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INTRODLIC TION

It is now generally conceded thet the decomposition of an organic
compound cen be reeslized in two different ways: First, the producis may
be formed by a single process of rearrangement of atoms. In such case,
the activation energy E and the frequency factor A contained in the rate
equetion

_E/RT

k=Ae
es deteri.ined from experimental data convey real physicel 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 mey be operative simultaneocusly. The task facing a physical chemist
in studying the decomposition of an organic compound, therefore, not
only consists of the determinatoon of the chemical change teking place
and the rate expression 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 formeldehyde into H2 and COy for
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,. 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



molecular constants of the initisl and final states.

£ chein process, on the other hend, represents no other then a
Combination of several individual resrrangemeht processes, esmong the
perticipants of which are free radicals. The free radiccl 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 collaborators
(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), & 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 ot moderate

pressure was originally represented by Rice and Herzfeld by the following

scheme:
lio, Chemical equation rete Act. Encrgy
constant ggsigned (kcal)
1 CH300H3== CH3 + CH3O kl 80
2 CHBO + CHBOCH3==-CH30H f CHZOCH3 k2 15-25
3 CHB'f CHBOCH3== CH4 + CHZOCH3 k3 15
4 CH,0CH, = CH, + HCHO k, 38
) CH3 + CHZOCH3== CZHBOCHB k5 8
6 CH3 + CH30= CHBOCH3 k6

For the sake of clerity, we give indices to the different substances



end use x with the corresponding subscript to denote concentration.

The steady state conditions are as follows:

-k x

dx2
CH —_— - + -
3 klxl k3x1X2 k4x4 k5x2x
dt
de
CH. O = k x. - kxx = 0
3 at 11 27371
dx4
Cﬂ200h3 " ==k2x3x1 f(k3x2xl - k4x4

From these equations we can obtain

k)

174
(4)9 XZ= (5)a
k2 ' k. .k

with the approximations involved in

k2x1x3 >> k6x2x3 and k3x1x2

The rate of decomposition of ether is given by

dax k.k k
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5

e first order equation, whence
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and the activation energy E is equal to /2 (8 + E, + E_+ E), i.e.,
62.5 kcal. from the esscigned values while the experimental ?alue
obtained by Hinshelwood and askey (5) is 58.5 kcal..

It should be pointed out, however, that in the sbove scheme
several possible reactions like the combination of two methyl or two
CHQOCH3 groups are entirely neglected. If they are assumed insteed of
equation (5) as the major chain ending process, quite different rate
expressions would be obtained, Moreover, the activetion energies of
these radical reactions were so chosen to make the whole picture
congistent, To test the various detail festures of such a scheme one
mst know very definitely ebout the activation energies of these radical
reactions. Despite much work done toward this end, there are still a
great meny dsta lacking. For the moment, such a scheme must be regarded
as little more than speculation. Kevertheless, the work of Kice and
Herzfcld did a great service in pointing out the possibility of & chain
mechanism, It srhowed that the complexity of a reaction which had been
always sttributed to the intrinsic nature of rearrengement process mey
well be due to the presence of certain chein processes. Therefore, in
the experimental study of a thermzl decomposition, an important point
to establish is the extent to which free radicals are formed in the
course of the reaction.

The presence of free radicals can be demonstrated in four mein
ways: the pare~ and ortho-hydrogen conversion method, the sensitizztion

method, the irhibition method and the Paneth mirror method.



Para- and Ortho~hydrogen Conversion }Method
The parea- and ortho-hydrogen which differ from each other in the
nuclear spin can not change into each other directly, but only by
metathesis (6), e.ge
H +‘sz = on + H

or by collision with a paramagnétic nolecule such as 02’ MO0 and NOZ (7).
Now if some comparatively pure para- or ortho-hycdrogen is mixed with the
reactant, acceleration of conversion mey occur if some free radicals,
which are paremsgnetic, or some hydrogen atoms are precent. The hydrogen
gtoms mey be produced by reaction of the free radical with the H2 precent.
The method is useful, since the composition of an pare- and ortho-
hydrogen mixture mey be easily determined by specific heat measurements.
This method has been applied by Patet and Sachsse for the examination of
the thermal decompositions of HCHO (8), CHBCHO and CHBCOCH3 (9)e It seems
not out of plece to consider the general wey in which the concentration
of methyl groups in ihe case of CHBCHO, CHBCOCHB, etc. decompositions
hes been estimsted, It is assumed that when the hydrogen is present with
thereection mixture, & stationary concentration of hydrogen ztom is
produced through the operation of the following reactions

CH3 + HZ=== CH4~ +,H kl
H + CHBCOCH3=== H2 f CH3COCH2=== H2 f CH200 +-CH3 k

(org. subs.)

Between the concentretions of hydrogen atoms and free methyl radical,

there exists the relation

(CHB) k. (org. sub. )

() K (5,)



The ortho-para conversion is assumed to be due mainly to H atoms. The
CH3 concentration is then calculated by estimating the ratio kz,/ kl'
However, it must be remember.d that the free methyl radical, being
paremagnetic, is capable of catalyzing the conversion itself. As the
efficiency of this process is unknown, the free radical concentration

obtained from the sbove manner must be regerded as upper limit (10).

Sensitizetion Methods

The most importent sensitization method consists in the study
of the effect of the compound in question on the decomposition rate of
some other substance. If a conspicuous acceleration is produced which
can be shown 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 chains in the latier. For example, the
production of free radicaels in the decomposition of ethylene oxide was
demonstrated by Fletcher and Rollefson (1l) by its large ceatalytic
effect on the decomposition of acctaldehyde.

iny polymerization reaction which can be induced by certain free
radicals may also be made use of for the present purgose. 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 (15). Since the totel polymerization induced
in all these cases are fzr greater than can be accounted for by the
amounts of these substances introduced on a stoichiomeiric basis, it
is evident that free redicals are produced in the thermsl decompositions

of these three compounds which initiate polymerizetion chains in ethylene.,



On the other hend, by some artificisl means such &s deccmposition
of certair compounds either thermelly or vphotochemicelly, free recicels
may be introduced into the substance in question. If a chain is set up
in this way, pure thermal decomposition may proceed through chain
mechanism. If there is no effect «t all, then any possibility of chein
mechanism is precluded, e shall illustrzte these two principles with
the cases of acetaldehyde and acetone.

Leermakers (14), from his study of the nhotochemicel decomposition
of acetaldehyde, concluded that the free radicsls produced from the first
act of absorption of radietion initiate a chain process above 80°C. While
the quantum yield is only 0.03 at room temperature, it rises to 300 at
310o under otherwise similer conditions. The results were confirmed by
£llen and Sickman (15) in their study of the sensitized decomposition of
acetaldehyde by azomethane at 245°- 330°C, These authors showed further
thet DRice-Herzfeld chain mechanism with the main chein propagating steps

Z + CHBCHO = CHA + CH CO

- 3
CH_,CO =— CH + CO

3 3
is satisfactory in accounting for their experimental results. As the
chain length, presumebly, would continue to increzse with temperzture,
we can sgy 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 concentretion: zs estimzted
by o- and p-hydrogen conversion method (9) is much lower then is to be
expected from Zice-Herzfeld scheme, and the resction rate ic not affected

by nitric oxicde (16). Therefore, vhether acetsldehyde decomposes in a

rearrangement process or in a chain process remains an open questiion.



The resistance of a substance to the settirg up of & chein is
well exemplified by the acetone cise. The photodecomposition of
acetone vies studied by Leermekers (17). The wuentum yields of C6©
production were, within their experimental accurzcy, unity from 200 -
400°C. Over the same temperature renge, the carbon monoxide in the
measured reaction products decreased from 50% to & proximately 33%e
This means thet at 400°C two molecules of ges not condensed in liquid air
are found for each molecule of CO. it 20000 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°¢ the two radicals
resulting from

CH4COCH, + hv = CH_ + CH CO (8)

3 3 3
CH.CO = CH + G0 (92)
3 3
react bimoleculerly with acetone molecules to form methane and the
comparatively stable CHZCOCH3 radicals. The radicals do not further
decompose, at least to yield a non-condensable gas, but disappear by
recombingtion in the gas phase or on the wall, At 20000 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 10
3 2 6 (10)
s that is, a molecule of ethane is formed for each molecule of CO.
The stability of C}IBCOCHZ- radical is further substentiated by
the work of Rice, Rodowskas end Lewis (18). They heated zcetone
containing approximstely 1) dimethyl mercury in the renge 350—40000.

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

identified as acetylacetone‘CHOCOCHZCHZCOCHD wes found in amounts
o v



approximately corresponding to the amount of dimethy mercury zaded.
The evidence suggests that the followong reactions occur

CH,COCH + CH == CH -+ Ci_COCH
3 3 3 4 3 2

13 C — 5 i T
2 Cn3 OCH2 2013000h20h2000H3

Pure acetone decomposes thermelly at 540-620°C into methane
and ketene (1lv). If a chain mechanism plays a part here, the important
propegeting steps would be

R + CH,_COCH_ = RH + (H_COCH
3 3 3 P

CH,COCh
P

3 CH CO + CH
P 3

Thus a rapid unimolecular decomposition of CHBCOCH2 radical is the
prerequisite for the propagation of a chain. From the two studies mentioned
previously, it appears thet this radical is stable up to 400°C. “hether

it still remains quite stable at 55000 is not known. Nevertheless, a lower
limit of activation energy for the decomposition of CH3000H2 radical may

be estimeted from the results at lower temperature. 4 comparison of this
velue with the one necessary for the success of the chain scheme may tell

some more about the possibility of such a mechanism.

Inhibition Method

If =2 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 teke place, at least in part,
by chain mechenism, In a chain mechanism a considerable inhibiting effect

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

with the chain carrier and destroy it.
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NO Inhibition

Most important of the inhibition zgents is nitric oxide. Staveley
and Hinshelvood x0) discovered that a small smount of nitric oxide can
reduce the rcte of decomposition of lower members of ethers to a steady
1imit of only a smell fraction of the original value. For instence, 1
rm. of NO was found to be enough to reduce the rate of decomposition of
hundreds mm. dimethyl ether to sbout €. of its normsl velue at 540°C,
while further increase of MO up to 20 mm. produced no more effect., The
nitric oxide wes gradually used upy but usually only slowly. For example,
« mme 10 was surficient for the decomposition of 400 mm. diethyl ether
vnichy in the mean time, rezcted at zbout one third the normal rate. If
NO was used up before decomposition wes complete, the rate rose rather
ebruptly to the normel velue.

This phenomenon was explecined by Hinshelwood on the basis that
the ethers decompose by a chain mechanism, and that NO 1s capable of
reacting, hence destroying, the chain carrier with the result that the
length of the chain is shortened and the total rate of decomposition
decreased.,

Hinshelwood, in fact, goes further. He interprets the steady
limit obtained as corresponding to an entipely'inhibited reaction,

This is tantamount to assuming that MO combine with each free radical
produced beforeit can react further with other molecules. In case tae
ciiains are few but leng, the part of the inhibited reaction due to

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

be little different from the rate of rearrangement process,



In table -I the reactions which have been tcsted with kO are listed.

Substance

H y dr oc arbons
Methane
Ethane
Propane
Butane
hexane

Ethers
Dimethyl
lMethyl ethyl
Diethyl
Methyl butyl
Ethyl propyl
Dipropyl
Diisopropyl

Aldehydes
Acetaldehyde
Propionaldehyde
Butaldehyde
Chloral

Ketones
Acetone
Methyl ethyl

Esters

Methylformate

(heterogeneous)

=-]]=-

Table I

Effect of Small Amount

of NO

Inhibition
Inhibition
Inhibition
Inhibition

Inhibition

Inhibition
Inhibition
Inhibition
Inhibition
Inhibition
Inhibition

Inhibition

o inhibition
Inhibition
Inhibition

o inhibition

No inhibition

No inhibition

No inhibition

neference

(21)
(22)
(21)
(23)
(21)

(16)
(16)
(16)
(26)
(16)
(16)

(16)

(16)
(1€)
(16)

(16)

(16)

(16)

(16)

(24)

(25)
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Teble I {continued)

Substance Effect of Small Amount
of MO
Alcohol
Methyl No inhibition

Cyclic ethers

Ethylene oxide Inhibition
Propylene oxide Inhibition
Dioxane Inhibition

iscellaneous

Iodine~-catalyzed No inhibition
decompositions of
eldehydes and ethers

Polymerizetion of Inhibition
ethylene

Hydrogenation of - Inhibition
ethylene

Kkeference

(16)

(11) (24)
(27)

(28)

(16, Mitchell’s
unpublished
result )

(29)

(29)
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The above explanation of functior of nitric oxide is substantiated
by seversl more observetions:

(1) ¥itchell and Hinshelwood (30) observed & reduction of the
quantum yield in the photochemical decomposition of acetaldehyde from
several hundred to sbout nearly unity by the additiom of nitric oxide
with 1 mol nitric oxide used up by about 1 mol of radical produced.

(2) Thompson and Meissner (31) followed the change in the
absorption srpectrum 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 NHB bands appearcd. The disappearznce of the
NO bands paralleled the resumption of normal ether decomposition. Using
diethyl ether in & similer experiment, new bands sppeared which could be
attributed to methyl amine.

