was a complex 

chain mechanism and suggested the chain carrier to be deactivated in the 

gas at high pressure but deactivated on the wall at low pressure. 

n few analyses were also made. A smull amount of liquid divinyl ether 

sealed in a small bomb and comple~ely decomposed at 450°C. The resulting 

gases were then analyzed. The decomposition resulted in dc:.I k brown deposi-c 

in the bomb, but there were no signs of free carbon. ; .. few dro)s of a calor­

less liquid were present which possessed an odor suggesting a paraffin 

hydrocarbon which volatilized around rro0c. h carbon-hydrogen balance from 

the gas an~lyses gave an end product with the fornrula CH
1

.
5

• The data for 

the ar&~yses are given in the table below. Included in the table are the 

analyses made in some dynamic experiments, the effluent gases from the 

furnace being bubbled through water to remove soluble products iLcludiag 

unchanged ether, and the gc..s being collected over water. :t=etene was found 

to be present in the effluent gas. 
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Decomposition Products of Divinyl :C:ther 

Complete Partial decomposition 
decomposition 
(percentage) 

450°C 450°C 4r/5°C 
0 

500 c 

CO 60.3 8';).6 oJ.O 86.4 

C2H2 1.6 1.5 1.4 1.6 

C2H4 7.1 2.9 3.3 3.0 

CH4 17.1 3.8 4.0 5.0 

C2Ht 13.9 2.2 2.2 3.9 

Decomposition of divinyl ether was found by Jahn to be sensitized 

by free radicals, as mentioned by Taylor in his paper, but no complete 

account of this work has yet been published. 
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The static method was used in this investigation, the reaction 

being followed by observation of the rate of pressure ch~nge and by 

analysis. The apperatus is shown diagra.TTIIllZ~tically in Fig. 1. 'Ihe rc;&ctio;:l 

vessel A was a pyrex vessel of ~bout 500 cc. cap~city. It was connected 

throut;h C2~)pillary tubing to c;.. meTcury manometer !.~ and through stopcock 

2 to a manifold to ~.-hich uere connected storage bulbs, 1"'oe)ler pumps, 

liquid measuring ap~Ja;r&tus, ~:one and ".vbeeler gas 6..Ilalysis apparatus, 

nitric oxide producing ap~!ar[~tus, traps, ?,~cLeod gauge, mercury pump, 

etc •• ~he re&ction vessel was he~ted by an electric furnace. T.he 

temperature of the reaction vessel \vas measured by a chromel-alumel 

thermocouple in contact ~':ith its outside wall together ':,-i th a calibrt~ted 

potentiometer. T.he temperature uas controlled during a run to 0.5°C 

manually by varying 6.. resistance in series vd th the furnace. 

The mercury manometer L and stopcock 2, together with the 

capillary tubing between them, were kept at about 60°C by heating ,~-;ire 

to prevent any possible condens8.tion of product. :-~nen the desired 

tempere.ture of the reaction vessel had been reached and kept for some 

time, the ether was introduced by expansion either directly from the 

vo_por space of rsservoir I~l or from gc;.s bulb G. 'Ihe initial prei:;sure 

n~s obtained by extrapolation to zero time. If ~n analysis was to be 

made, the re<:·,ction mixture ·1,r;e;..s expanded suddenly into the calibrated. 

bulb P of the Toepler pump \7hen the desired sts-t,;e of reaction had been 

reached. :.Llle pressure v;as obtained as a diffe:cence betv;een the rE:adings 

on manometer ii' and N. ~=ith room temperature known, the total amount 
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of the sam~Jle in bulb P could be evaluated. 'r.his saJnple of mixture v.-as 

then pushed back and forth between Toel)ler pumps ? and p' through trap 

T cooled in & dry ice-acetone mixture for five com)lete cycles to 

condense out all condensable substances. That part of the gaseous portion 

contained in P at the end of this operation was then brought into the 

Eone and ~beeler gas ~nslysis apparatus for analysis. The liquid part, on 

the other hand, was tr3_LsfeT:r ed to L, a calibrated tube. 'Ihe pressure -~ 

exerted by any gas here could be measured by introducing sufficient air 

over l':' by operation of the three way stopcock 7 so as to keep mercury 

in the two limbs of U tube on the sa~ level. The pressure of the gas 

t ~ a1 t th d • .f''"' b t t ' • f '~-T d "' 
was nen equ o e J. ... rerence e ween manome er reaa11~ts o h an 11 , 

vacuum, of course, being kept over manometer N. In this way, the amount 

of residual gas present was measured by immersing L wholly in dry ice-

acetone mixture, a~d the sum of liquid &~d gas by keeping L in a water 

bath at temper[.ture enough high that e-~1 liquid was vc.:.porized. Complete-

ness of the vaporization was assured when two measurements at successive 

temperatures gave seme va~ue for the tots~ amount of liquid and gc:.s. 

The difference between the amount of liquid and gas and that of gas 

alone gave the amount of liquid in the oample taken. 

For aldehyde analysis, the liquid was condensed into tube B i1~0 

·which 1 cc. of water had been introduced. rihe aqueous solution obtained. 

,Has tested for its acidity, after which 1 cc. 0.5 E Na2so3 was added 

and the solution let stand for 10 minutes. It -r;,as then titrated to 

faintest pink with 0. 01 T< hydrochloric acid, using pheLol.phthe.lcin c-~s 

indicator t '70). 
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Vinyl ethyl ether was pr,e~Jr~red by the pyrolysis of acetal \70, 71) • 

Acetal was dropped from a funnel into one end of a pyrex tube &bout 

60 cm. in length and 1.8 cm. in diameter packed with pea-sized fragments 

of kaolin. Before the introduction of acetal the air in the tube \'-Je.s 

swept off by nitrogen. The tube was maintained at about 200°c. The 

product was collected in a trap lept cold in dry ice-acetone mixture. 

That part boiling belo-.7 40°C, obtained from fractional distillation, 

was washed twice \li th concent:: ated Lal-iS0
3 

solution to remove ar:y 

acetaldehyde present and then twice v.rith water. 'Ihe ether part was 

then allowed to stand over anhydrous c&lcium chloride for tno days, 

after which it was fractionated very carefully and th&t portion boiling 

bet~.·,'een 35.3 - 35.5°C tat '160 mm.) taken for use. This sample was at 

once put into the storage bulb R and ~r dissolved air remov6d by 

repeated freezing in liquid air and pumping. ~~ben not in use, the ether 

bulb was always kept in dry ice-acetone mixture, since the ether 

polymerizes quite easily. Even preserved in this way, there gr£1Aiually 

formed some polymerized product which separated out as white flocculent 

solid when cold. There appeared, however, to be no accompanying ch~ge 

in the rr.te data. 

The ni trie oxide used \"Jas gener8.-ted by dropping mercury into a 

two percent solution of sodium nitri,te in concentrcted sulfuric acid. 

The resulting gas was lJL$Sed over phos)horus pente..oxide, and through 

a trap at -'t8°C. into a storage reservoir. 

2thylene \I&s obtained in cylindors from the Ohio Chemice~ and 

:_:fg. eo., and was stated to be ~9. 5 ~~ pure. It was frozen in e. storage 

bulb ~ liquid air r~d degassed before use. 
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Acetaldehyde was prepared fiom recrystallized paraldehyde, and 

was put into storage bulb and degassed immediately after beir€ obtained 

from fractior~tion • 

In studying the rate of pressure change both in the cases of 

ether-acetaldehyde and ether-ethylene mixtures, the vapors were first 

mixed in the mixing bulb G, then admitted into the reaction vessel. 

Same is the case of most runs ir.;. the rli tric oxide iriliibi tion experiment, 

although in some of them the nitric oxide was first introduced into the 

rec.ction vessel with the subsequent addition of either vinyl ethyl ether 

or ether-acetaldehyde mixture. 

Test of Homogeneity of the Reaction 

0 
'!Wo runs with initial pressures around 10 cm. VJere made at 412 C 

using a packed bulb with surface-volume ratio about ten tim~s that of 

the empty bulb. The rates were found to have no appreciable difference 

from the corresponding ones in the empty bulb case. Therefore, the 

reaction here investigated is essentially homogeneous. 