(3) The admission of mimute amounts of nitric oxide into a
stream of ether issuing from e furnace &at 800°C inhibits the removel of
tellurium mirrors (32),

L quantitave treatment of the NO inhibition phenomenon has been
attempted by Hobbs and Hinshelwood (21, 22) and Hobbs (25).

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

Let g be the concentration of the activated ethane molecules
which yield redicals, n that of the normal ethane molecules, R that of
the radicsls or atoms which propagate the chein. In the stetionery state:

d/dt — kya - kRn - k.E(NO) =0

12

whence ~kg(N0) +{(ig (N0)) %+ 4k, k an' )

2k 2ny
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The term kzny allows for the oreration of either binary or ternery
recombinetion mechenism, z is an unknown function of the ethane concen-
tration, which we will represent zpproximztely by n*, In eddition to the
chain reaction there is a rearrengement process the rete of which is
3 Z(n) and possibly a surface reaction of rate S. The total rate, V,

is ksfz(n) +k Rn + 85, it being assumed that the chein propagating

reaction is proportional to the product of the etheane and -7 the radical

concentretions.
- k,n 5 Xy /&
V=05 + k.f.{n) + =—_ ( -k, (NO)+((K.(KO0))"+ 4k k. n'n’") )
372 y 5 5 1%
2k2n :
When (NO)=0, rate==Vo,
kn
v s+kf(n)+—-4:-—(4kknny)1/“
0 3 . %k. ny 1l <%

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

= 5 +
V= S kkgfz(n)

whence
v -7 -
o . 2 2 . ,
— ((y@o)) 1) - v (o) (11)
V - .V
0
® o —(xty)/2 (12)
where v = c(CzH6

T hen ethane is constant, Y is elso a constent, while for different
ethane pressures Yy varies according to (12).

The mean chain length being measured by Vd/Kw‘is

V /yo=1+K | =m-mmmmpmmmmm—mme (13).
o/ Ve (CoH.) (k £ (n)+5)

For four different pr%ssures of ethane, initisl retes were
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measured with different proportions of NO at 6OOOC. The relation (11)
was found to be obeyed with v equal to values listed below corresponding
to different initial pressures of ethane.

PC 57 100 300 454 Im:i:
QHE
Y 3.60 2.10 1.15 0.¢5

The meen chain length was slso found to very with CZHG as represented

by equation (13).

PCZH6 57 100 300 454 I,
vlean chain 9.8 6e5 5.9 4.1
length

By comparing the experimental data with these equationsSit was
found that x=1, y=0.66 yield the best fit. x=1 signifies that the
rate of production of free radicels is nesrly proportionel to the
concentration of ethane. That y=0.66 suggests two possibilities: There
may be two independent chain-ending mechenisms, one involving binery
collisions and one ternsry. The exact expression kz + kz,(CZHg) can
be made to vary with ethane pressure as well as (CZHG’)O'G6 by a suitable
choice of the ratio kzﬂ/kz. On the other hand, there is zlso the
possibility of a single cheain-ending process, the order of which depends
upon the pressure. If the time between collisions is comperable with
the mean life of the activated association product of the redicsls, then
it is easy to show that the rate of chain breaking will depend upon the
ethane concentretion according to an expression of the form (02H6)/(b+{CZE6))
which can 2lso be represented over the range in question by a fractiongl
power 0.66, if a suitable velue of b is chosen.

Equetion (11) was found elso to be valid for methane, propane cic

hexane., The meazn chain length of each, as in the cace of ethane,
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d ecreases as the initiel pressure increases.

The behavior of diethyl ether is, however, markedly different.
Here the (V - VOOL/(VO- V) vs. P.q Curve is the same for all the
different initial pressures of ether, while the mean chain length is
elso independent of pressure within the pressure range 51 mme. to 40Cmi.
at 504°C.

.ccording to Hobbs, this may be explained by assuming the

following chain mechanism

(1) C, h 0C HS-—- ca + CréOC“ . | kl
(2) CHy + 02H5OCZu3:== 0256 + CH2002H5 k2
(3) CHZOC F5:== CH3 + CHBCHO kg
(4) CHB + 05200255=== Product k4
(5) L0 + Cn 0C H == Product k,

To meke it more general, the large radicel CHZOCZHS’ vhich is
removed by the i'0, will be called 53 the small redical CHS’ wnich reacts
with the ether, will be celled R; and the etherwill be called i The

conditions for stationery state ere

d(R)
—— =5k (A) + k (S) - kz(R)(A) —Ké(h)(s) = 0
d 1t -
d(s) ,
———m(m+k(mw)-k®%k&M$-k£®wm=0
at 1 4 5

whence -k _k_(wo0) + ((K_k (NO))2+8k k (k. k (NO)+Rk_k ))1’/2

(R) — 25 25 4 15 13
4k2k4

I n addition to the chain reaction there is a rearrangement »rocess

and possibly a surface reaction, the joint rate of which may be written
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es k> £(4). The total rate is therefore
V=kf(A) + kz(R) (&) ,
it being assumed that the chcin propagating reaction is proportional

to the ether and radical concentrations.

V=k’f(A) + -}-{-2—(—A (({k. k ("-'O))2+8k k (k k (NO)+2k k ))l/z-k k {¥C))
5750 R N 18 25

4k2k4

hen (NO) =0, rate=V

kz(A) 2
4)

V =k’f(4) + ( 16k k_k.k
° 4k _k
2 4

17273

: . A /2 |
The rate of the uninhibited chain reaction, (&) (klkzkg/k4) is thus
proportional to the first power of the ether pressure.

Ve is the limiting rate when (NO) is large, then

Vo= k’f(4) , and
V- 2 2 i}
= = ( (e((HO)) + g{NO) +1 )1/ - ((10)
V-V |
o o l/
& _ =
where o<=(k2kg/4(k1k2k3k4_) cand  B=1kg/ 2k, .

(v - zw/ Vo— V;o) is thus independent of the concentration of the ether.

The mean chain length is given by

K £(a) + (&) (Kkk /k )]/Z
V/ V== 5 4
* k’ f(4)

S teaveley and Hinshelwood (20) found that the rate of the uniphibited
pert of the reaction, k’f(i), was of the first order with respect to
the ether concentration, so that the zbove expression shows the mean

chain length to be independent of the ether concentration.



-] 8=

It is to be noted that in this comnecction the real cheracters of
the small and large radicels are not important. It might be, as well,
CZHS and 02H4002H5. In fact, this type of chain mechanism was first
postulated by Rice and Herzfeld (4) to get the first order charescter
of the over-zll reaction. An interesting point here is that reaction
between NO and the light radical is relestively ineffective. hccording
to Hobbs, it may be due to the greater abundance of the large radical.

Much work hes been done to ascertain the product of the reaction
between NO and the free radicals. In meny pyrolyses inhibited by NO,
tests for cyanides in the reaction products have been obteined. In
others the presence of KHB heg been demonstrated. In still other cases,
s white solid has been isolated and it has been suggested thet this
solid was formeldoxime (33, 34, 3%).

On the other hand, however, reactions have been followed in
presence of N® and no positive tests for cyenides or emmonie were
found (36) wherefore decomposition of CHBNO, the complex postulated,
into CH4, CG, N2 and HZO was proposed. Further it has been suggested
that the stability of the complex relative to the reactants forming
it is smell. Echols and Pezse (37) suggested that an equilibrium is set
up between the complex, 1O and radicaels in butane pyrolysis even at
520°C.

Thompson and Meissner, from their spectroscopic study mentioned

sbove, suggested formation of formeldoxime might occur be‘t'ween'CH3 end

110 and the reaction

i 10 = CH.NH_ +
C i, * K0 CH,MMH, + CO

night occur for the ethyl radical.
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It mey be mentioned in pussing that if Hobbs’ suggestion that
the main reaction of NO 18 with the heavy radicsl is true, these
respective products may be the direct products of such érocesses.

The pyrolysis of formaldoxime has been studied by Teylor and
Bender (38). It dissociates first into hydrogen cyanide and water which
react: further, but more slowLy,to produce chiefly CO end ZES. fccording
to them, formaldoxime is more satisfactory as the intermediate between

nethyl group and NC than the iscomeric formemide, although isomerization

between these two at eleveted temperszture might occur.

Inhibition by Propylene

The inhibiting action of propylene on thermsl decompositions of
orgenic substances was first observed by Rice and Polly.(39) Its
effect was explained by them by assuming it to remove some of the active
chain propageting radicsls R by rezacticn to give RH and the ellyl recdical,
which combined with itself to form diallyl instead of propageting any
chain, The decompositions of provene, n-butane, ecetaldehyde, acetone,
dimethyl ether, trimethyl emine and ethylene oxide were all found to be
inhibited. It would be really interesting if the reported behavior of
acetzldehyde and acetone are true, for they both show a negative result
toward 1iC. But, as the authors themselves admit, the measurement of
initisl rates was not accurcte owing to complications arising from the
strong catalytic effect of traces of oxygen present as well as the
decomposition of propylene itself. The whole issue, therefore, must be
vieved with interest but with reserve.

Towever, inhibition of the decomposition of n-butane by propylene
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wes confirmed by Echols and “ease (40/, although the effect was found

to be only ebout one twentith to one thirtith that with nitric oxide.

The phenomenon of inhibition is, in fect, a very general one.
iitric eoxide distinguishes itself only because of its particular
effectiveness in deactivating the free radicals. fut any substance like
propylene vhich can react with the chain propageting radiczl to form
less active redicals would have the effect of inhibition. For example,
by virtue of the stebility of the CHZCOCH3 group, acetone acis s an
inhibiter in the sensitized decomposition of acetzidehyde by ethylene

oxide., (11)

Peneth’s Iirror Method of Direct Detection

The most direct method of detecting the existence of free
redicel is that developed by Paneth znd others. It is based u.on the
ability of the free radicels to combine with the metals such as leed
and mercury etc. to form some volatile compounds which can be collected
and identified. The nature of free rsdicel combining with the metal can
at once be known when the identity of the compound is known., In this
wey, Peneth and his collaborators (2) first proved in & direct way the
existence of free methyl and ethyl radicels. However, the successful
detection of these simple free rezdicels had been restricted to the
organic decompositions at high temperstures in which cases their
concentrations may be rather high. Recently, radicactive lezd has been

used to increese the sensibility of this method (41,4%).
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The modificetion consists only in measuring redicactivity instezd of
identifying the metallic comoound by chemiccl mezns. It was claimed by
Zurton and others that they had succeeded in this wey in establishing
the formation of free radicels in the pyrolysis of aceteldehyde at
500°C. This modified method seems 10 have a greet possibility of
development. In view of the sccuracy of the rcdiosctive measurement, it
may not be too much to hose that before long this method will become
most useful in meesureing the concentration of free rediczl in orgenic

decompositions.

rfter free radiceais have been shown to be produced in a
decomposition, thefe remains the problem of determining the part they
play in gencreting short or longcheins, The number of chains initisted
depends upon the free redical producirg cavecity of the substence. But
the length of the chein depends unon the chain propegeting cepacity of
the substance. These two different quelities :re by no mears slweys
ascociated., For instence, we heve elready seen that aceteldehyde cean
propagete a chain of hundreds in length around 300°C without being
able to initiate it in the same temperczture region. On the other hexna,
there are compounds which can producé free redicals reedily but cexnot
act zs e medium for chein propagetion. & typicel exezmple is azomethene,
Fecause of its various interesting aspects we shall discuss this case
in some length as a good illustration.

The decomposition of azomethene wus first Studied by Ramsperger

0 0
(43) at temperstures between 27y - 330 C end &t preggures from
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0.26 - 708 mm.. The reaction is homogeneous and of iirst order. The
rate constant starts to fzll down et low pressure.

Heidt and Forbes (44) showed thst elthough the fincl pressure is
always neerly twice the initial pressure, the composition of geseous
product changes steedily with the course of recction.

Riblett and Rubin (45) studied the reaction at 34006 by an
anglyticel method in different stzges of reaction. The main products
were found to be nitrogen, metheane, ethane and & liquid with a higher
carbon-nitroger. retio then thet in azomethane., The percentage of
nitrogen and, more markedly, thet of methene increeses as reaction
pfoceeds, the percentage of liquid decreases, while ethane shows little
veriation 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 resction, the liquid and
nitrogen lines are straight and may be extrapolated to yield fifty moles
of nitrogen and fifty moles of liquid s the primary products.

The work was extended by Taylor and Jahn (35) who studied the
decomposition of azomethane in the temperature range 29OOC - 340°% by en
anelyticel method. They coﬁ}irmed theat methane, instead of ethane, is

the main hydrocarbon product, and suggested (CHq}ZN N(CH t0 be the
9]

3)2
Jiquid in accordance with the zpproximate vealue of its composition
obtained through carbon wznd hydrogen balances. The recction mechanism
was considered as consisting of mainly

CH N=ICH = N _ +
3 3 9 ZCH3

CH 3;¢=NCH3 + ch3 = (CH3 )ZN N(CH 3)2
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and the subsequent decomposition of the hydrazine derivative 1o yield
hydrocarbons and other products. The activation energy of the total
reaction was found to be 52500 cal..

The supposition that zzomethane decomposes into 1 molecule of N2
end two free methyl groups as the primary step wes confirmed by the same
zuthors (46) through the study of azomethane decomposition in presence
of large amonnt of NO. The reaction was accompanied by small pressure
increase and yielded insignificant quantities of hydrocarbons in the
volatile products. This was interpretated as indicating an initial
dissocistion of azomethane into nitrogen and free methyl groups which
for the most part combined with nitric oxide. The energy of activation
of azomethane decomposition in presence of NO is the same &8 that for
pure azomethane -- & coincidence suggesting that the same process is
the recte-determining step in both cases.

The cepacity of azomethene to produce free radicals aﬁd its
inability to propagate chains are supoorted by many other studies.

Leermekers (47) and Zice and Zvering (4&) both démonstrated the
presence of free radicals in the azomethane decomposition by the mirror
method.

AMlen and Sickmen (15) found that czomethane can sensitize the

decomposition of acetaldehyde.‘

Leermakers (49) showed that up to 275°C the ethyl radical does
not react with zzomethane.

Forbes, Heidt ard Sickmann (50), in studying'the photodecomposi-

tion of azomethane, found that up to 260°C the quantum efficiency lies



~24-

below 2, Davis, Jahn and Burton (34) concluded frow the effect o 10 on
the pvhotolysis that the orimsry process iavolves only the formation of
e methyl radicel and that dissociation by a single act into etheane znd
nitrogen does not occur. Together, these two seperate facts shows tict

the methyl radical does not start cheins in azomethmne.

Of course, the cases of acetaldehyde and azomethane as presented
above cre extireme ones zmong various possible combinations and gradetions.
In every actual case it is necéssary to determine whether the chains are
short or long after free radicals have been shown to be present.

The most direct way of determining the chain length is to study
tine quentitative effect upon the substance in question of definite number
of free radicels produced emong its molecules from the decomposition of
other substance either thermslly or photochemically. iside from this,
there are a few criteria from which, occasionally, useful information
to this end mey be drevn.

In a long-chein 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 endinrg step are important,
Thus a detailed study of the prodgcts might be helpful.

If the free radicel is of the Type which can react with 1i0, =
detailed study of the reaction in the presence of NO and its comparison
with normel decomposition should be informeative. If the activation
energy of the inhibited reaction is far smaller than corresponds to any
bond strength in the compound, there must be oniy a ve:y smell fraction

of the primary process which leads to the formation of free radicels,
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This knowledge, together vith the mezn chain lengtn would meke possible
a rough estimate of the true ciacin length,

In considering here the length of the checin, it is perhaps not
out of place to examine the validity of Hinshelwood’s zssumption thet
the inhibited »rocess corresponds to an entirely non-chein process.
.There is ampole evidence to show that the ebility of nitric oxide to
combine with methyl, ethyl and, perheps, some other radicals mskes it
capeble of reducing the chein length to a very small vealue. Lovever,
evidence also exists to indicate that the chain may still propegecte
a few steps before the chain carrier is caught up by nitric oxide.
Jehn and Teylor (51), in studying the decomposition of szomethene in
the presence of large amounts of nitric oxide, iound that there was
still aporeciable reaction of methyl raediccls with azomethane, the
upper limit of the retio of nitric oxide to azomethane reccting being
gbout Z. This is not difficult to understand. The reaction of nitric
oxide and methyl radicals, presumably, involves &lso an activetion
energy of a few kilocalories. As the activation energy of this associa-
tion reaction must be also very low, it is natural that part of the
methyl radicals would rezct with azomethane reather than with nitric
oxide., The scme situation should be expected to exist in other KO
inhibition cases, since the activation energies of radical-molecule
rezctions are, in general, quite low,. Thus it is quite probable that
the inhibited reaction still involves chains of few steps. ..iien the
chains are long, this part would be negligible, and in such czses
Hinshelwood’8 epproximeztion is essentially correct. +hen the chains

ere short, however, serious error mey be involved in the approximetion.



Therefore, before the relztive extent of chein process and rearrsig€Rent
cen be fixed by this method, & knowledge sbout the length of the chein

18 necessary.

On the experimental side, the ultimete solution of & thermal cecoun
position problem is only considered to be reached when we know ell zbout
the individual process involved, — not only the chemical changes invevled
but alsc the rate equations governing then,

In f:ct, beczuse of the exiverimentzl difficulty, excent for =z few
simple reerrengement processes, by fer the mezjority of studies of orgenic
compound decompositions is still fer short of such a goal.

Among ell groups of orgenic compounds the eliphatic ether grouy
is one of the few which have rccieved extensi.e studies. .s the pieseit
research is concerned vith tiie thermel decomposition of vinyl ethyl ether,
which is different in type from the ethers form: erly studied on account
of its double bond, it seems necessary to meke a review of the kinetic
studies that have teen mecCe uion _the aliphatic ethers, It serves not
only for dreving comparison with the resuits of the present study, bu.
also helps to illustrate how incdquete our general knowledge still is
even in such zn extensively studied s.ries.

Comperetively well studied among the ethers are dimethyl-, diethyl-
methyl ethyl- end methyl butyl ether. The review will be confined to mainly

tiece compounds,., iovever, the cease of divinyl ether will be added to the

1ist becsuse of its particular cherzcter in posse.sing two dcuble bonde.
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Thermal Decomposition of Dimethyl Zther

This reaction has been studied over the temperzture range 400 -
0 . s .
600°C (5)s It is a first order reaction, yeilding CH4, CO and H, &s the
final products. Formeldehyde wes found to be the intermediste. Thus the
meain, changes are
CH_OCH_, = CH + HCHO
3 3 4
HCHO = CO + H .

2

It wes found that the retio ofvthe emount of formeldehyde to the initisl
amount of ether is independent of the initisl pressure, and only dependent
upon the percentege decomposition of the ether. The relation can only be
understood if the decomposition of formsldehyde is elso of the first order.
Kessel (51) czlculated from the experimental dete that the razte constent
for the decomposition of formsldehyde wes five times thet for the ether.

The rezction rete begins to fell when initizl pressure goes below
350 cm.. Since the recte constant does not fall during the course of a
run, the product must play some part in the ectivation process. It has
been shown by Hinshelwood that nitrogen, helium, czrbon monoxide and
cerbon dioxide heve very small activation effect. Therefore, the
activation cen only be due to hydrogen., This inference was verified by
separate experiments in the presence of hydrogen. The rate constant at
in finite pressure, kg ; obtained by extrepolation of 1/k - /5 curve,

conforms to the following equetion:

13 -58500/ KT -1
k= 1.55 *1C" +10 sec. .

Increese in surface decreases the rezction rete. liinshelwood



end askey found thet the rete in e silice bult helf-filled with scwderea
silice was sppreciably lower than thet in an empty bulb. &t sbouv 53506
and 15 mm. initial pressure, the decrease wes about 14 .. Pease (5%},
using two pyrex tubes, one emply and the other filled with 5 mn., yrex
chips coated with potassium chloride, zlso found 11.5 % decrease in rate
of pressure increese in pecked bulb &t 46100. He considered this zs
evidence of the presence of chains in dimethyl ether decomposition,

Strong confirmat.or of the existence of a chein process came form
1’0 inhibition work. Staveley and Hinshelwood (53) found that 1 mm 10
reduced the initial rate of ether decomposition to a smell fraction of
the normal value which wes not chenged by further addition of NO up to
<0 mme partial pressure. As previously descussed, thie phenomenon was
attributed to the chuin character of the reaction, and the consistent
value of the minimum rete was assumed to correspond to a fuily ixhibited
reaction. The meen chein length, defined as the retio of normal rete to
fully ivhibited rcte, wes about 17 at 56500. the activetion energy of the
fully irhivited resction was found to be €2000 cal..

The zbove postulated scheme of chemiczl charge as well =s the
inhibiting effect of nitric oxide wee confirmed in detailed snelyticel
work of Gay end Travers (54). This method of study comsisted of enclosing
a definite amount of the ether in ¢ gless bulb, which was heated repial;
to the temperature desired erd maintained et that temperature for a
definite period of time, after which the bulb wes cooled repidly to
arrest the reaction and the content _ . tzken out for anelysis. Tro
experiments with pure dimethyl ether were carried out by tiem at 49000

st concentretion corresponding to 0.04 gram mols per liter. The reaction
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tubes were heated for 15 end 45 minutes respectively, when the amount

of decomposition corresponded to 48 and Y2 5. of the dimethyl ether

present, The following tables record their results

oample I
C H
(CHB)ZO 0.08000  0.240C00
H ----- O. 0247(:
2
CO 00,0138l W ====--
CH4 0.01813 0,0725%
(CH.).O(unreact-0,0415¢  0.124€8
32
ed)
COy 0.0003y W =====-
GZI—Ié 0.00026  0.0007&
Ion-vblatile 0.00570 0.01156
et -80°C
Uneccounted 0.00015 0. 00570
for
Table IT (g.mol
per 1li.)
I 11
CI—I4 0,01813 0.03525
(CHB)nO
dec8mpd. 0.01922 0.03678
Difference 0.00109 0.00153

Table II (in grem moles per liter)

Semple II
0 C H 0
0.04000 0.08000 0424000  0.04000
------------ 0.06180 ------
0.01381 0.03454  ====-- 0. 03454
------ 0.03525  0.14100 ~-=---
0.020Y¢  0.00645 0.02529  0.00321
0.00076  0.00027  ==----- 0. 00054
------- 0.00022  0.0006€ —————
------- 0.00332  0.00904 —————
0.00463  0.00003  0.00221  0.00171
Teble Iii {g.mol.
per 1i.)
Co 0.01381  0.03454
Hz;
0.01238  0.03093
Difference  0.00142 0.003¢1l

Meny other experiments were made with packed and unpacked bulbs.

In =11 these experiments the amounts of carbon monoxide and hydrogen

were alweys found to be approximetely the scme. The rate of decomposition

of the ether, as determined from the amount of methane formed, was found
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to be much slower in packed bulbs than in unpecked bulbs.
The results of some tvnical experiments vith ether-NO mixture

are listed in the following teble.

Teble V
T 520°C Initial (Ch,),0 0.00458 g.mol/liter . t 15 minutes.
Serial 1'0(initial) NO{finel) H. Co Ci: co. Final

< 4 < (CHy) 0

1 0. 00000 0.00000 0.00203 0.002165 0.00250 0.00006, 0.C0x33

2 Oo 000055 ““““““““““ O’. OOOll O. 00014: O. 000045 Oo 004‘4'2

3 0. 00015 e eem -=-  0.00003; 0.00015 0.0000l; 0.00441

4 0. 00026 0.00011 0.00003. 0.00005  0.00014 0.00005  0.00451

The above results establish the chemical changes that teke ;place,
and that a large pert of the decomposition tskes »lace by a chain mechanism.
The effect of increased surface indicates that the chain mey be quite long.
Very little is revealed, however, about the mechenism of the chein jrocess,
uch light was thrown ugson this aspect by Leermskers’ study of chain
decomposition of dimethyl ether photosensitized by zcetone (17). The
‘reaction was followed by the amount of methane produced which was, in turn,
obteained by substracting from the amount of non-condensable gos twice the
volume of CO found. ..t temperature range 160 - 40000, the folloving

equation was found to hold

a (c%,) I
4 g | ——xbs. (CHyOCH, )
P (CE,) €O

where Iabs is the product of the incident light intensity znd the fraction
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. 3 -16000/ it /%
of light absorbed by acetone, end k= 7,3 ~lOd e 16000/ molesL/

sec—l. The quentum yield of methane production or what wes as:sumed to be

eixst"L/“
the equivezlent of ether decomposition, was cs high as 230 at 400°C for
experiments of lowest light intensity and was zbout 11 at 2700.

For the detail mechenism, Leermckers sugpested the folloving schene

£, COCE,. + = CH H.C
Ciy 5 hv Cr3 +'Cb360 (1)
CH CC = CH_ + CO (2
X 3 (2)

CH_+ CH_COCH_ = CH + CH_COCH . 20 kcal.
3 33 4 T3 (3) 4 ©
CE_ + Ci OCH = CH + CH OCH (4) 4 15 kcal,

3 . 3 3 4 3 2 4
H OCH, = H + CH ' o .
CH, OCH, HCHO + CH, (5) e 35 kcal
CH,COCH, + CH_OCH_ = CH COCIi + CH_OCH._ (6 Y 20 kcal.
2 3 3 3 3 L3 3 P (6) 6
CH,0CH, +'CHZCOCH3 = X (7) Gy 10 keal,

The activation energy velues were chosen to justify the following

approximations: I is small compared to kS(CHB)(CH3OCH3)’

abs.
k, (CHZCOCHB) (ChBOCgB) and k5k6 I (Cﬂgochg) 3

kBKV(CHB) (CHBCOChg)

end k4(CHBOCB3) is large compared to kg(CHBCOCHB). The choice of (7)
as o chain ending process was made because it led to the right rete
expressiones The final expression for the rate of decomposition of

dimethyl ether is

a(CH,00H,) [kl k I Kk k_ |
- — = 26 absa—  (CH,OCH,) + 22T (CH,COCH,),
d t J gk, (CHgCOCH,) ] Rk

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

Considering only the first term, and assuming with Rice and Herzfeld (4)
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thet the coefficient of the exponential in first order recctions is ZLO'L

e nd in secoud order reaction is 10%7, we neve

g =|-4 5 C_qqi,~20000/ KT
k3x{'l
4 -1€000 /L
vhereas the experimental value is k=10 e .