Results of P-nalyses 

Test for Hydrogen 

Determinations of hydrogen were made using CuO combustion method 

in two runs, namely Run 32 and Run 41. In both cases, no appreciable 

amount of hydrogen was found. The effectiveness of CuO reagent was 

checkod through blank experiments both before and after the runs. 
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Tests for .;',.cetyleLe 

DeterminLti.ons of acetylene were mc;.de using alk&,li::e potas;:;,iurn 

mercuric iodide solution r.s absorbing reagent ( 7;~) in two runs, r..e.mely, 

lmns 47 and 158 ( 412°C, p
0 

1c·.o cm. p/p
0 

2.0 ). no appl-·eci~ble amount 

of c..cetylene was found in both c&.ses. This method Vi&S e~so checked by 

blank experiments. 

Test for c
3 

compounds 

Sum of products from sever&l runs ~t 412°C, withdrawn all at 

WP
0 

around 1.9, v.·&s distilled in a Podbielniak low temperature 

distillation 8.p~nTa.-..;us. ?,Iot any c
3 

hydrocarbon was detected. 

Test for l:etene 

In two runs at 412°C with p/p equal to 2. 0 e.Ld 1. 7 respectively, 
0 

the products collected in 8. gas pil)ette were she}:en v,;ith water. In none 

of them, was arrf acidity found. Besides, in all the 1~ns where the 

amounts of cldehyde •ac..s determined, the aqueous solutions we:ce neutra-

lized carefully before addition of Na2so3 solution. In no case, was 

the solution e.ppz·eciably acid. 

In ~~bles I and 1: are listed all the analytical results 

obtained. 
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Table I 

Gaseous Products of Decomposition of Vinyl -,t'-y1 ~ 1l :2ther 

T 412°C 

Fnn Ether p P/P
0 Percentc:-ce 

0 
l~o. sc:zlple cm. 

C H CO CH
4 

c T- CE + c '-

2h6 •• ;.::, 4 4 r. 6 :.:, 

* 6 4 III 10 + 1 1.30 ~"f9.4 8.8 7 f' Li. 9 11.9 - ev -· 
65 III 10 + 2 

A 

1.42 73.8 12.7 13.5 -
Ll!'' ·"' II 13.4 1.55 66.9 17.4 10.2 5.5 15.7 

44 II 11.1 1.58 68.4 16.2 9.6 5.8 1;).4 

40 II 15.4 1.C2 65.0 14.9 15.0 5.1 20.1 

39 ZI 6.6 1.71 63.1 17.4 13.6 5.9 19.5 

43 II 10.6 1.76 57.4 22.8 13.2 6.6 19.8 

41 j_J_ 13.5 1.78 57.2 21.9 15.6 5.3 40.9 

37 II 8.6 1 0'' •J?:,; 52.8 23.5 23.7 

5~ III '-j. ';} 1.93 49.1 26.9 24.0 

48 TII 10.5 1.94 51.8 24.2 15.1 8.9 24.0 

47 Ili 9.4 ~.42 25.6 33.E 2SJ.3 11.5 40.8 

* The total of four runs '\.7t:.s analyzed. 

A 
The total of three runs was analyzed. 

T 424°C 

Hun =:ther 1) P/P
0 Percentage ~ 

0 
lJOe sample cm. 

C2H4 CO c·:_:J c T..: c~ + 02tl6 ll. - ',.J.~ 6 •. 4 
'-r t::-

32 II 10.5 1.95 43.4 27.5 Z9.l 
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Table II 

Products of DecmiL'OSi tion of ViL~/1 -:-·tl~rrl Ether .... -'-'--' i.j 

'l' L.;;l2°C 

.fun Ether Time p -yl"_J p /P S:'/F ;J /P ) 

i:J jo Pca'P o 
i·~o. sample 

0 ... ~ 0 r o .. aJ.r 0 .. c " .. 
cm. 0 0 ._J14 0 ...., 

I 11 

60 :rr 1 r 9.2 c., 1.20 (j. 966 0.23 C.169 ( 0.19) (0.013) 

1 11 

45 II 1 57 ;1.0 1.28 o. 9 ~·3 \). 33 ----.- 0.243 (0.026) 

' " ::s TT-;- 2 58 9.2 1.43 0.900 (' 53 C.333 (0.40) (0.06~) 
.L--'- ~- ~-. 

" 
55 III 4 38 10.0 1.56 0.885 o. 67 0.394 (0.'±7) (0.1:) 

' tr 

62 Ill 6 1 ~.96 
1 .. '" .t:t.; 0 8')'-• ..;'-' 0.82 o. 37 7 (0.54) (C.15) 

1 lt 

4<J r:-r ..:....L 6 43 lr' 3 '•,_). 1.68 .-~ "11 
'-'• 0 0.87 (0.566) ( 0.16) 

' 11 

54 III c ·'4:J 9.~ 1.66 0.339 ----- .-.----
I 

!/ 

57 T ... I _J. ~ 14 11.9 1.77 c. 7 6CJ 1.00 0.353 (O.CO) (0.21) 

I 

43 II 10 10.6 1.'77 0.8G5 0.96 0.55 C·. ~2 

' 11 

56 --~ 13 52 1:~. 6 1.86 0.749 1.11 0.342 ( o. 62) (0.:65) 
l.J....l.. 

I ll 

5'~ _L_,... • .!.. l~ so ..... ';J. 9 l.;J3 o. 'll';j 1.21 0.373 0.5~5 (0.30) 

1 " 
48 III 30 33 10.5 1.94 0.693 1.25 0.646 (0.31) 

63 r-:-T 16 hr sll. 'I 2.41 S.276 2.13 0.105 ( o. 59) (o.cs) 

In the £<,bove table, P 
0 

signifies the initial pressure of ether; 

P, P1
, P P P and P signify respectively the total pressure. 

g' ald' CzR4 
CO " 

the partial pres~ures of total liquid, tot&l gas, aldehyde, ethylene 

e:_nd c'"-rbon monoxide in the reaction mixture at the time of drav,dr".:; of 

the sa.mple. The values in parentheses in the last two columns are 

not obtained as dir6c.t experimental results of these ind:::.vidual runs, 

but are estimated by the use of the experimentally es~ab1ished rel~tio:::-.s 

on the dependence of gaseous composition on the percentage pressure 

increase as shown in Fis. 2 and 3. 
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From the results of the gas analyses, it seems evident that, 

in the me.in, C.)~4 is the primary product and eo, CI_:i_ and C.h
6 

are all 
~ 4 ;;;; 

secondary products, .._·. tentative extrapolation of C.-.E
4 

curve to zero 
4 

pressure increase sug£ests that in the primary process nearly 95 f" 

of the gaseous product is ethylene. There m~ght be, of course, ~ 

unimportant simultaneous process the existence of which is as difficult 

to disprove &S to confirm. 

'Ihis fact alone sugt:ests the primary process to be the decor .. posi-

tion of ether to ethylene end acetaldehyde. This s~p~osition is further 

su,;:ported by the merging together at initial period of the three curves 

..i?/P 0 - t, ? ~1/P 0 
- t and PC , .. H

4
/P 

0 
- t, as seen from Fig. 4. 

('., 

In the seconda~; gaseous products, the amount of CH4 is always 

sme~ler than that of CO formed, while the sum of CH4 and C~h 6 is quite 

close to the amount of eo. 

'Ihere are other regularities to be found in the results listed 

in Table II. 

(I). P CO 
1 

a1/P 
0 
va~ues are almost the same as P c.-E/P 0 values • 

.:.- ... 