From this it can be concluded that the chain in the normsl dimethyl
ether decomposition must be very long. 4is the mean chain length is only
about 17 at 565°C, it is pro bable that only & small fraction of the
innibited reaction results in the production of free radicals, the major
part of it being & rearrangement process.

£ very interesting point here is the way in wnich the formaldehyde
decomposes. Tletcher and Rollefson (11), on stremgth of the fact that the
decomposition rate of formeldehyde as an intermediate in this reaction
is fifteen times as great as that of pure formeldehyde, suggested that
formaldehyde was decomposed here by a sensitized rezction in the prescnce
of free radicals produced by the ether. Thic explanation has been rende:red
of‘quite doubtful value by an intcresting study made by Steazcie end
ilexander (55). They decomposed mixtures of deuterc-zcetone and ordinary
dimethyl ether at 550°C. If the decomposition of formeldehyde is not =
chain process, the hydrogen obtained should be &ll light. On the other
hand, if formeldehyde decomposes through a radical mechanism such es

A + HCHO = RH + CLO
CHO = H + CO R

t+ hen as the hydrogen atom must have a good chance of extracting =
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deuterium ctom from the deucero-compound and the hydrogen gas obtained
should have a high content of deuterium. In fact, they found thet wathin
an experimental error of sbout 2 ¢ the hydrogen from the mixture ves

| entirely light. This result rether indicates that the higher rate of
decomposition of formaldehyde as an intermediate in dimethyl ether

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

to the presence of some energy cheins.

Thermal Decomposition of Diethyl Zther

Since the first work by H}nshelwood in 1927 (56), the thermsl
decomposition of this ether has been repectedly studied by verious
investigators.

The resction at normsl pressure i.e. around and below 1 atm.
may be considered first. It is escentizlly homogeneous and is inhibited
by nitric oxide. ildehyde was found &s an intermediate product. Devoud
and Hinshelwood (57), working with ether at 3CO mm. both pure snd in
the presence of 5 mm. NO &t 5470C, found that in both cases the amount
of sldehyde increessed et first with time, passed through mexirmum, end
then decreased. The meximum for the inhibited reaction erpesrs in a
later period than that for the normel resction. The rete of decomposition
of zldehyde in both cases carl be inferred from the curve. The ratio of
retes thus inferred at corresponding pressures of zldehyde withand
without nitric oxide 18 29

Fletcher end Rollefson (58), however, carried out quantitetive

ectimation of both formaldehyde ond sceteldehyde at 507° end 552°C
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for an initial pressure of 200 mm. snd &t 552° for ax initial pressure

of 20 mm. Their results on total eldehydes ere similar to those of

Davoud and Hinshelwood, but the smount of Tormaldehyde wes found in

each czse to constitute from 20 - 25 % of the total eldehyde.

The results of gas.

a8 foliows:
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Devoud and rinshelwood proposed the following eguetions to
represent the change:
(1) CE_OC H = CH CHO + C_H
< 5 75 3 < 6
2) C & OC_ = = Ch Cho + R E
(2) 00 B CHBCMO CZI4—+ R,
(3) CH,CHC = CH_  + CO
3 4
(4) 023500235 = CH, + hLO (surface r.action ) .
(1) and (3) are the mejor chenges, (2) is postulcted to account for the

cresence of K_ and C.H and (4), considered as & surface change, is

2 © 4’
postulated to account for the disparity between the emounts of Hz and
02H4. They postulated reaction {(4) as a surfece reaction since , when
the surface of the reaction vescel wes poisoned by a carbonaceous film
obtained by decomposing ecetone vepor et 800°C, the amount of ethylene
formed was found to be ap-reciably decreased.

Fletcher end Rollefson, on the other hand, vostulated a different

set of minor chinges. Their scheme is

(1) 02H5oczz~:R

o~

= CH_C:0 + C_H
3 26
£ CHO = CI +C
(3) ¢C 5 HO ¢, 0
) 100 H = + CH + HCHO
(5)  C,H 00 H = CJH +Ch | c

(€) HCHO = H, + CO .

Although the scheme of Davoud and Hinshelwood must have some
deficiency for feiling to take account of the presence of LCilc. It
appears that Fletcher enc Kollefson’s scheme also is not satisfactory,
since their scheme indicates that

(CH,) - (C.H,) = (CO). - (d,)
which is, however, far from being the cecee according to Davoud znd

Hinshelwood’s results.
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The difficulty involved in clerifying these minor reactions is
immediztely apparent. The accuracy of presert experimental iethods usec
in the analysis of smell emounts of complex orgenic mixture is, in generel,
poor, Furthermore, if the minor reactior is of heterogeneous nature, it 1is
even difficult to reproduce the charge. With & meegre experimental
information in hand, it is naturally very difficult to decide upon the
right course of minor reactions zmong numerous plsusible alterneatives.

That a chzin mechanism is involved in the reaction is borne out
by the following facts:

(1) *he rate of decomposition of acetaldehyde es an intermediate is
greater then in the pure stete ( 58).

(2) The aldehyde, es en intermediste in the ether decomposition,
decomposes slower in presence of nitric oxice (57).

(3) The decomposition gf the ether is inhibited by nitric oxide (20},

(4) The decomposition of acetaldehyde is accelerated by the presence of
small emount of ether (58).

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

Kinetically the first order constant rises with pressure and
approzchs a limiting rate sround 600 mm. or highér. The addition of
hydrogen at lower pressures of ether restores the rate to what it would
be at higher partial pressures.(Bé) The effect of deuterium 1is
uncertain (59).

The dependence or the reeaction rate upon the ether »ressure is
neerly the same for the NO inhibited reaction as for the uninhibited
The same effect of hydrogen is also observed here as in the

reaction.

unirhibited case.(20) It is thus evident thet the fell of rote with
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decrease in initial pressure has 1lilttle to do with the chain charécter
of the reaction, but is due to the failure to attein laxvell-Boltzmarn
equilibrium concentration for the activated species by cellisional
activetion.,

There is quite a range among various activation energy values
determined by different workers. This is partly due to the different
ways in which the rzte constant of the ether decomposition iz tzken,

and, of course, partly due to the unavoideble experimental errors

ictivation Energy for Unirhiblted Heaction

activaetion Energy Method of Determination suthor
62,000 cel. Initial rate of vressure Kice and Sickmann {60)
change
5800C czl. Aldehyde fector Fletcher and Rollefsoi
corrected (58)
53, 000 cal. 50 % pressure increase Hinshelwood (56)

sctivation Energy for NO IFhibited Reaction

LZetivation Energy Method of Determination futhor
67, 000 cal. Pressure change Steveley and ilinshelwood
(20)
62,000 cel. hldehyde corrected Davoud and Hinshelwood.
(59)

Our knowledge about the extent and charccter of the chein part
is comperatively meager, but may be briefly outlined.

(1) An estimate of the concentration of free redicaels has been made by
Devoud and Hinshelwood (57). From 300 mm. ether at 54¢°C, the meximum
pressure of sldehyde formed wes 60 mm., and the rete of decomposition of
this aldehyde in presence of ether alone was 2.9 times as great as at the

corresoonding pressure in presence of ether and 0, It is assumed that
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the increcsed rate is caused by free radicals from the ether, there
being good evidence thet none is due eldehyde itself. Thus the rate of
the radical-catalyzed reaction is 1.9 times the normal rate, found ct
this pressure to be 1.85 mm. / sec.. The number of molecules reacting
per c.c. per sec. is 4.2’1015. It is assumed equal to the number of
coi}ig%ons between aldehyde molecules and free radicals, multiplied by
o/ &T
e » where E is the activeation 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 cel.. At 60 mm. end 540°C,
the number of collisions between acetzldehyde molecules and radicals is
é,5°108n1, where ny is the number of radicecls per c.c.. According to the

: S -5700/1.98 *8lv 15
assumption made 4,5 * 10 n. e 10y = 4,2 * 10 whence

1
nl==3.6 . 109, which is equivalent to 1.35 - lO-lO gram mol /1i.. It is
pointed by the authors that there are two sources of uncerteinty. First,
some of the aldehyde migc.t e formed in zn activeted cordition, decomposing
immediately. Secondly, the vaeluc of I cerived from the pnotochemical
experiments depends ucon the assumption thet there is no zp:recieble
activation energy for t.e combinetion of two free radicels, which i: neerly,
but mey not be quite true.

(2) The sensitized decomposition of aiethyl ether by ethylene oxide hes
been studied by Fletcher end Rollefson (11).With & mixture containing 5 %
of ethylene oxide thé initiel reate st 441°C for an ether pressure of 180 nmm.
was incressed by s factor of twenty, and the reection went 82 % toward
completion. If the chain length of the ethylene oxide-cetalyzed reaction

is not very different from that of the chains in the normel ether decompo-

sition , it is apparent that the proportion of free rzdicals produced
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directly from ether is only about one four hundredth of the proportion
from ethylene oxide: Considerably less than one ether molecule in =z
thousand, therefore, forms =z free radicsl. |

liow the mean chain length «t 55000 iz about\3.7 (59)s If the fully |
irhibited rezction corresponds precticelly to the resrrangement process,
the chzin part in the normel reaction would be (3.7 - 1)/ 3.7, ie6. 73 o
pf the total reaction.,

Viewing these two pieces of information together, it may be inferred

thet the chains propegeted in the ether decomposition e¢re quite longe

The mechanism of the chein part of the ether decomposition into

ethane and acetaldehyde has been postuleted as:

(1) C,H.0C,H, = Cn_ + CH,0C,H,

(2) CH3 + CziiSOCZHS — 02H6 + CH2002H5

(3) CH20C2H5 = CHBCHO + CH3

(4) CH2002H5 + CH3 = 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 suitzble variation of the above scheme. The primary
chain initiating step may be carbon-oxygen snlit instead of carbon-carbon
split. In the reaction of methyl or ethyl radicals with ether, the free
redical may simply teke one hydrogen etom away from the ether instead of
breeking the carbon-carbon bond as postulzted in the above scheme. The
bond energies of carbon-carbon and carbon-oxygen do not differ largely
from each other. It may be that in the primery piocess both cerbon-cerbon

end carbon-oxygen splits take place. As to the propagating process, it
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ensecrs theoretically that an stiack uson the well-shielded carbon-cerbon
linkage by the free radicael is quite unlikely s comparcd with an atteck
upon the outer cerbon-hydrogen linkage (61).

It is interesting to note that secme indication can be obteined
from & comparcztive study of the deutero-compound =nd hydrogen compound.
Zccording to Davoud and Hinsielwood (59), the rete of decomposition of
i-ether is about twice that of the D-ether, but the mean chain length
of D-ether is smaller than that of H-ether. Thus the chain part of the
H-ether is more than twice as fast as the chain pert of the D-ether.
Since the primery process of the chain reaction depends upon the bireaking
of & carbon-cecrbon or a cerbon-oxygen bond and is, thercfore, umlikely to
be much slover for the deuterium compound, the observed results srobably
meens that the introduction of deuterium clows down some later stage in
the chain nrocess. This is consistent vith the idea thut one of the chein
steps involves complete ruoture of a cerbon-hydrogen or carbon~-deuterium

bond.,

Tevitt and Vernon (62) studxcd ether decomosition cround 450°
at pressures between 2.Y5 cim. and 13.8 atres Both HCLC and CH3ChO vere
found to be nresgent in the products in queniities depending upon the
initial pressure of the ether and upon the stage of decomposition at
which tce reaction wes srrested. In individucl experiments aldehydes
anpeesred in considereble aquantities zt = very early st.ge, increased to

o maximum, and therea.ter diminished slowly. The main gaseous products

were CO, CZH4 4

constants for different initial pressures followed & relation of & higher

’ C?H6 with smcll amounts of CzH and HZ' The velocity

order then the firste.



The higher pressure range vis furtier extended by Steccic erc
others ( €2, 64 ) to s high es 2€0 zim.. “he reaciion vies found horogeneous,
The reection rete cs determined both by pressure chenge wxnd anelytical
results still showed en increesse vith the initisl pressure. The rete &t
280 &etm. wos found to be fer greater ther the limiting rate extra:olected
from the runs st normasl oressures. Jt seems probable thet zn entirely
different process of activetion may be orerative in such videly different
pressur< renges. The products were meinly the seme es in low pressure worke,
although certein condensation »Hrocesses vwere fevored by incresse ir piessure
as indicated by a decrease in the percentage pressure increase at the end

point.

Thermal Decomposition of lethyl Ethyl Ether

The rezction was first studied by fimshelwood zic Glass (e5), &nc
late: by Steacie (66), by Ure and Young (67), and by -dce, Lalters zud
ruoff (68). The reaction rcte obtained by Liinshelwood a«.d Gless heas been
shown to be concidersbly faster than normel on account of the cetelytic
effect of = mirute zmount of iodine compound introduced during the
preseration. Therefore only the later studies need to be considerec,

Steccie recsured the times for <5 ‘. pressure incrcase at temperzture

range from 460 - 5:0°C under different initial pressures. This value t.
<

i

increases vith decrease in initizl pressure. oy extrapoleting the t25 - /p

curve and by putting k_, equal to 0.30 times (t“5)a3’ obtained from the
&
extrepoletion, he obtained

1y -54500/ &T -1
koo= 3.36 ¢ 10 e sec
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Some anelytical work wce done by Ure end Young. Their resul:.s on

the composition of the products both &t cormpletion of recction arc et

vartial decomposition are listed in the followlng tebles.

Temp,
& 1Y

509
510 X

45€

o209

400
486

507

“ther
semple

Products of the Partial Decomposition of Methyl thyl Lther

wther
serole

tn

e

Re?

Percentege
Unsat.

C254 02 CO
4,0 0 / 2843
0 1.0 33.3
4,0 0.8 30.6
5.1 C.8 33.1
Co7 0.7 31.8
1.8 0.5 32.0

¥ pecxed bulk

Percerntage
Unsat.
0254 O2 Co
6.8 1.0 32e%
1.7 0.€ 3l.2
4¢3 1.2 387

jag

5.7

1.1

4,0

Be4

9.8

Je&

Products of the Thermel Decomposition of liethyl ithyl Ether
et Complete Ilezction

b

53.8

55.7

95.6

45,2

Sce7

505

C.H
&

2.0

;ceteldehyde end formeldehyde were both detected in the products.

The amount of latter was elweys much smsller than that of the former. The

following sheme wes oroposed for the over-all reaction.
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Ci..OC.H_ = CH (- 1
L0C,H CH,C0 + Cif,
CH,C10 = CH, + €O
CH.CC.E. = HCHO + C_H
S &£ Z 2 C
H =— CH +&
CoH, Coiy * 5y
5CHO = L_ + G0
~
E +H =— ¢ =
Crg TH = Corp

The first tvo steps constitute the mejor changes, the others being minor.
Tork with nitric oxide (53) geve result indiceting thet cheins ere involved
in tnis decomposition. The mean chain length at 57000 is 7.5. The sctivetion
energy of {he inhibited reaction is €% kcal.

Pice, velters esnd Ruoff (€&) elsc found comsiderablc esmount of aldehydes
in the decomposition oroduct of this ether ot 44800 and 473%.

These suthors, in addition, heve studied the sensitized decomposzition
of methyl ethyl ether by methyl redicels from azomethane. The experiments
were cerried out at 300°C Whére normsl decomposition of this ether is
negligible, Their recults are as follows:

Zxperiment 4

Temp. Vol. ether  Vol. % Initiel % Pressure Time
°c CeCe 1'eTeP, azomethane azomethane psressure incre«se min.
COCG I\T.T.P. . mm.
297 3351 1v.1 Ce o' 473.5 ic.4 . Y2

Result of cistilletion, using Podbielnisk column, snd anslysis
of products c.c. at J.T.P.

co = cH C.H - )
z 4 2" Cobie CE, 00, H,

124, 44,3  34.7 10.2 94.4 L8TE
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Ether decomposed 5351 - 287 =473 cc. -t 1.T.F. .

b . L
From the zbove dete it wes estvinmated that there vere sbout 400 cc.
( at &TF ) of aldehyde and higher boiling compounds that vere not
deccmoosed.,
hxveriment 5
Temp. Vol. ether Vol, A Initiel jPressure Time
C c.c. TP azomethene czomethane pressure increease mine.
CeCo :“I? MMe
300 2884 102.3 3.43 42¢,0 55.8 28C
fFesults of distillation eand ensliysis of products cc. zt HWTP
co H 3 C_k C h CH OC . H
< 4 « 4 2 € 3 & 5
€30 132 1347 5.9 _E4 1553

P

~ Ether decomposed 2884 - 1553 = 1331 cc. st NTIP .
From the above data, it wes estimated that there vere abtout 600 cc,
(at TP ) of aldehydes and higher boiling point compounds thet weie

not decomposed.

Both scetaldchyde enc formaldehyde were found to be present.
Assuming that each molecule of zzomethane gives two methyl groups, the
number of ether molecules decomnosed by the additicn of each redicel ir
exse 4 is 17 end in exn. 5 is 7. It may be mentioned that these
exoeriments were performed by rice, “.elters snc hueff chiefly to test
the probezbility of the reaction

H, o+ CL,
3 0C

i.e., the probability of a freec¢ redicel cttacking the bonded oxygen tom.



sctueldy, they found no brezk, even no tresce of inflection, in the
distillation curves at the boiling poirt (-24°C) of dimethyl ether.
From the eaccuracy of this method as found from the blark runs, they
concluded that not more then 5 % of the methyl ethyl ether decomposed
in experiment 5 or 10 % in experimerit 6 could heve chenged into dimethyl
ether.

It is plainly seen that the chemical changes teking place in the
sensitized decomposition are very much the szme as these in the normal
decomposition., Therefore, very probably same chzin mechanism operaztes in
the sensitized decomposition case and in the chain part of the normal

decomposition.

Thermal Decomposition of ilethyl n-Butyl Zther

2 detailed study of decomposition of methyl n-butyl ether was
made by ilegrem and Taylor (26). The reaction wes found to be essentially
homogeneous, 10 <, of the rraction being, however, due to heterogeneity.
It was approximately first order cbove 200 mm. pressure and 3/2 order
in the range from 25 to zbout 100 mm. pressure. They mede anelysis of
the gaseous products st different steges of reaction. The date recorcec

in the following table are part of their results.

“of total
p/pi T°C condenged % in Percentage in Gases

at -80 C KOH Colig CO H2 CH4 CZHG Remerks
1.18 480 8l.1 328 7.1

1.35 510 7240 32,0 10.5 9.0 27.8 20.2



-47-

% of total

D/Pi 7°C condenged 7 in Percentage in geses
at -80°C KOH C_H, CO H. CH C = iemarks
& 4 & 4 z © )
1.41 520 69.8 1.3 31.1 14.9 9.4 27.0 16.5 (X7 ™0 cthe:
4,3 mm IO
1.70 509 93.0 O 29.3 10.4 7.0 30,0 23.5
2.00 506 --- l.5 30.2 18.8 large surfecce
240 464 1l1l.4 0e€6 26486 21,2 7.1 29.2 17.8
2440 520  ---- 0.7 25.3 22.6 6.7 29.5 14,0  (<¢7 ma etaer
2e3 ni: 1O
3.00 551 8e8 0e3 2342 24,1 9.0 273 1642
335 501 - 0. veQ 26,0 3.5 Z6€.0 36.0 30 hours

In the liquid part of the product, formaldehyde and butyrezldehyde viere
found to be present, “hile negative results wereobtained for teéts of
methyl alcohol, scetaldehyde and, in general, =ny compound contain:;mg
CH3CO- groupe.

Izgrem and Taylor suggested the following two simultaneous

over-all changes to account for the products obtained

1“ T J— I* I{.r\ + rTT + }:
(1) CH3004h9 {CEO Czn4 C2 6
CHO = K_ *+ GO
&
(2) ChBOC4H9=== CH, +‘CBH7CHO
CBHVCnO = C2d4 + CHé f co

The emount of CZH4 is higher than this scheme can account for. It was

proposed by them that the deviation may be caused by the 10 % heterogeneity.
Chein processes are involved in the decomposition since the

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

is 5.0. The following chain mechanisms were prooosed.



R + CH_OC H FH + CHQC H
ey CHYC 5,

CHZOCZLHg == HC0 +» 041{9
CH = CH +CH
49 <4 25
+ C H_ == RH + CH_CH_.Ch i
KR 041-1900}13 RH + CH3CH2bszHOCh3
CHBCHZCHZCnOCH3== CHBCHZCHZCHO f CH3
 + H = RH + C. .E._
R CBH‘{_CHO RH CBP,(CO
= -+ 3
C3H700 Co C3h17
= n, + CH
C3H7 Czr4 | C 5

The energy of activation celculated from rate constants of
initial stege wes found to be 56.6 kcal. from 10 to 100 mm. and 540 kcal.

at pressures above about 200 mm.,

Thermel Decomposition of Divinyl Zther

The thermal decomposition of divinyl ether has been studied by
Taylor (6Y) at temperztures between 460° end 500°C, and at pressures
from 30 to 1000 mm.. The recaction was shown to be very complex in nzture.
Increase in surface produced little effect et the highest pressures,
but decreased the rate considerably in the lowest pressure range. Added
nitrogen gave an interesting effect. For pressures of the ether around
100 to <00 mm. even twice that amount of nitrogen had relatively small
e:fect. Lt higher ether »ressures a considerably smaller amount of

nitrogen caused a merked reduction in the initiel decomposition rete,
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The initial recction rate decreecsed vith the pressure, The log P - log k
curve was concave upward in the lower pressure side and concave dowirard

in the higher pressure side with a point of inflectior between. The

energy of activation calculeted from initisl rates increased with increzsec
pressure. hround 30 mm. it wes found to be 47000 cal.; &t 100 mm. 50000 cel.
while et 30C rm., 51CC0 cal..

Taylor concluded from these results that the reaction wes a complex
chain mechanism and suggested the chein carrier to be deactivated in the
gas at high pressure but deactivated on the wall at low pressure.

4 few analyses were also made. A smull amount of liquid divinyl ether
sealed in a small bomb and completely decomposed at 450°c. The resulting
gases were then analyzed. The decomposition resulted in dsxk brown deposit
in the bomb, but there were no signs of free carbone. » few dross of a color-
less liquid were present which possessed an odor suggesting e paraffin
hydrocarbon which volatilized around 70°C. & carbon-hydrogen belance from

the gas anczlyses gave an end product with the formula CH The deta for

1.5°
the arslyses are given in the table below. Included in the table are the
anslyses made in some dynamic experiments,/the effluent gases from the

furnace being bubbled through weter to remove soluble products including

unchenged ether, and the gus being collected over weter. retene wag found

to be present in the effluent gese.
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Decomposition Products of Divinyl Zther

Complete Partial decomposition

decomposition

(percentage)

450°C 450°C 475°¢ 500 G

co 60.3 89.6 6940 8644
CZHZ 1.6 1.5 1.4 1.6
02H4 Tel 2e9 3.3 3.0
CH4 17.1 3.8 4,0 5.0
C2Hﬁ 13.9 Zed el 3.9

Decomposition of divinyl ether was found by Jahn to be sensitized
by free radicsls, as mentioned by Teylor in his paper, but no complete

account of this work has yet been published.
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EXPLRIISN DL

The static method was used in this investigation, the reaction
being followed by observation of the rate of precsure change and by
analysise. The apperatus is shown diagremmeticelly in Fige. 1. The rcaction
vessel . was a pyrex vessel of zbout 500 cc. capacity. It was counected
throuzh ceopillary tubing to & mercury manometer !I and through stopcock
2 to a manifold to vhich vere connected storage bulbs, Toepler pumps,
liquid measuring apocretus, one and theeler gas analysis apperctus,
nitric oxide producing aprarctus, traps, cLeod gauge, mercury puip,
etc.. the rezction vessel was hected by an electric furnace. The
temperature of the reaction vessel was measured by & chromel-alumel
thermocouple in contact with its outside wall together with & calibrated
notentiometer., The temperature was controlled during & run to 0.5%
menuelly by verying & resistance in series with the furnsacee.

The mercury menometer I. and stopcock Xy together with the
capillery tubing between them, were kept &t about £0°C by heating vire
to prevent any possible condensetion of product. when the desired
temperszture of the reaction vesscel hed been reached and kept for some
time, the ether was introcuced by expansion either directly from the
vapor space of reservoir 2 or from gzs bulb G, The initial precsure
wes obtained by extrapolation to zero time. If &n analysis was to be
mede, the rezction mixture ves expanded suddenly into the cazlibrated
bulb P of the Toepnler pump when the desired stage of reaction had been
reached. ‘he pressure was obtained as a difference between the reedings

on menometer 1’ and N, Tith room temperature known, the totel amount



of the sample in bulb F could be eveluated. This semple of mixture vwas
then pushed back and forth between Toesler pumps = snd P’ through trap

T cooled in =« dry ice-acetone mixture for five complete cycles to

condense out all condenscble substences., Thet sart of the gaseous portion
contained in P at the end of this operztion was then brought into the
Lone and Theeler gas znzlysis apperztus for enslysise. The liquid part, on
the other hand, wes trersferred to L, & calibrated tube. The pressure -
exerted by any ges here could be measured by inmtroducing sufficient air
over i’ by operation of the three way stopcock 7 so as to keep mercury

in the two limbs of U tube on the same level., The pressure of the gas

wes then equal to the difference between menometer reazdirgs of X and 7,
vacuum, of course, being kept over menometer N. In this wey, the amount
of residual ges present was measured by immersing L wholly in dry ice-
scetone mixture, and the sum of liquid &nd ges by keeping L in a water
bath et temperczture enough high that =11 liquid wae veporized. Complete-
ness of the veporization wes assured when two messurements at succescive
temperatures gave seme value for the total smount of liquid and ges.