P/? 1.20 1.43 1.56 1.66 1.77 1.86 1.93 2..41 
0 

p -- /P 0.1';1 0.40 ::;.47 0.54 0.60 0.62 0.595 0.59 
c .::~ 0 

2 4 

PCO+al/P o 0.18 0.40 0.49 0.52 0.56 0.59 o. 67 (~, 8r""'·~ \......,... ..._) 

This sig:::ifi6s that one molecule of clciehycie yields, on c~ecomposi tion, 

one moleculE. of eo. The considerable departur~ e iL the latter sta[.e 
. 

may, in part, arise fron the sensitized gs well t~s normal polymeriza·G:Lon 

of ethylene as shown to occur in separate experiments. 
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t=:) • PC ~- 'C lp valuec are '· .. ~ ,.~.,4T 0 0 - 0 . pi aC-clCaL.!.Y equal to the correS)OEdi:Lt, 
.:., . 

values of /:P/P 
0

• 

cj") 
'---.,;. -.. 0 0.20 C·.28 0 4'~ . ..) 0.56 0.66 o. 68 0.77 0.77 0.86 0.~3 0.94 

p C 2E~ +Cdp o 0.20 0.27 J.46 (:.57 o. 69 0.73 0.81 0.77 0.5? O.ijQ .:). 'j[ 

This signifies that the i~cre&se i:n pressule due to the decomposition of 

acetaldehyde is, iL the main, equal to pressure of eo formed. 

(III) • Pco 1 liq./P 
0 

values are p:cacti·cally all equal to one. 

pjn 
J:-0 1.2C 1 ,-,,, 

• .::,o 1.43 1.56 1.66 1.60 1. '1'1 1.77 1.86 l.'J3 1.94 ;z..4l 

?C0+1i/Po 0.';18 0.~8 o. 'j 6 0.';)';) O.;i';) 0. ';)'I c.·~2 1.03 1. JO 1.02 1.00 o. ·0c: 

Tnis relation signifies that the liquid products are, essentic~ly, ~1 

monooxy-c omlJ ounds. 

;_ll j;hese relations can be well &ccounted for by the following 

scheme of over-all changes~ 

\1) c · -·c 1 G H + CE Cl-~~=; 
~ ,_:_ 3 ·;~; ,. -~ c:: -

i;;. ~,) 2 4 3 

\2). CH3CHO r 'T + CO - \..J.t:.4 

\3). 2CH Cf:~O - C~J:i6 + cc + HCEG • 
3 

\1/ is the prlr,ary change, (.2) is the major secondary change, and {3) 

is the minor secondrurJ chaDge. 

::t should be cLpl1asized here the.t the equations represent only 

the stoichiometric relations among reactant and the products. They 

have nothing ..,-,hc:_tsoever to do with the real mechanism through '.:'ihich 

these changes &.re e.ccomp1ished. In fact, pure ~.cetuldehyde decomposes t;;.t 

a negligible rate at this particular temperature as shown by blB.Lk 

exper·iments. Thurs the secor1d chcDLe done su~gests e~·L.!wr that 

acetaldehyde formed from ether contui:ns excess of energy which makes 
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its dEicomposJ.tion re.te r1igher then normal, or th&t the ether proauced free 

re.dicals in its decomposition which sensitize the decomposition of 

acetaldehyde. The change represented iL (3), however, can not be accounted 

for even by the assumption of activated acetaldehyde molecule. ro such 

change has eveT been observed in the normal acete.ldE·hyde decomposition 

at elevated te~perature. 

Typical ZxDeriments on Lne~vses 

To illustrate the ways in which the values in Tables :.;: and II 

are obtc-ir..sd, the detcdled expe_. imentB~ results as well as the evc~luations 

leading to the tabul&ted v~~ues of typic&l runs 43 and 62 are preserted 

elow; 

.~.-~un 43 

:ther SB~le II, ~'erx.Jere.ture of reaction vessel ... 

' • ' 11 

Initial pressure of ether 10.6 cm. Time of reaction 9 55 - 10 5 

Fercenta.ge pressure incre<:o..se 7 6. 5 

Total sample tei.en: 

Volume of bulb 

:f,oom temperature 

?reEsure of the mixture 5.13 cm. 

PV/T of the S'r:,r<rnl- e 
• .-• "'L"' 8.71 in cm. cc. degr6e unit 

The liquid portion (condensable E,t -78°C) alone: YJith part of the 

gE;_seous portion WE.s tr tmbferred to the ce~ibrated bulb L. \':hen L t:e.s 
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wholly immersed in dry ice-Lcetone mixture, the fol.Lo".ing set of 

date. y;c._s obtrined: 

Pre f sure of the mixture 

Temperature 

Volume of L 

PV/T of the residu&~ 
gaseous part present 

1.3 CIJ.. 

37.53 cc. 

0.25 in cm. cc. degree unit. 

The dry ice-acetone bath we.s then replaced by e. t~ater b~th. 

'.:;hen \:Jc.. ter bE..th temperature wLs 4~ .1 °c, 

pressure reading 36.2 cm. 

4.22 in cm. cc. degree unit; 

h t b th t t . d t ..... . °C -..-:-; en \!;·a er a ampere.. ure Vias raJ. se o ::>c. o , 

pressure reading 37.3 cm. 

PV/T in cm. cc. degree unit. 

The coincidence of these two PV/T values at. two different temperatures 

indicated that the liquid portion was completely vaporized under these 

conditions. The PV;/T of the liquid portion is theL e~ual to 

4.23 - 0.25 = 3.98 in cm. cc. degree unit. 

Percent~ge of liquid iL the reaction mixture is then 

lOO • 3.9&/8.71 -- 45.6 

Percentage of gaseous p6.rt in the reaction mixture- ~s 

(100 - 45. t ) = 5L~e4 • 
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Gas analy sis in the .c.one <::.1-:_d ':.heeler type a1~~)£..ratus 

Vacuum Pref.~sure 

reading readirJ.g '.I'e,_ -~ p.r.-v.r • p.r.-v.r~ DifferencE: . ull:' • 

v.r. P• r. 0(; corrected 
to .-7 0 ::. .o c 

To tu gr_s 53.8C 7c.:. 38 ,..., r 5 
4C.. ("\ ·' 58 t:JLl:e 24.62 

After fuming 
14.13 unse_t. 

6(.2~ 27 .o 10.49 10.49 
~- "0 
r-~2;) 4 

After ~r1r.·.on. 53.'79 5S.67 27.2 4.88 4.88 

Cu,-C1. 
~ ~ 

Oxygen 53.79 78.13 2ri' • 2 24.40 24.38 

1~ixture e,;i'ter 53. 7';) ?2.5l 27.1 18.72 18.71 

slew combustion 
., .£> .L. 

... .1. ~..er absorption 66.00 27.0 1~.21 12.21 

by cone. KOH 

Tote~ contraction 24.38 + 4.88 - 18.71 = 1C.55 

~~ount of con formed 
~ 

18. r/1 - 1~. 21 = 6. 50 

5. cl CO 
4.88 sa_t. 

• 

'fu,·:ing the hydrocarbon mixture as one of meth£!lle and ethane, from 

their total amount end eo. fori:'1ed, we get 
~~ 

-,_, 
~ CE

4 

6. 5 D - 4. 88 = 1. 6;;;; 

4 ,- .. 
e OG 1.62= 3.26 • 

?rorn this set of ve~ues, the calculated value of totc.l contraction would 

be --~ + 2 ln , i.e. 10. 5r7, which is in excellent agr6ement -.:1ith 

t::..rCH ~C :.:-
4 ;G %H6 

the experiment~,l value 10.55 • 

From the gas anclysis, \':-e thus get the percent£- Ee cor1:posi tion of 

the gaseous part 8.S foll o·--,... • - ~,. o• 

uns~~t. CO CE C~H6 
re ~ ) 

'-.. 

' 2H4 

57.4 22.8 13.2 6.6 

H.C. 
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From this gaseous composition End the )reviously deternd.ned rele.tive 

proportion of gas and liquid in the reaction mixture, we he.ve the 

perce:rltage composition of the reaction r:1ixture as fol~i.ows: 

unsat. CO c:.:; c h liq. 
'c ~7 ) 

"'4 2 6 
\ 2";.4 

31.2 12.4 7.2 3.6 45.6 • 

On multiplying the percentages by P/?
0

, e.i. 1 .. 77, we get 

Pc /Po ? ~p f--' /P p /P D /p ... .. .. ... 