The difference between the amount of licuid end gas and that of zus
slone geve the amount of liquid in the cample taken.

For aldehyde anelysis, the liquid wes condensed into tube B irnto
which 1 cc. of water had been irtroduced. The aqueous solution obtained
was tested for its acidity, after which 1 cc. G5 [ Na2503 was added
and the solution let stand for 10 minutes. It was then titrated to

fointest pink with 0.0L I hydrochloric acid, using pherolphthelein us

indicator (70).
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Vinyl ethyl ether was prevcred by the pyrolysis of acetzl (70, 71).
acetal wes dropped from & funnel into one end of = pyrex tube sbout
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 wes
swept off by nitrozen. The tube was meinteined at zbout 200°C. The
product was collected in e trap kept cold in dry ice-acetone mixture.
That part boiling below 40°C, obtained from fractional distillation,

wes weshed twice with concentrated Leht0, solution to remove ary

3
acetaldehyde present and then twice with water. The ether part was
then allowed to stand over anhydrous cclcium chloride for two deays,
after which it was fractionated very carefully and thet portion boiling
between 3543 - 35,5% (at 760 mm.) teken for use. This sample was &t
once nut into the storage bulb K and eny dissolved wir removed by
repeated freezing in liquid air and pumpinge %“hen not in use, the ether
bulb was always kept in dry ice-zcetone mixture, since the ether
polymerizes quite ezsily. Even preserved in this way, there gradually
formed some polymerized product which separated out =s white flocculent
solid when cold. There eppeared, however, to be no accompanying chonge
in the rcte data.

The nitric oxide used was genercted by dropping mercury into &
two percent solution of sodium nitrite in concentrcted sulfuric acid.
The resulting gas was pessed over phosthorus pentzoxide, and through
a trep at -v89c. into a storage reservoir,

Tthylene wes obtained in cylinders from the Ohio Chemicel and

"fg. Co., and was stated to be 99.5 % pure. It was frozen in = storage

bulb by liquid eair &nd degassed before use.



Acetaldehyde wes prepared from recrystallized paraldehyde, and
was put into storasge bulb and degassed immediately after being obtained
from fractioration .

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 admitied into the resction vessel.

Seme is the case of most runs ir ithe nitric oxide irhibition experiment,
glthough in some of them the nitric oxide was first introduced into the
recction vessel with the subsecuent addition of either vinyl ethyl ether

or ether-acetaldehyde mixture,.

Test of Homogeneity of the Reaction

S —————————

Two runs with initisl pressures around 10 cm, were made &t 412°%
using a packed bulb with surface-volume ratio about ten times thet of
the empty bulb. The rates were found to have no eppreciegble difference
from the corresponding ones in the empty bulb case. Therefore, the

reection here investigated is essentially homogeneous.

Results of Analyses

Test for Hydrogen

Determinations of hydrogen were made using CuQ combustion method
in two runs, namely Run 32 and Run 41. In both cases, no epprecizble
amount of hydrogen was found. The effectiveness of CuO reagent was

checked through blank experiments both before and efter the runs,
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Tests for scetylene

Determinztions of acetylene were mude using alksline potasoium
mercuric iodide solution e absorbing reagent (7:) in two runs, nemely,
Puns 47 and 158 ( 412°C, o 1.0 cm. p/po 2.0 ). llo apprecicble smount
of escetylene was found in both ccses. This method ves &also checked by

blank experimencse

Test for C,3 compounds
“um of nroducts from severcl runs &zt 41200, withdra¥n all &t
p/po around 1.9, wes distilled in o Podbielniak low temperature

distillation epveracus. Hot any C, hydrocarbon was detected.

= 3

Test for :etene

In two runs at 41:9C with p/po equal to 2.0 znd 1.7 respectively,
the products collected in & gas pipette were Sheken with weler. In none
of them, was sny acidity found. Besides, in 21l the runs vwhere the
smourts of sldehyde wszs determined, the aqueous solutions were neuira-
lized carefully before addition of NaZSOB solution. In no case, Wab
the solution epprecisbly acids

Tn Tebles I end 17 are listed all the analytical results

obtained,
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Gaseous Producis of Decomposition of Vinyl Zthyl Zther

Ether PO
sarple Cifie

ITT 10+1
IIT 10+ 2°
II 13.4

II 1l.1

II  15.4

II 6.6

II  10.6

IT 13.5

II 8.6
11T 9.9
III 10.5
111 9.4

-57=

Teble I

T

1.30

l.42

L.55

1.56

1.62

1.71

1.7¢€

1.7¢

1.93

1.94

“eli

412°%

“ 4
9.4

738

66.9

12.7

Percentzge
6h4 Czné
T.C <9

10.2 565
9.6 5.8

15,0 5.1

13.6 5.9

13.2 6e 6

15.¢€ 543

15.1 8.9

“J¢3 11.5

* The total of four runs wes analyzed.

® The total

~ther ?0
sample Cllle

of three runs was analyzed.

T

424°C

CO

Percentage

C.
o

C

b
< €

- v

CE + G &
4 c

N

1i.9
13.5

15.7

Cr + C.H.
& €

4
~9.1

[
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Table II

Products of Decomposition of Viryl Zthyl Lther

T <129
e Twe  Fo Y%, BT i Fad%e Toxfe Tod
60 TI1 1 c" 9.2 1.20 0.966 ©.23 C.169  (0.19) (0.013)
45 11 1’57" 9,0 1.28 0,953 2,33 —---- 0,243 (0.026)
£g I3 2'58" 9.2 1.43 0,920 .53  0.333  (0.40) (0.06%)
55 TII 4'38" 10.0 1.56 0.885 0.67 C.394  (0.47) (0.13)
€2 111 6 1" 9e9, L1.CE 0.83¢ 0.82 0.37=  {0.54) (£.15)
49 111 6'43" 10.3 1,68 2.811 0.87 -——-  {0.566) (0.le€)
54 TIT 649 9.9 1.66 m=mm === 0,339  =m===  =-=e-
57 171 9'14 11.9 1.77 C.769 1.00 ©0.353  (0.¢0) (G.21)
43 T 10 10.6 1.797 ©.825 (.96 -——- 0.55 Ce sk
56 IiT 13'52" 1..6 1.86 0,749 1.11 0.34%2  (0.62) (Vesb)
59 iiT 19'50“ 5.9 1.3 0.71vy 1.21  0.373 J¢595 (0.3C)
48 ITT  30'33 10.5 1.94 0,693 1.25  =---  0.646  (0.31]
63 13T 16 hrell.’ 2441 C.c76 2.13 0.105 (0.59) (U.CE

In the cbove tables, P signifies the initial pressure of ether;

T 1 P ] 5 ; ; = - s
1° ?g’ P a4’ P62h4 and o signify respectively the total pressure,
the partial pressures of total liquid, totel ges, aldehyde, ethylene

P, P

end czrbon monoxide in the reaction mixture at the time of drewing of
the szmple, The values in parentheses in the last two columns &are

not obtsined as direcct experimental results of these ind-vidual rTuns,
ted by the use of the experimentally esteblished releatio:ns

but are estima

on the dependence of gaseous composition on the percentege pressure

increase s shown in Fize 2 and 3.
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rrom the results of the gas anclyses, it seems evident thsat,

in the mein, CZLQ is the primary product and CO, C};4 and Caﬁe are all
&

secondary products, .. tentative extrapolation of Cpﬁé curve to zero
“~

pressure increase sugcests that in the primery process nearly 95

of the geseous product is ethylene. There m:cht be, of course, an

unimportant simultaneous process the existence of which is &s Gifficult

to disprove s to confirm.

This fact alone suggests the primary process to be the decorposi-
tion of ether to ethylene and acetaldehyde. This supgosition is further
suzported by the merging together st initiel period of the three curves
/Py =ty Pq¢/P, -t and PC?Hé/Po - %, as seen from Fig. 4.

In the secondary gaseous products, the amount of CH4 is alweys

smeller then that of CO formed, while the sum ¢f CH, and C r,. is quite

4 €

close to the amount of CO.

There are other regulsrities to be found in the results listed

in Teble II.

. cn pa D . . .
(I PCO - ald/Fo volues are almost the same &as ‘C;Hg/IO values
y ) Py
B/Po 1.20 1.43 1,56 1.66 L1.77 1.8€ 1.93 &e4l
P, . /F 0.1y 0.40 T.47 0.54 0,60 0.62 0.59; 0.59
il o
< 4

L40 0449 0,52 0.56 0.59 2,67 .80
Peotsld’ Fo  O°18 O 0ok

This sig:ifiecs that one molecule of zldehyce yields, on cecomposition,
one molecule of CO. The comsiderable departure 1. the latter stace
mey, in pert, arise from the sensitized es well wg normel polymerization

of ethylene as shown to occui in separate exper iments.
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Tl PC,;4+CG/P0 values are practicelly equel to the correspondiig
Sty
velues of /E/P .
B/P 0620 CoZ8 0Oid3 0,56 0,66 0.68 0.77 0.77 0.86 0.93 (.94

Pe o yodfPo 0040 Gu2T Ju46 57 0,69 0.73 0.8L 0.77 0.67 0.80 2aué

This signifies that the increase in nreczsu:e due to the decomposition of
ecetaldehyce is, ir the mein, equel to pressure of CO formed.

(I11). Peo liqu P, velues are practically all equal to one.

R/PO 1,20 1,286 1.43 1.56 1.66 1.6C 1.77 1.77 1.86 1.93 1e94 o4l

?Co+liq/Po 0.95 0,98 0,96 0.99Y 0,99 0.97 CevC 1.03 1.0 1.02 1.00 0a9¢
This relation signifies that the liquid products zre, essentially, =&ll

IMONI0OXY = COr- ounds.

~11 these relstions can be well cccounted for by the following

scheme of over-all changes:

] L o0 = C.H + CHE ChJ
(1) C hgml kg 77 3

(2) . CHBCHO = 61{4 + €O

(3)e 205361—10 —  C.Rg * GO F HCES .

nesy chenge, (2) is the major secondary change, and (3)

is the minor secondary changee

-+ should be cmphasized here thet the equations represent only

the stoichiometric relations among reactant and the products. They
have nothing whetsoever to do with the real mechanism through wnich
these crhonges sre accomplished. In fact, pure cceteldehyde decomposes ut
a negligihle rete zt this particular tempereture as shown by blaik

experiments. Thus the second chenge tlone suggests eiiner that

acetaldehyde formed from ether conteins excess of energy which mekes
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its cecomposition rzte nigher then normels, or thet the ether proauced free
redicals in its decomposition which sensitize the decomposition of
aceteldehyde. The change represented in (3), however, can not be accounted
for even by the assumption of ectiveted acetaldehyde molecule. o such
chenge hes ever been observed in the normal eceteldehyde cecomposition

at elevated temperczture.,

ypical iLxperiments on Lnslvses

To illustrate the weys in which the values in Tables I and IT
are obileired, the deteiled expe. imentzl results as well as the evelustions

leeding to the teabulated velues of typicel runs 43 and 62 zre preserted

elows
sun 43
- . . _ 50
Zther sample II, Terpercture of reection vessel — 412°C

1

(] |} | ]
Initial pressure of ether 10.6 cme Time of reaction 9 55 - 1C 5

Fercentzge pressure increase T€.5

Totel sample teken:
Volume of bulb 51C cc.
- 50 n G
foom tempersature “7¢3 C= 300.4 K

“recsure of the mixture 5.13 cm.

PV/T of the searmle 8,71 in cm. cc. degree unit

The liquid portion (condenseble &t -7806) along with part of the

geseous portion was trencferred to the celibrated bulb L. “hen L vas
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wholly immersed in dry ice-ccetons mixture, the fol.oving set of

dete wes obteineds

Frecsure of the mixture 1.3 cu.

Temperature -76% = 1959

Volume of L 37.53 cc.

PV/T of the residusl 0.45 in cm. cc. degree unit.

gaseous part present

The dry ice-acetone bath wes then replaced oy & veater bath.
“hen weter bath temperature wes 49.1°C,
pressure reeding 36es cil.
py/7 4022 in cm. cce. degree unit;
when water bath temperature was raised to 55.000,
pressure reading 37.3 cm.

PV/T 4ot in cm., cc. degree unit,

The coincidence of these two PV/T values at two different temperatures
indiceted that the liquid portion wes completely veporized under these
conditions. The PV/T of the ligquid portion is then ecual to
4,23 - 0,25 = 3,98 1in cm. cc. degree unit.
Percentzge of liguid In the reaction mixture is then
100 ® 3.98/6.71 = 45.6 .
Percentage of gaseous pert in the resction mixture is

(100 - 45,6 )= 544 .