21A- c 0 CH4 0 c2E6 0 1 0 

0.55 f' 2': v. f;,J 
r- 1 p 

u.-~7 0.063 L •• t:·~!::J • 

:~un 62 

Ether sfi.lilple Temperature of re&ction vessel 
t I I t 11 

Initial pressure of ether 9.96 cm. Time of r·eaction 5 58 - G 6 

Percentage pres&ure increLse 66 

Total sample taken -- deternuned as in the above run 

C.879 millimole 

Liquid part of the sample -- determined as ~n the above run 

o. 4-43 millimole 

'lhe aqueous solution obtained from this liquid sample and 1 cc. 

of \'lo.ter -v.rLs first tested for acidity. Using phenolphthc:~ein as 

indicator, 0. 05 cc. of o. 2·1 l'~ LaCE v;as found to be more thc:,n enough 

to bring the solution to lJink color. i~fter 1 cc. of 0.5 N ra~S03 solution 
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Yi8.S Ldded, the solution y,-c._s left to stand for lvr · t --t then nu nu · e s. .... WE~S 

titrated against C. 0102 1\: hydrochloric r.cid, e..ncl 21.1 cc of this acid 

was found to be needed for the neutralizt:.tion. i.s blank ex)erirr.ert 

showed that 1. 7 cc. of this acid wt:~s needed. to bring the solution of' 

Na2c:o3 alone to the desired end point, the acid corresponding to the 

NaOH liberc:..ted b'r the aldehyde v;ould be 21 1 1 7 or 19 4 c · J • - • • c., ~.e. 

0.1';18 millimole. This is f'J.so equal to the number of millimoles of 

aldehyde present in the sample taken. Therefore 

percentage of aldehyde in the reaction mixture 

22.5 • 

P /?' = 22.5 >~ • 1.6E = 0.374 
ala. 0 

Course of_ Pre s suTe Chwge 

• 

'Ihe course of pressure change is partly illustrated in ~'ig. 4. 

A fast ;='rocess of incrsc:.se in pressure is follm·.ed by a slow o:ce 

which lasts for hours. This behaviour is illustrated by Run 47 as 

listed in Table III. 

The slow process is, as inuicated by our analytical results 

listed in Te.ble I, accompanied. by the rise in percentages of CO end 

CH • :::t is therefore chiefly due to the slov: decomposition of 
/.. 

acetaldehyde. On the other hand, from the aneJ.y-uical results ...-.-e 

also see that there is no clear cut dividing line betv~een the primary 

decomposition of ether and the subsequent chc'nies of acetaldehyde. 

For this reason, in the study of thE: kinetic aspects of ether 

0 ecomposi tion, only the early sta: es of pressure CLCJ-:.[e y,ere investigated. 
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Table III 

Pressure Chr.nge in the Decomposition of Vi:-:.-yl ~thyl Ether 

~ther s ample III Temperature of rec._ction 412°C 

Initial pressure 9 .• 4 cm. 

Time P/P Time P/P 
0 0 

t 

1.00 
,- ..- 1.93 ~;) 0 

11 

35 1.10 36 1. ';) 6 

1 

1.17 52 1. ';}9 I 11 

1 2 

1.30 93 2.04 I If 

1 58 
n 

1.42 140. :2..08 ' 2 58 
ll 

4 10 1.52 201 .:J .13 

n 

5 12 1.60 256 2.16 

1.65 303 2.1~ ' " 6 7 
n 

7 17 1.70 359 2.22 

1.77 3<;72 2.23 11 

9 4 

13 1.85 960 2.41 

17 1.89 
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The Reactlon Ord~r of the Deccrr.-posi tion of Vinyl :Lthyl .::=th§l: 

Tile decomposition of vi::_yl ethyl ether is a fir- et order reaction, 

since the time for definite percentage increase in pressure does not 

vsTJ' ap_f)reciably with the initial pressure as may be seen from the 

results tabulated below: 

Table IV 

Temp. 

t t40 30 (:.. ju 
;~ 

Sample go. Initial ?. 
cm. 

sec. sec. 

6 8 ITI S.l ~65 424 609 

III 19.0 264 4~4 615 

82 rv 8.8 268 445 (.60 

Temp. 412.2°C -

?un Eo. Sample r:o. InitiaJ. .r:. t20 ~~~ t t . 0 ,_ 
cm. 

~J /'.: 4o ~ 

sec. sec. sec. 

35 II 3.9 91 140 206 

39 II 6.6 ~5 148 -:.::.7 

33 :I 7.8 85 134 195 

37 II 8 !:; •'- 7'1 1~3 183 

44 II 11.1 75 12C 174 

38 II 11.5 'i5 120 177 

~1 II 13.5 76 12E 163 

34 II 13.6 bO 127 188 

40 II 15.4 80 126 lSl 

( to be continued) 
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Table IV ( continued) 

Temp. 

Initial P. t 
cm. 

~} r\ .- ~ 
~\ ... __ ..... ,.'_ 

/" 

sec. sec. sec. 

73 III 4.4 73 119 174 

47 r:=:;:: ~:J.4 75 118 169 

54 III ~:J.9 76 124 178 

55 III 10.0 73 121 170 

4~:J III 10.3 '74 116 167 

56 III 10.6 ?7 122 17c 

57 III 11.9 r/4 11E 168 

76 III 12.9 76 119 1E9 

85 IV 2.'7 95 156 232 

84 IV 3.7 ~:J8 156 229 

77 IV 8.5 85 137 199 

86 IV 1'3.3 1'"3 d 136 1~8 

Temp. 424°C 

t 
I t 

F.un 1-~o. Sample l,Jo~ Initiru. p t 
......... ! c~ 3o c 

40 i~ 
cm. 

,:.,v /0 c• 
I 

sec. sec. sec. 

31 II 3.9 53 82 118 

32 II 10.5 44 72 104 

30 r:: 11.3 43 r/0 101 

74 III 6.5 4'{ fj"3 105 

r/5 III 1:~. 3 46 r/2 1C:3 

70 IV 9.1 48 '18 113 
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It appears that the rate be6ins to fall in the region of a few cm. 

pressure. Em·,ever, this phase of the problem was not s_)ecifically 

examined. 

Hate Zx-pression 

Fron:. the analytical results, it is apparent that only in the 

initial period of reaction does the percentage of prE-ssure change 

corre s:t:;ond to the percentage of reaction of ether decomposition. 

3y determining the rate expressions for 20 ;:, 30 /; and 40 f" pressure 

incre~:_se, it is possible to es-~imo.te the rate expression corresponding 

to the zero change, i.e. the rate expression for pure vinyl ethyl ether 

deco,-·-})Osi tion by extrapolation. 

The data used in this calcul&tion are listed in the follmving 

table. 

Table V 

Run Ho. D T°C tzo t30 '~/ t ... /~ 0 I" 40 C.t 

/'-' 

sec. sec. sec. 

81 8.7 376.8 554 912 1376 

82 8.8 388,6 2E8 445 660 

83 8.6 400.~ 142 232 344 

77 8.5 412.2 85 137 19~ 

78 9.1 424.0 4' 0 78 113 

7'-J 7.7 435.8 28 45 65 

80 ':1. r/ 447.£ lri· .- 6 
~ 37 
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From the straight lines obtained by plotting log
1

,rut a~~nst l/T 
o abs. 

as sho~~ in Fig. 5, the following values for the activation energy L 

and frequeLcy factor .. c.. .. are obtained; 

percentage 
pressure r E ..__ 

iLcrease cr:~lories 

20 4.6 • lOll 44600 

30 5.1 • 1011 44800 

40 ·~.1 • 1011 45600 

The rate expression for pure ether is estimated as 

k = 4 • 0 • 1011 e -4440q/I-S 
• 

Sensitized Jecomposition of Acetaldehyde by Vinyl Ethyl Ether 

Rate of pressure changes of various mixtures of ether and acet~ldehyde 

were determined. The results are listed in Table VI. On ~ccount of the 

complicating nature of the later stages, the percentageschanges of 

pressure relative to initial pressure of ether at the end of ~0 seconds 

are used as a basis for comparison. The normal decomposition of acetaldehyQe 

at 412°C, which is very slight, has been taken into account. 

In Fig. 6 tDP/Pe) uo" values are plotted e..gainst ? /P . It is seen 
., et e 

that although there is some dependence of (&/?6 )~ 0" on the value o: 

pressure of the mixture, the general relGi.tion be~v.'een these two quanti ties, 

nevertheless, is well rel:::resented by a linear expression, i.e. 
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whe:c e b' I P
6 

and (.:Y I P ) refer to the pressure increases rel<;._tive 
e o 

to the initial pressures of ether at the end of 90 seconds for the 

mixture &nd for the ether in pure state, and C is a constant equ~ to 

about 0.05. 

Table VI 

Temp. 412°C 

Run r-;o. Pe(Pether) Pa(Pald) P~ I F (.:.:?/ ?e)go" 
c. e 

cm. cm. 

':11 0.647 10.11 15.6 0.96 

92 0.4r/7 '1.45 15.6 0.96 

94 1.98 11.95 6.04 0.61 

~5 1.40 8.44 6.04 0.53 

':16 0.87 5.2'/ 6.04 0.47 

101 6.36 14.J 2.~1 0.34 

102 3.07 6.'18 2.21 0.29 

103 3.33 7.35 2.21 0.32 

104 1.44 3.1~ 2.21 0.30 

';:)~ 11.2 8.8~ 0.78 0.~7 

100 5.72 4.49 0.78 C•.26 

97 15.8 1.78 0.11 0.22 

98 8.92 o.o o.o 0.22 
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, · .. -- --. - -- - -+ - -- IT ffi -- h n + +-H- 1- l-l t h"'=+ 
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J_t -= I± f--J-1 _EL-_ 11 _=_·+ I I~ Ji l-t =t ;lt= -r .~1- ==-' __ I J: ~- ·~ ~+-+ !' ~ lJL~±t1~ r=t=t-r-tt~- ~ 2=-~= T •t=t t-+- +-' 

H~l=- ' J -,1- 1]:: ' eH IX --t f+ ·r j- ::r i - : ~ I - - - I~ j: I i -- 1 l~tl+ --ttt d jt ·-t- + J- ~- i ;__ --+ + -+ 

I 
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It is worth mentioning that the possibility of this increase ln 

rate being due to c:;,cti vc:tion of ether by acete.ldehyde is definitely 

removed by consideration of total pre;~sure cha:nges taking )lace. In 

Run 91, for instance, at the end of thirty minutes 2P I P is 4.1 ~ft6r 
e 

correction for the normal decomposition of acetaldehyde has been made. 

This is entirely inexplicable if the pressure increase is due to the 

decom:~:}osi tion of ether alone. This series of experiments Cll}pear to 

demonstrate quite conclu~ively that ether molecules produce free radicals 

during decomposit:Lon v.Thich, in turn, induce the decomposition of 

acetaldehyde. 

In Table VII are listed ~he complete data of H.un 91 which has 

been just referr,ed to. L1 ~ig. 7 are plotted the earlier parts of 

percente_ge pre Esure increase - time curves for 5,:. vera.l mixtures of 

different compositions. 
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Table VII 

.Hun :i1 ?,ixture of ~~cetaldehyC:e and Vinyl •• J -. 

.:.:..""G.y.L Ether 

Initial pressure of ether 0.647 CD. 

Initial pressure of aceta~dehyd.e 10.11 cm. 

':L'emp. 41~0c 

Time ~res sure LP ' LP (corr.) L? ( corr.) I p 
e 

cm. cm. cm. 

0 10.76 o.o o.o o.o 
11 

<""'r 
~0 1 r •t \,..~. ';J 0.21 C.l9 C.294 

11 

52 11.16 0.40 ;J. 37 0.572 
11 

1 1';1 11.38 0.62 o. 58 0.8~5 

11 

2 ';J 11.63 0.87 0.82 1.27 

' lt 

2 54 11.83 1. 07 1.01 1.56 

t lt 

3 35 14.03 1.27 1.20 1.85 

• tf 

4 35 12.Z3 1.47 1.40 2.16 

' " 
5 ":!':- 12.43 1. 67 1.58 2.44 

,.)\._., 

1 IJ 

6 48 12.63 1.87 1.77 2.74 

t1 

?3 14 12.83 2.07 1.~6 3.03 

t u 

10 31 13.05 2.21J 2.16 3.34 

1 ll 

12. 51j 13.23 2.1:.7 2.32 3.58 

t 1t 

1'/ ,. r 13.43 2.67 2.49 3.85 
;::;c;. 

tl 

22 ::)0 13.52 2.'76 2.5~ 3. 9'/ 

I 11 

28 52 13.51j 2.83 2.62 4.05 

LP t corr.) ve:.1ues are obtc-l-ined by substracting from values oi' L .. C) 

the changes expected from nor::nal decomposition of acetaldehyde. 
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:Dffect of Ethylene on the Decomposition Gf Vir.;yl :Lti:J.yl ~t!J.er 

The rates of pressure change for various mixtures of eth&r w~d 

ethylene have been studied. ihe initial rates c;_s measured by the 

pressure incre£:.ses relc_tive to ether pressures at the end of ·;:!0 seconds 

are summar:.:_zed in Table VI:l. 

~--un l~o. 

98 

105 

106 

107 

109 

150 

Table \lii 

..:-;.eaction temperature 

p 
ether 

cm. 

8.-02 

9.24 

9. 65 

7.81 

3.95 

0.72 

p -
C2b4 
cm. 

o.o 

10.22 

29.6 

48.2 

47.4 

37.2 

Pc ,- /P 
...-.h4 ether ;::: ' 

o.o 

1.1 

3.1 

6.1 

12.0 

52 

I~ .J. p ) ll 

\ '' et.ner ':l 0 

0.22 

0.20 

0.16 

0.11 

0.047 

-0.06 

The results are readily understood by postulating the production 

of free radicals in the decomposition of the ether. The iLduced 

polymerization of ethylene by free radicals would lead to & negative 

rate of pressure chanee. This tends to diminish the rate of pressure 

change to an sxtent increasing with the ::,.ncree_se in the proportion of 

ethylene. 
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l·~itric Oxide Inhibition :t\2S,Perim.ents 

(I) Effect of l:i tric Oxide on Lormal Decomposition of Vinyl Ethyl ~:t!.er 

F.e:;_Jeated experiments were ri":t.de to study the effect of nitric 
. 

oxide u:~·on the decomposition of vinyl ethyl ether. rl1'16 results c,~.:._ 

showed nitric oxide to have no effect, as may be se~n fror:: Tc; .. ble D~. 

Table JJ= 

Run ro. Temp. p ;::> r ether '-

oc ,L',. ~-; 

cm .. cm. 

77 412 8.5 0 1.00 

115 .::12 10.23 4.1 1.00 

116 412 7.70 3.3 0.94 

117 412 10.96 2.1 1.00 

87 412 10.58 0 .. 37 0.38 

88 412 5.22 0.32 1.00 

118 412 8.84 0.22 1.04 

131 3b'; 10.45 1.52 o. <Jtj 

Eere r. designates (i.:P / P ether) at the end of 90 seconds . 

relative to the value of pure; ether. 

To further illustrate the ineffectiveness of nitric oxide, 

the percentage pressure increar;es y,i th reference to the )res sure of 

the ether in Huns 77, 87 and b8 are plotted together against time 

• 1:·· 8 It · th~t these three runs £.re covered by £;.. siLc~le ~n r~g. • lS seen ~ 

curve. 
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\I::::) i~ffect of l~i t:c ic Oxide on ~:e:: s::_tized Decomposition of 

;;.cetaldehyde by Vicyl Zthyl ~-cher 

In contr~st to the previous case, a definite inhibiting efi8ct 

of nitric oxide on the rate of pressure char!ge of this sensitized 

process was observed. In compari:r:g the different rates of change of 

different mixtures, the ratio between the percentat;e pressure inc.~.-ease 

of the mixture ~t the end of YO seconds relative to the partial pressure 

of the ether to the percent(;i.t;-:e pressure increase of pure ether around 

10 cm. pressure at the end of same ?eriod is used as reference. It is 

denoted by Z in Table X. 