Ges anely sis in the -one zxrd “heeler type apnaratus

Vacuum Precsure
reading reading Te

CLips PaTe=V.T. Per.-v.r., Difference
VeTe Dele C corrected
to 27.0°C
Totel ges 53.8C TCe3E 2Ce5 24458 &by 62
14.13 unsste
After fuming €LeRY 27.0  10.49 10.49
rg50, 5.¢1 GO
After crmon. 53.79 55 e 67 272 4,88 4,88 4,56 sete. HoCo
Cu-Cl-
(4 &
Oxygen 53.79 T8ely Rie2 24440 24438
Yixture after 53.7%2 Teetl 27.1 18.7%4 16.71
slow combustion
sfter cbsorption 6€e 00 27.0 1.2l 12.21

by conc. KOH

Totzl contraction 24,38 + 4,88 - 18,71 = 1(.55

fmount of 002 formed 18.71 - 1%.21 = 6.50 R

Te.ing the hydrocerbon mixture as one of methane and ethane, from

their total smount &nd CO; forrieds we get

F. o 6.50 - 4,88 = L.6x
c_i
PN
P 4.6o - 1.62=3.26 .
CE4

Trom this set of velues, the cazlculeted value of totsl contraction would

be <P + 2 ip yiees 10457, which is in excellent agreement with

CH4 P CZE6

the experimentel value 10.55 .

From the gas anclysiss Ve thus get the percentege coriposition of

the gaseous part &s follovwss

o)
A
(a3}

unsete. co Ck, C.H
(CE,)
57,4 22.8 13.2 6e6



o

From this gaseous composition and the previously determined relutive
proportion of gas and liquid in the reaction mixture, we have the

percentage composition of the reaction mixture as foliows:

unsat. CO Ck C E R
(CUH) 4 26 L
R

31.2 12.4 Tel 3.6 45,6 .

On multiplying the percentages Ly E/?O, €.de 1.77, we get

pe /P, PC(/PO r__/P P /7 > /P
K Chg o Colg © 10
0.55 C.22 0.12, T.063 &35 .
fun 62
Zther sample 11, Temperature of reaction vessel 41:°%

. n

L ] t ?
Initial pressure of ether 9.96 cms Time of reaction 5 28 - € €

Percentage pressure increwse €6

Totzl semple taken =-- determined &s in the zbove run

C.B879 millimole
Liguid part of the sample -- determined as in the above run
0.443 millimole

The squeous solution obtained from this liguid sesmple and 1 cc.
of wuter wes first tested for gcidity. Using phenolphthealein as
indicator, C.05 cc. of 0.7l ¥ rall vas found to be more thin enough

to bring the solution to pink color. sfter 1 cce. of Co5 W 15‘803 solution

&
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veg edded, the solution ves left to stand for 1° minutes, -t wes then
titrated ageinst C.0102 i hydrochloric gcidy, end £1.1 cc of this eacid
was found to be needed for the neutrslizition. is blank exyerimert
showed that 1.7 cc. of this zcid wes neecded to bring the solution of
Na2803 elone to the desired end point, the acid corresponding to the
NaOH liberzted by the zldehyde would be 21.1 - 1.7 or 19.4 CCey 1e€oe
0,198 millimole. This is &lso equal to the number of millimoles of
eldehyde present in the sample tsken. Therefore

percentage of sldehyde in the resction mixture

= 22.5 .

P _ /7 = 22,5 % s 1,66 = 0,374 .

Course of Fressure Chznge

The course of pressure change is partly illustrated in rig. 4.
i fest »rocess of increese in pressure is followed by a slow oxe
which lasts for hours. This behaviour is illustrated by hun 47 as

listed in Table III.

The slow >rocess is, as incicated by our enslytical results
listed in Teble I, sccompanied by the rise in percentages of (0 end
CH ., 7t is therefore chiefly due to the slcw decomposition of
acetaldehyde. On the other hend, from the enely.ical results we
alsc see that there is no clear cut dividing line between the primary
decomposition of ether and the subsequent chun-es of acetaldehyde.
For this reason, in the study of the kinetic aspects of ether

Gecomposition, only the early sts;esof pressure crenge were investigated.
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Teble III
Pressure Chcnce in the Decomposition of Viryl -thyl Zther
un 47
Tther s ample IIl Temperzture of recction 412°

Initial pressure 9.4 cm.

Time P/P Time B/P

o )

& 1.00 “5 1.93
" |

35 . 1.10 36 1.9¢
1 e 1

1 2 1.17 5% 1.99
t " 1

1l 58 1.30 93 2e04
\j " 1

2 58 1.42 140. %.08

4 1C 1.52 201 Zel3
L] 1 '

5 12 1.60 256 2.16
1 |

6' 7 1.65 303 ZelY

7117 1.70 359 Rel&

] i ) ' s

9 4 1.97 392 Leg3d
t

13' 1.85 960 2e4l



The Reect.on Order of the Deccmzosition of Vinvyl Zthvli —ther

The decomposition of viryl ethyl ether is & fir:st order reactiol,
since the time for definite percentsge increase in pressure does not
very appreciebly with the initisl pressure as mey be seen from the
results tabulated below:

Teble IV

Temp. 388.6°C

Run Mo Sample 1i0e Ini:;?l P té@%, tgo . téo .
s€C. sec.
6 8 11T .1 <65 44 €09
€9 117 19.0 264 44 615
&2 v 8.8 268 445 ¢E0

Temp.,  412.2°C

-un No. Sample iio. Ini:éj T tzO 7 tso . _ téo
S€C. seC. ' g€C.

35 II 3.9 91 140 206
39 Iz 6.6 95 148 La'l
33 I 7.8 g5 134 195
37 IT 8. € N 1z3 183
44 I1 11.1 75 12¢ 174
38 II 11.5 75 120 177
&1 1T 13.5 Tt 1z¢ 1c3
34 11 13.6 o0 12% 188
40 IT 15.4 80 126 el

( 4o be continued)



Teble IV ( continued)

Temp. 412.2°C

hun Vo, Sample No, Initial P. t t t

Cle RO 5 30 <, 40 %

SEC. S€cC. gecC.

73 ITI 4.4 73 119 174
47 I:1 9.4 75 118 169
54 I1I 9.9 76 124 178
55 I1T 10,0 73 121 ~ 170
49 IIT 10.3 14 116 167
56 II1 10.6 77 122 17¢
57 III 11.9 14 11c¢ 168
76 ITI 1%.9 76 119 1¢y
85 Iv 2.7 95 156 23%
84 v 3.7 98 156 229
77 v B45 85 137 199
8€ v 19.3 83 136 1y8

temp.  424°C

un Hoe Sample Lo Initial P T + “ t40 .
Clie ISR 3 O ' 3 e

S€C. S€C. S€Ce

31 I1 349 53 82 118
32 I1 10.5 44 72 104
30 Iz 11.3 43 70 141
T4 ITI 6e5 4Y 73 105
75 I1T 1.3 46 N 123

e IV 9.1 48 18 113



Tl e

It appears thet the rate begins to fall in the region of & few cm.
pressure. L.owever, this phase of the problem was not s-ecifically

examined,

Rete Txpression

From the analytical results, it is epparent that only in the
initiel period of resction does the percentuge of pressure change
correspond to the percentage of reaction of ether decompositiom.

Ry determining the rate expressions for 20 i, 30 ;» and 40 [ pressure
increwse, it is possible to esvimute the rate expression corresponding

to the zero change, i.e. the rate expression for pure vinyl ethyl etner

The deta used in this calculation are listed in the following

teble,
Teble V
Fun 1o, P, TOC ty0 o tyg o t4'0 )
sec., SecCe. SECo.
81 Ge7 37648 554 912 1376
82 848 388, 6 268 445 660
83 8.6 400.4 142 232 344
77 8.5 41242 85 137 199
78 9.1 44,0 45 78 113
79 Ta7 435.8 28 45 65

80 97 £47.¢ 17 <6 37
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From the straight lines obteined by plotting log, jb ageinst l/Tabs

as shown in Fige. 5, the following values for the activetion energy =

and frequency factor &L are obtained:

percentage

pressure I8 B

increase cclories
20 4.6 » 10+t 44600
30 5.1 + 10t 44800
40 9.1 » 10+t 45600

The rate expression for pure ether is estimated as

Kk — 4.0 - 10+L o~44400/i%

oensitized Decomposition of ALcetzldehyde by Vinyl Ethyl Ether

Rate of pressure changes of various mixtures of ether and acetsldehyde

were determined. The results are listed in Teble VI, On account of the

complicating nature of the later stages, the percentageschanges of
pressure relative to initiel pressure of ether at the end of Y0 seconds
are used as a basis for comparison. The normal decompositiion of acetaldehyce
at 412°C, which is very slight, hes been tsken into sccount.

In FPig. 6 (ﬂR/Pe)90" values sre plotied against Pd/Pe' It is seexn
that although there is soine dependence of (AR/Pe)BO" on the value o:
pressure of the mixture, the generel relation between thesc two quantities,
nevertheless, is well re:resented by a linear expression, i.e.

op/P, = (L Pglo t C(P&/Pe)



wheie 47 / P_ and (2 / Pe)o refer to the pressure increases relctive

to the initiel pressures of ether &t the end of 90 seconds for the

mixture znd for the cther in pure state, and C is z constant equal to

about 0.05.
Table VI
Temp. 412°C
Run No. Pe(Pether) P&(Pald) P&/ Py (cr /7
Clie Cille
9l 0. 647 10.11 15.6 0.96
92 0.4717 ‘{e45 15.6 0.96
94 1.98 11.95 6404 0. 61
95 1.40 8.44 6.04 0.53
96 C.87 5.2 €.04 0s47
101 €.36 14.° Qesd .34
102 3.07 6.78 el 0.29
103 3.33 T.35 2.1 0.3%
104 1.44 3.19 Zedl C.30
vy 11.2 8.6% 0.78 Qa7
100 5.72 4449 0.78 Lerb
97 15.8 1.78 0.11 a2

98 8.92 0.0 0.0 0.24
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It is worth mentioning thet the possibility of this increase in
rate being due to zctivetion of ether by ucetzldehyde is definitely
removed by consideration of total pre:sure charges teking nlace. In
Run 91, for instance, at the end of thirty minutes P / Py is 4.1 after
correction for the normel decomposition of acetaldehyde heas been made.
This is entirely inexpliceble if the pressure increase is due to the
decomnosition of ether alone. This series of experiments appear to
demonstrate quite conclusively that ether molecules produce free radicals
during decomposition which, in turn, induce the decomposition of
acetaldehyde,

In Table VII are listed the complete date of fun Y1l which heas
beén just referred to. Iu 7ig. 7 are plotted the earlier paris of
percentege precsure increase - time curves for s.versl mixtures of

different compositions.
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Time

P (corr.)

9l

-7G=

Table

Vil

tixture of scetaldehyce end Vinyl »t%.yl Ether

“ressur
Chile

10,76

1C.9%

11.1¢

11.38

11.63

11.83

13.05

13.43

13.43

13.52

L3.5v

Temp.

e

Initial pressure of ether

£1:°¢

%e' 16

2e83

Oe¢ €47 CiZe

Initial pressure of acetaldehyce 10.11

L2 (corr.)

Cill.

0.0

C.19

veol

0.58

0.8z

Cin.

LP {corr.) / Pe

0.0

Lo
6.572
0.89
1.27
1.56
1.85

Re1€

3498
3.85
3.9%

4,05

velues are obtazined by substracting from values oi 47T

the changes expected from normsl decomposition oi acetaldehyde.



offect of Tthylene on the Decomposition of Vikyl ptuyl —toer

The rates of pressure change for various mixtures of ether azud
ethylene have been studied. ihe initiel rates c¢s meusured by the
pressure increecses relctive to ether pressures at the end of -0 secounds

are summar-zed i1n Table VI_l1,

Teble Vil
reaction temperature 41208
“un Lo Fetner P02h4 PCZEé(pether kLP/FPeﬂ;ner)90“
Cii. cie
98 CeYR 0.0 0.0 O.22
105 9,24 10.%42 1.1 0.20
106 9.65 476 3.1 0.16
107 7.81 48.2 6.1 Q.11
109 3495 4T7.4 12.0 0.047
150 0,72 3742 52 -0.06

The results are resdily understood by postulating the production

of free radicals in the decomposition of the ether. The incuced

polymerization of ethylene by free radicels would lead to & negative

rate of pressure change. This tends to diminish the rate of pressure
change to an c¢xtent increasing with the .ncreese in the oroportion of

ethylens.



ritric Oxide Inhibition rxperiments

(I) Effect of litric Oxide on l.ormel Decomposition of Vinyl Ethyl Ztier
repeated experiments were mcde to study the efiect of nitric
oxide uron the decomposition of vinyl ethyl ether. “he results c¢i.

- - - N .
showed nitric oxide to have no effect, es may be se=n from Teble IX.

Table IiX
Run Iio,. ngp. Pether ?gu r
cIl. cm.

77 412 Ged O 1.00
115 £iZ2 10.23 4.1 1.00
116 412 Te7G 3.3 0.94
117 412 10.96 Rel 1.00

87 412 10.58 0.37 0.28

88 412 Del% 0.32 1.00
118 412 6.84 Cec 1.04
131 303 10.45 1,52 C.9y

L g 3 - . P , §] 1
Fere r designates (i1 //Pether) at the end of 90 seconds

relative to the value of pure ether.