124 

128 

127 

126 

125 

Run .i..o. 

139 

142 

141 

140 

p 'h e't er 

0.92 

1.03 

1.22 

1.27 

p 
ether~ 

cm 

1.69 

1.00 

1.17 

1.26 

Table X 

Temp. 

p 

.. e~d. 

cm. 

14.7 

9.24 

10.94 

11.45 

Temp. 

p ald. 

cm. 

14.8 

10.3 

11.1 

389°C 

p 
NO 

cm. 

0 

c 

0.69 

1.55 

P1,-o 
.L"J 

~m. 

0 

0.17 

1.40 

3.56 

u 0 '-'• 3.7 

9.0 3.3 

Y.O 

9.0 0.8;:., 

9.0 1.1 

p / p 
alcl. ether 

8.8 4.8 

e.s 2.9 

8.8 1.6 

8.8 1.1 
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~ 

Table ~/ (contiLued) .. ~ 

Temp. 412°C 

LUl1 l\0. pether p 
ald. 

p P I p R 
NO a1d. ether 

cm. cm. cm. 

11~ 1. 64 11; .8 0 9.0 4 ') . ...~ 
123 1. E5 1' ,.., '±eO 0.25 9 '1 . ~) 2.0 

120 1.64 1Ll. 7 0.71 9.0 1.2 

121 1.51 13.6 1.77 f) 0 -:.te 1.0 

122 1. 6£..: 14.7 3.7C 9.0• 1.0 

Temp. 424°C 

?~un Lo. pether 
p p P I P -:-.; 

.l EJ.d .. -EO .... 
a1d. ether 

cm. cm. cm. 

13~ 1.57 13.8 0 8.8 3.9 

13c 1.66 1~.6 0.19 8.8 2.2 

13'( 1.€9 14.8 c.7o 8 r .o 1.7 

136 l.lj7 17.3 1.77 8.2 1.1 

135 1.86 16.4 4.05 S.B 0.9 

It is obvious from this tB.b1e that nitric oxide can bring down 

the rate of pressure increase of the mixture but a steady mi~imum seems 

to be reached when B is approximately equal to 1 in ~11 these four 

temperatures studied. Fuller illustration is made in Fig. 9 where the 

dependence on the nitric oxide pressur6 of the curve representing 

change ·\'.:i th time of the percentage prec sure incree.se of the mixture 

relative to the partie::.l pressure of ether is to be illu~.trated. 
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:~1 F( t. ~r.· .J l u:. ~. ~ ': l t. JllH u~,, ~r' ) r"). ·~·! I! - --;• j r-r t tt I rl1itf Htr ~ I 
.
1
_ r r . r t t 1 t . ' t t- r ; 

1 
1 1 1 I ' ' ·+ < i r i I . 1 r ,. t r i t I 
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Discussion 

. From the analytical results, it is c..pl1arent that vinyl ethyl 

ether decomposes first into ethylene and '-~cetaldehyde. Fron:t the 

sensitizing effects. of the ether on the decomposition of e.cetaldehyde 

and on the polymeriz&tion of ethylene, it is evident th~t free radic~ls 
' 

are produced in the decomposition of this ethe1. On the other hand, 

nitric oxide exerts almost no effect on the decomposition rate of pure 

ether. Yet it does inhibit the decomposition of aceta~dehyde sensitize~ 

by ether. 

Tne first question that arises ~s whether free r~dicals play an 

important p81't in the decomposition of the ether itself. 'cuite aside 

from any arbitrary assumpt~ons, smne information of the free radical 

producing step can be inferred from the experimental results. 

In the study of the sensitized decomposition of c.cetaldehyde by 

vinyl ethyl ether, the rc;te of pressure incree_se of a mixture contaiL:Vlt:: 

6 % ether at 412°C was found to be about 4.4 times that of pure ether. 

This means that the length of the chsin produced by the free radical from 

the ether is gree.tly increc:.sed in the preser oo of acete:.ldehyde. 'Ihe 

length of the chain in the mixture, nevertheless, must be smaller thc: .. r.;. 

that in the pure acetaldehyde. 1l.itchell c;,.nd Hinshel'.'.ood (30), s .udying 

the photolysis of acetaldehyde, found that the quB..ntum yield is 338 

at 400°C and 58~ at 450°C both at 100 mm. pressure. At 412°C it would 

probably be &pproximc..tely 400. 'Ihe lent:th of the chain is greo..ter than 

the value of quantum yi.eld bsce.use prc:. t of the light absorption le~~ds to 
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the rearrangement process inster_;.d of a split into free radicc..ls (73). 

In ary case, we may put 400 as the upper limit of the ch&in length in 

the ether-c..cetaldehyde mixture containing 6 /a ether. This bein6 so, 

the rate of the free radical-producing process of the ether would be, 

at least, 3.4 / 400 or 0.8 ~') of the total rate of decomposition of the 

-E I RT 
ether. ?utting a e as the rate expression of t.~:.~.e free radic&l 

producing process, the mathematical expression of the above relation 

would be 

i.e. 

0
11 -44400 I 

4. 0 • 1 e , 
A e -E /R'l' 

HT 
lOO 

0.8 

(E - 44400) I Ii.T 
• lo11 e ~ . 

. b. 

lOO 

l:.t 412°C a difference in activation energy of little more than 6 kcal. 

corresponds to one hundred fold difference in the exponential factor. 

If we assume,. with Rice and Herzfeld (4), the fre,"uency factor A to 

lA be of order 10 ... , the activatioL energy .r:, then can be, c-.t most, 15 kcal. 

higher th&n 44 kcal., or 59 kcal •• This is quite o lo~:" value for the 

activation energy required to bree~ a C-C or e-o bond. 

There are three pos :~ible ways in Y.11ich the ether uay S.;__:lit into 

free radicals, namely, 

(a) C H OC ~: - c t::.. + oc H 
<"' 3 2 c:: 2 3 2 5 ~ . .) 

(b) c
2
H

3
oc

2
H

5 
c H 0 + c T1 - r1 

'"' 3 ~ 5 ~ 

(c) c h oc .. E
5 

- c H OCH + CE 
2 3 2 . 2 3 2 3 

It is hardly possible to predict the relc._ti ve probability of 
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process (c) in preference to (a) or (b), because different kinds of 

bond splits are involved. For a C-C bond, a single bond in an ~ position 

to a double bond is, in general, stronger, t-.nd one in a ~ position weaker 

than a normal single bond. I£ we assume the behaviour of the e-o bond 

to be anelogous to that of the C-C bond, reaction (b) should predominate 

largely over reaction (a). In (b) and (c) methyl and ethyl radicals are 

involved both of which ha'Vfe been shown to be capable of reacting with 

nitric oxide. If the free radicals do contribute an important part in 

the normal decomposition of the ether, we should expect that addition 

of nitric oxide would decrease the rate to an appreciable extent, since 

it would cer-tainly combine with part of the methyl and ethyl radicals 

before they react further. However, in the present experiments, nitric 

oxide was found to exert negligible effect even when the ratio between 

nitric oxide pressure and ether pressure is as high as 0.4. This result 

is very difficult to understand if free radicals play an important pE..rt 

in normal ether decor~osition. 

Consider now the chain propagating step. In view of the analytical 

result, if the chain reaction does contribute an important part of the 

total, the chain propagating steps would pre~bly be: 

CH CHO + C H 
3 2 j 

C H + CE CHOC H 
2 4 3 2 3 • 
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To account for th6 absence of measureble nitric oxide ir~ibitlon, it 

would have to be assumed thc-_t the nitric oxide exer -~s: no effect o..t 

all upon the vinyl and CH3CHOC H radicals, --- an assumption not, of 
2 3 

course, impossible, but quite improbable. 

The result for the sensitized decomposition of acetaldehyde 

and its inhibition by nitric oxide provides further evidence that free 

radicals do not play an important part in the normal decomposition of 

vinyl ethyl ether. Consider the mechanism of the sensitized decomposi-

tion first. :2ther generates the free radicals which react either c,.ith 

ether or acetaldehyde mo_,_ecules. TI1eir respecti-, .. e chain mecLani:::ms would 

presumably be as folloYv-s: 

R + C _ H OC i-I - R H + C H OC H 
~ 3 2 5 ~ 3 ~ 4 

R + 

C H OC H 
2 3 2 4 

CH CE.O 
3 

CI:-...
3

CO 

-

-

Cc eT-(' + c -~1-.ti L .. ) 
2 3 3 

~.:, H + CE ,CO 
.) 

CrL~, + CO 
.) 

• 

An individual chain propa~ating through the mixture would be a mixed 

sequence of these two different kinds of eteps. The ana~ytical results 

demand that if the chain part is important at all, th8 chains must be 

of a9}JrGciable length, other"ll7ise a considerable portion of the products, 

arising from the chain ending process, should be something other than 

acotaldehyde and ethylene. 
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Even if we assume ths~ niirlc oxide has l~ttlb or no e~foct on 

C2H and C...,H OC H radicals, it should reduce the chain lenath in the 
3 ~3 2 5 '"""0 

mixture to not more than few ste1js as a result of its inhibiting action 

with methyl radicals. The minimum value of the nitric oxide inhibited 

rate of ether-acetaldehyde mixtures should then cor:cespond to the rate 

of t.t~e rear-rangement process in the pure e"ther case. The experimentW. 

results show that the fully ir~ibited rate is, in fact, very close to 

the rate of decomposition of ether alone in all cases studied. Hence, 

aey chain mechanism must play a minor role, and the predomine.nt part 

of the reaction proceed through a. rearrangement mechru1ism. 

Since the chain initiating processes are quite frequent (more 

than 0.8 ~~ of the total rate ) , but the chain reaction does not T'.l;;-Y 

E~.n important part, the chainL must be very short. For tLe chains to be 

short, either the ct.ain prol::agatir_g steps involve very high activc::tio:n 

energies or vinyl ethyl ether is itself very :roficient in u.;::sociatir_g 

with free radicals to deactivate them. It is impossible to say anythir.g 

definite c:.bout the che.in propagating steps, Cn the other he.ncl, it is 

by no mee.ns unexpected that this ether should inhibit chain propag~t~on 

possitly E..S c;. result of its unsc-.turated linkage, :;~s vith ethylene (74), 

p ros'ylene ( 40) and azomethe.ne ( 35). 

Assuming thB.t the chain meche.nism :)le.ys only· a sn1Ecll )c..rt, it is 

possiblc. to account for the e.)lJroxime-.te c:uanti ta.tive r-tlation found ir 

sensitized decomposition of acctc . .ldehyde clt 412°C, namely, 

(~D I p ) + c (p /p ) ... -eo a e 
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where b.p / P t. and ( 6p I p e) 
0 

refer to ths prefjsure incrc;a.ses rclc'.-cive 

to the initial pressures of ether at the end of 90 seconds for the 

mixture and for the ether in pure state, p is the partial pressure of 
2. 

acetaldehyde, e.nd C is a cor$tant eque.l to about o. 05. c ompari1:g the 

cEses with srune partial pressure of ether and equating ~p /6t e.t the 

end of 90 seconds to the initial tates, we have the relation 

rate of pressure increase of mixture 

rate of pressure incre&.se of pure ether + C' (pressure of 

-4 
\".-here c' is about 5•10 sec 

-1 

aldehyde ) 

• 

Assuming that ra.te of pressure incree.se for pure ether is equcl 

to the rate of the rearrangement pr.ocess, the rate of pressure incree.se 

for the mixture minus the rate of pressure increase for pure ether gives 

the rate of pressure incree.se due to the sensitized [.cetaldehyde 

decomposition. 'Ihe r&.te of sensitized decomposition is then seen to be 

directly proportional to the aldehyde concentration. This relation is 

not difficult to understand. The chain length in pure acetaldetyd.e is 

much greater than in vinyl ethyl ether, as discussed previously. 

Therefore, for the mixture the effect of acetaldehyde on the chain 

ending process may be neglected. I:oreover, since acete~dehyde does not 

start chains nor lead to any chain branching process, the introduction 

of acetaldehyde ·would not affect the concentr£~tion of free radicals to 

any large extent. Since cases with same vinyl ethyl ether partial 

pressure are being compared, this means that the concentrations of 

free radicoJ.s in all cases are practicctlly the s8llle. From this it 
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follo\7S E~t once that the rate of the sensitized decomposition, bei.nc_, 

pro~Jortional to the product of the acetcldehyde concentration ar:c i ree 

radical concen"Lrf_tion, \vould be proportional to the concentration of 

acetaldehyde or its pe_rti&l pressul e in the mixture. 

The conclusion that the decomposition of vinyl ethyl ether 

occurs es·sentially by a rearrangement mechani8m is not incompatible 

with the experimental value of the activation energ~ for the reaction. 

An estimate of the activation energ~r required for such a mechanism 

may be obtained by comparing the rearrangement proces~for vinyl ethyl 

ether and diethyl ether. The actual processes may be depicted as in 

the following figure. 

Vinyl ethyl ether Diethyl ether 

The essential difference bet-r.reen these two processes is that 

the hydrogen in diethyl ether has to attack a shielded c£_rbon E•tom, 

while the hydrogen in vinyl ethyl ether attacks an essentially ex)oscd 

carbon atom Yiith a double bond •. These two different cases are very 

similar to the tc. o typesdiscussed by i{ice and Teller (cl), n8llely, 

re 2_ction of free retdice~s v.'i th a shielded c_t om and rer·_ction of free 

rLdice.ls \vith unsatureted link~es. These authors estiD~e.tedthe rcc;uirE:d 
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energy to push the three hydrogen atoms of a methyl grou] into the 

se.me plane as the cerbon c.:.tom to be around 4G l~cc~l •• ~n diethyl ether 

it is, of course, unknown hov. far the hy6.rogen c.t 01 .s must be pushed 

LW8.Y from their normb.l positions shield::;_ng the carbon a.tom vriich is 

being c.ttacked. 1.'/ith vinyl ethyl ether, interference of the one 

hydrogen shielding the cE~rbon r.tom is probc.:"bly responsible for a 

neglit.cible contribution to the activatio:r_ energy. On the contrc..ry, the 

higher electron density ocassioned by the double bor~c:: should facilit&.te 

&.~'))roach of the hydrogen atom being transferred. T'nis effect might 

contribute c. few kcal. tovn.:.~ ds the activation energy. The difference 1.n 

activation energies of diethyl and vinyl ethyl ethers mi6ht therefore 

be estimated as of the order 10-20 kcal •• Taking E2 kcLl., the activation 

energy for the inhibi·i:;ion reaction of O.iethyl ether (5~), as the activa­

tion energy for its rearrange1r.ent, process, the activc~tior. e:-r-"8- gy for 

rearrangement of viLyl etLyl ether would be of the ordE.r 40-50 kcE..l •• 

The cx2"Jerimentc.:.l value of 44 kcr.l. for the activation E-nergy therefore 

e.~"Jpec:.rs to be ;_-Jle..usible for the rec:.rrangement mechanism. 
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Generrtl Di~~ssion of Dec oc. 'Osi t:.on of .-thers 
------·- ·-- .• -- ·- -.-- ..::.z;.__:::: 

7:ith the addit:I.on of our results to the alreu:ly oxtensively 

studied aliphatic etLer series, it seems .,-;orth yJ:ile to attempt a 

generP.l discussion of ~~inetic betE·viors of tht= ethers 'ij'.rith E. vieu to 

a.scertaining to y,·hat extE:.nts change in structure effects their kinetic 

bEh8.viour. 

The four sa.turated etLers, namely, dimethyl, diethyl, methyl 

ethyl, and methyl butyl ethers, have been extensively studied, anc. 

their main chemical che.nges c.))8ETS to be: 

dimethyl ether 

c.iethyl ethsr 

methyl ethyl ether 
CH30C2H5 -

methyl butyl ether 
CB.

3
0C 

4
Hy = 

-

The activation energies of their 

CH + ECHO 
4 

C E + CE CHO 
2 E 3 

CH + CH CHO 
4 3 

HCHO + t r 
11 + c 

~ 4 

CH
4 

+ C ')I~ CHO 
J 7 

decomoosi tions ... 

' 

' 

' 

r-
n 

2 6 

• 

are quite close together 

for both their normal reactions and thenitric oxide inhibited reactions. 

The mechanisms for their decompositions i:A.I'e predominantly of the ch£...in 

type, yet there remain alJpreciable fractions accounted for by reccJ: re.rlge-

ment mechEu1isms. 



Substance 

Dimethyl 

Diethyl 

,. t, 1 
~.le ny =thyl 

11ethyl butyl 

Vinyl ethyl 

Divinyl 
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Table XI 

i:~ctivation energy 
of normal reaction 

58000 

58000 

54500 

56600 

44400 

5·:ooo 

Activation energy 
of inhibited ree.ction 

62000 

62000 

62000 

-----
-----
-----

: .. ec: . .n cho.in 
lenstl1 

17 ( 5c5 °C) 

3.7 (550°C) 

7.5 (5'i0°C) 

5.o (536 °c) 

1.0 

The maJ.n ~;ropccgating steps ·which he.ve been proposed for the main 

chenucal changes of these four saturated ethers are: 

dimethyl ether 
CH OC H + .t;, - R H + Ch OCH 

3 3 3 2 

diethyl ether 

CH. OCH 
.5 2 

methyl ethyl ether 

1, CI-1
3 

OCH
2 

CH
3 

+ 

CH OC.; ____ CH
3 2 2, 

Cb + l-cCi:-10 
3 

;:, - C 1-~ OCH CH 
~ 2, 3 

C H + HCI-iO 
?., 5 

C C-·o + CE ~~3 1-:. 3 

' 

' 

' 
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methyl butyl ether 

1, CH OCHrCH
2

CH CH 
3 ~ 2 3 

H
2

C OCl-~" Ch
2

CE Ctl .::, z 3 

C H 
4 ~ 

+?. - n E + i~ COCh CE CE CL 
2 2 2 2 3 

EC::-10 + C E 
4 ';) 

c --;l14 + c)-~ 
?., ' ~ 5 

E H + Ct: OCECn CE C-l 
3 2 2 3 

- C H CHO + CE 
3 7 3 

• 

These mechanisms are all similc.r in tha.t the free d · 1 tt 1 re.. l.CE~ S a EtCK 

only the hydrogen atoms on either of the c< carbon atoms. That these 

two modes of reaction are always observed in the unsymmetrical ethers 

shov-:s th&.t the lengthening of the hydrogen-carbon chain does not affect 

the activation energy of this ty~Je of i)rocess to c_r_y e;.) 1n·sciable exter;.t;. 

The total activation energy of e. chain process de:pends not only 

upon the ~=·ro)agating stelJS but z..lso the chain ending step. 'lne fact 

that the Ecctivation energies for the normal decomposi -cions of these four 

ethers are very close together ind~cates the.t their cho.in initiatin6 as 

well as chain ending ste)s are quite similEr to one another. 

The same primary products can be obtained by c. si :t·_gle type of 

rearrangement mechanism by which one hydrogen ~tom on either of the o( 

carbon t:.toms finds its way to the other c-~ cerbon atom ':.hile. the bond 

between this latter carbon atom c:.r .. d the oxygen ator~ brec..ks \·;ith the 

formation of an aldehyde e.nd a hydrocarbon. The activation ene::gy 

corres~··onding to such e ~orocess E,lso ch<:,_r_ges very little Y:·ith the 

length of the alkyl grou9 c~s seen from the ve.lue s of the act.i..v&.tion 
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energies for the nitric oxide i:rilliblted reactions. SincE; i;,:;_tr all these 

four ethers, the chain mechanism accounts for the r~c:.jor por:,io:n of thE: 

total reaction, it mee~s that the &ctivation energt involved iL such 

rearrc-Jngement mechen~sm is higher than that of the che.in mechanism. 

The introduction of a c<-f' cc.rbon-carbon double bond, however, 

changes the picture ~ulte radically. The activation energy of the 

rec.rre~gement mechanism becomes much lower thar1 for th6 S.&turated 

ethers while it appears that either the chain propagc:~ting step is 

impeded or the chain ending process accelerc:.ted by the introduction of 

a double bond. The result is that the reaction apps.rently goes 

predominct.!ltly in a reerrc.ngenent :i~c:ILner. In passing, it may be pointed 

out that the process leading to the formation of ketene and ethane is 

entirely absent. This is perfectly obvious since such & process would 

undoubtedly require even hig.Ler activation enez gy than that for the 

s_aturated ethers, owing to the fact that a hydrogen e.tom is more f .Lrmly 

bound to £. c&rbon atom Yiith double bond than to one v.-ith single bonds 

only. 

The thermal decomposition of divinyl ether has not been cl&rifieC., 

but one point is obvious. Since the activation energy is higher than that 

of vinyl ethyl ether, it may be concluded that c:. rec:;..rrangement process 

which would lead to ethylene and ketene must involve fEr greater 

activation energy than the rearrangement of vinyl ethyl ether into 

ethylene and acetaldehyde. This is in line with a higher strength of 

e-H bond in the vinyl than in ethyl group, although the stereo-relation 

may also plc.y a pc,.rt. 
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From the discussion presented in this thesis, it is c .. perent 

that although some minor fe£;.ture s still avm.i t clarification, among the 

five ethers comparE-.tively Y.rell studied the general behaviour c&n be 

brought together into e. quite consistent picture •. hll the sirr.D.larities 

as \'Jell as dissimilarities are compatible '1.7i th the genere.l physico­

chemical behaviour of these Elolecules. Indeed, e. harmonious interrGla-cion 

among so many different studies on so illftny compounds is itself a strong 

inG.ication that the explanations adve.nced u-e essentially cori-ect. 
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SUMMARY AND CON'IRIBUTION TO iG,;OWLEDGE 

An investigation of various aspects of thermal decomposition 

of vinyl ethyl ether has been carried out. 

From detailed analytical studies of products of the reaction 

at 412°C, it has been found that vinyl ethyl ether decomposes into 

ethylene and acetaldehyde, the latter of which undergoes further change 

although pure acetaldehyde decomposes at a negligibly slow rate at this 

temperature. 

The decomposition of this ether has been found to be homogeneous, 

and essentially of first order in the pressure range from 3 cm. to 20 cm. 

and in the temperature range 380°- 450°C which were covered in this 

investigation. 

The rate expression has been obtained by method of extrapolation 

to zero change as 

k = 4 • 0 • 1011 e -44400/ RT • 

Investigations have been made on the pres5ure changes of vinyl 

ethyl ether-ethylene mixture and vinyl ethyl ether-acetaldehyde mixture 

at 412°C. It was found that both the decomposition of acetaldehyde and 

polymerization of ethylene were accelerated in the presence of decompos­

ing vinyl ethyl ether. T.his has been taken as the evidence of the 

production of free radicals during the decomposition of vinyl ethyl ether. 

Nitric oxide has been found to exert practically no effect on 

the decomposition of vinyl ethyl ether &lone, yet inhibit very pronouncedly 
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the sensitized decomposition of acetaldehyde by vinyl ethyl ether. 

An interpretation has been advanced for the decomposition of 

vinyl ethyl ether of which the essential points are as follows: 

1). The most part of the decomposition proceeds through a rearrange­

ment mech8llism. 

2). Although many free radicals are produced during the decomposition 

of the ether, the part played by the free radicals is inappreciable owing 

to the strong resistance of this ether to the propagation of chain. 

It has been pointed out that an inhlbiting action of vinyl ethyl 

ether toward the chain propagation is quit.e plausible owing to its 

unsaturated linkage, although it is not certain whether this is the true 

cause or not. 

'lbe experimental active.tion energy, 44400 cal. has been shown to 

be not unreasonable for a rearrangement mechanism of decomposition of 

vinyl ethyl ether. 

A general comparative O.~scussJ.on of all the available knovil~dge .. 

abo~ tne thermal decompositions o£ aliphatic ethers has been made. 
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