To further illustreate the ineffectiveness of niiric oxide,
the percentage pressure increases with reference to the nressure of
the ether in Funs 77, 87 and 88 are plotted together egainst time

~r

in Fig. 8. It is ceen thet these three runs ere covered by & sirgle

curve.
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IZ) fffect of iitric Cxide on Cersitized Decomposition of
~ceteldehyde by Viryl Zthyl Zther
In contrest to the previous case, & definite inhibiting efiect
of nitric oxide on the rate of pressure change of this sensitized
process was observed. In comparing the cifferernt retes of change of
different mixtures, the ratio between the nercentage pressure inc.eease
of the mixture &t the end of 90 seconds relative to the partial pressure
of the ether to the percentzze pressure increase of pure ether around

10 cm. pressure a: the end of same period is used as reference. It is

denoted by = in Teble X.

Table X

Temp. 389°C

aun fo. Py P 4. Pio Pa¥d:/ Pether R
Cille Cliie Cliis
124 163 14,7 0 9.0 3.7
128 0.92 5426 s 9.0 3.3
127 1.03 9.24 0.69 9.0 1.4
126 1.22 10.94 1.55 9.0 0.8
125 1.27 11.45 3,94 9.0 1.1
Temp. 400°C
fun 1.0 Pether. Feld. Fro Fela. Pether "
ci Clile €lil.
139 1,69 14.8 0 8.8 4.8
142 1.00 46 0.17 6.8 2¢9
141 - 1.17 10.3 1.40 6.8 1.6

140 1.26 11.1 3e06 5e8 1.1



Table X% (contirued)

Temp.,  412°C

“um soe Fotnef Tald, "No Paldf/ Pether :
Cll. Cllle Clll,
119 1.64 14.8 0 3.0 4.3
123 1.€5 14,6 0.25 9.0 2.0
120 1.64 14.7 071 5.0 1.2
121 1.51 13.6 1.77 5.0 1.0
122 1.64 14.7 3.7C 9.0 1.0
Temp 424°
R hoe - Petuer Feld. Fro Poaa Fetner
cn. Clle Cliie

134 1.57 13.8 0 8.8 3,9
13t 1.66 1446 0.19 8.6 2¢2
131 1.69 14.8 C.70 8.6 1.7
136 1.97 17.3 1.77 8.6 1.1
155 1.8¢ 16.4 4,05 8.8 0.9

it is obvicus from this teble that nitric oxide can bring down
the rote of pressure increase oi the mixture but a steady minimum seems
to ve reached when 7 is sapproximetely equal to 1 in ell these four
temperatures studied. Fuller iliustretion is mede in Fig. 9 where the
dependence on the nitric oxide pressure of the curve representing
change with time of the percentage precsure increese of the mixture

relative to the particl pressure of ether is to be illu:trated.
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Discussion

From the anelytical results, it is apnarent that vinyl ethyl
ether decomposes first into ethylene and ccetaldehyde., From the
sensitizing effects of the ether on the decomposition of scetaldehyde
end on the polymerizetion of ethylene, it is evident thet free radicels
are produced in the decomposition of this ethe:. On the othér hend,
nitric oxide exerts zlmost no effect on the decomposition rate of pure
ether. Yet it does inhibit the decomposition of acetaldehyde sensitized
by ether.

The first question thet arises is whether free redicals play an
important pert in the decomposition of the ether itself. 'uite aside
from any erbitrery assumptions, some informetion of the free radical
producing step can be inferred from the experimentel results.

In the study of the sensitized decomposition of ccetaldehyde by
vinyl ethyl ether, the rete of pressure increase of a mixture contairing
6 % ether =zt 412°C wes found to be sbout 4.4 times that of pure ether.
This means that the length of the chain prodqced by the free radical from
the ether is greetly increcsed in the preseree of aceteldehyde. The
length of the chain in the mixture, nevertheless, must be smaller thex
thaet in the pure acetaldehydc. iitchell emd Hinshelvood (30), s udying
the photolysis of acetaldehyde, found theat the quentum yield is 338
et 400°C and 569 at 450°C both et 100 mm. pressure. At 412°C it would
probably be zpproximctely 4C0. The len;th of the chain is greater than

the value of quantum yield beceuse pext of the light absorption leuds to



the rearrangement process instezd of = split into free radiczls (73),
In vy case, vwe may put 400 as the upper 1imit of the cheain length in
the ether—acetaldehyde mixture confaining € 7. ether. This beiny. so,
the rate of the free radical-producing process of the ether would be,
at leest, 3.4 / 400 or 0.8 % of the total rate of decomposition of the
ether, Putting a e_E‘/ s as the rate expression of tue free radical

producing process, the mathematical expression of the above relstion

would be
44400 / ET
4,0 ° ;glle 4,44 / — 100
A e 2 /KT 0.8
11 (E - 44400) / KT
ie€. 352 * 107~ ¢ = 100

F et

it 412°C & 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
be of order 1014, the activation energy = then can be, &t most, 15 kcal.
higher than 44 kcal., or 59 kcal.. This is quite @ low value for the
activation energy required to breegk a C-C or C-0O bond.

There are three nos:ible ways in vhich the ether may s lit into

free radicals, namely,

HOCYZ = CX +O0CH

H H = CHO+CZH

(b)  CoH50CHy g 3 %5
\ 5 OCE = GCHOCH + CE
(c)  C R 0CE, 237 g g

It is hardly possible to predict the reletive probability of
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process (¢) in preference to (a) or (b), beczuse different kinds of
bond splits sre involved. For a C-C bond, & single bond in an « position
to a double bond is,in general, stronger, :nd one in & P position wezker
then a normsl single bond. If we assume the behaviour of the C-0 bond
to be anslogous to that of the C-C bond, reaction (b) should predominste
largely over reaction (a). In (b) and (c) methyl and ethyl radiceale are
involved both of which have been shown to be cepable of reacting with
nitric oxide. If the free radicals do contribute an important pert in
the normel decomposition of the ether, we should expect that addition
of nitric oxide would decrease the rate to an appreciable extent, since
it would certainly 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 es high as 0.4. This result
is very difficult to understend if free radicaels pley an important pert
in normel ether decompositione

Consider now the chain propsgating step. In view of the anslytical
result, if the chain reaction does contribute an importent part of the

totel, the chain propageting steps would presumably be:

= + -
R + CHBCH2002H3 RH CHBCHOCZh3
= CH_ CHO + C H
0530H002H3 3 A
CH + CH CHOH = CUH + CE CHOC_H .

23 377223 2 4 377273



To account for the absence of messureble nitric oxide irhibition, it
would have to be assumed thet the nitric oxide exerve no effect at
all upon the vinyl and CHBCHO(,‘zH3 radicals, --- an assumption not, of
course, impossible, but quite improbable.

The result for the sensitized decomposition of acetsldehyde
and its inhibition by nitric oxide provides further evidence that free
radicals do not play an important part in the normal decoﬁposition of
vinyl ethyl ether. Consider the mechanism of the sensitized decomposi-
tion firste. -ther generates the free radicals which react either with
ether or acetaldehyde mo.ecules. Their respecti-e chain mechanisms would

presumably be as follows:

R+CHOC i = RH +CHOH
£ 3 2 5 “« 3 & 4
CHOOH = ChCEC+C_H
<3 24 3 23
R + CHBCHO = aAH + CHSCO
Cn.CO = Cr,, + CO o
3 3

An individuazl cheain propageting through the mixture would be a mixed
sequence of these two different kinds of gteps. The anslytical results
demand that if the chain part is important at all, the chains must be
of @onrcciable length, otherwise = considerable portion of the products,

arising from the chain ending process, should be something other thun

scetaldehyde and ethylene.



Lven if we assume thev nitric oxide has little or no eirfcct on
CZH3 and 02H3002H5 radicals, it should reduce the chain length in the
mixture to not more than few steps @s a result of its inhibiting action
with methyl radicals. The minimum value of the nitric oxide inhibited
rate of ether-acetaldehyde mixtures should then coriespond to the rate
of tre rearrangement process in the pure etvher case. The experimentel
results show that the fully irhibited rate is, in fact, very close to
the rate of decomposition of ether alone in gll caces studied. Hence,
any chain mechanism must play a minor role, and the predominant part
of the reaction proceed through a resrrangement mechanism.

Since the chain initiating processes are quite frecuent (more
than 0.8 ﬂ of the total rate ), but the chain reaction does not ;ley
en importent part, the chainc must be very chort. For the cheins to be
short, either the chain proragatirg steps involve very high activeilon
encrgies or vinyl ethyl ether is itself very roficient in ussociatirg
with free radicels to deactivete them. It is impossible to say anythirg
definite ebout the chein propageting steps, Cn the other hand, it is
by no meene unexpected that this ether should inhibit chain propagetion
possitly &s & result of its unscturated linkege, @s vith ethylene (74),
P rbpylene (40) and azomethzne (35).

Assuming thet the chain mechenlsm nleys only-a smell sert, it is
possible to account for the eoproximete cuentitetive relation found ir

, A 0
sensitized decomposition of aceteldehyde et 412 C, namely,

(bp / ) = ULp/ ), *C(p, /)



where Op /'pt and ( Op /pe)o refer to the pressure increasses rcletive
to the initial pressures of ether at the end of 90 seconds for the
mixture and for the ether in pure state, pa is the partiazl pressure of
acetaldehyde, end C is a constant equal to about 0.05. Comparing the
ce.ses with same partial pressure of ether and ecuating Op /At et the
end of 90 seconds to the initisl tates, we heve the relation
rete of pressure increase of mixture
= reate of pressure incresse of pure ether + C’ (pressure of
aldehyde )

-4 -1
vhere C’ is about 5+10 sec .

Lssuming thet rete of pressure incresse for pure ether is equal
to the rate of the rearrangement process, the rate of pressure increzse
for the mixture minus the rete of pressure increése for pure ether gives
the rate of pressure incresse due to the sensitized cceteldehyde
decomposition. The recte of sensitized decomposition is then seen to be
directly proportional to the aldehyde concentration. This relation is
not difficult to understand. The cheain length in pure aceteldenyde is
mich greater then in vinyl ethyl ether, as discussed previously.
Therefore, for the mixture the effect of ecetaldehyde on the chain
ending process may be neglected. loreover, since aceteldehyde does not
start chains nor lead to any chain branching process, the introduction
of acetaldehyde would not gffect the concentration of free radicals to
Since cezees with same vinyl ethyl ether partial

any large extent.

pressure &are being compered, this means that the concentrations of

free radicels in all cases &re practically the szme. From this it



follovs &t once that the rate of the sensitized decomposition, being
procortional to the product of the scetcidehyde concentration ara iree
radical concentirestion, would be provortional to the concentration of
acetaldehyde or its pertizl pressuire in the mixture.

The conclusion that the decomposition of vinyl ethyl ether
occurs essentially by a rearrangement mechenism is not incompatible
with the experimentel value of the activation energy for the reaction.
An estimate of the activation enerygr required for such & mechanism
may be obtained by comparing the rearrangement processesfor vinyl ethyl
ether and diethyl ether. The actual processes may be depicted as in

the following figure.

Vinyl ethyl ether Diethyl ether
o O. -
H C4e \C' H Hh C‘/H\/—}C' H
M — =)
) 7
Hen o WO HC.y  HCOH
H v ¥

The essentizl difference between these two processes is that
the hydrogen in diethyl ether has to attack = shielded cerbon =tom,
while the hydrogen in vinyl ethyl ether ettacks an essentially exposed
carbon atom with a double bond. These two different cases are very
similsr to the tio typesdiscussed by iice and Teller (¢1), nemely,
rezction of free radicels with a shielded ctom and resction of free

redicels with unsatureted linkeges. These authors estiretedthe recuired



energy to push the three hydrogen atoms of a methyl grou: into the

seme plane as the cerbon ectom to be around 40 kcel.. Tn diethyl ether
it is, of course, unknown how far the hycrogen etoismust be pushed

ewey from their normal ntositionsshield:ng the carboﬁ ctom which is
being ettacked. Viith vinyl ethyl ether, interference of the one
hydrogen shielding the carbon ztom is probebly responsible for =
neglizible contribution to the activatio:r energy. Cn the contrery, the
higher electron density ocassioned by the double bord should facilitete
enparoach of the hydrogen atom being transferred. This effect might
contribute = few kcal. towe. ds the activation energy. The cifference .in
activation energies of diethyl end vinyl ethyl ethers miéht therefore
be estimsted as of the order 1C-20 kcale. Teking €2 kccle, the activetion
energy for the inhibition reaction of diethyl ether (5%), as the activa-
tion energy for its rearrengenent process, the activatior erc. gy for
rearrangement of vizyl ethyl ether would be of the order 40-50C kcel..
The cxnerimentcl value of 44 kczl. for the activetion energy therefore

espeers to be pleusible for the rezrrangement mechanism,



General Discussion of Decoriositzon of .thers

Tith the addition of our results to the alrezcy extensively
studied aliphatic eti:er seriles, it seems vorth vhile to attempt a
generel discussion of xinetic behkeviors of the ethers with z view to
ascertaining to what extents change in structure effects their kinetic
behsviour,

The four ssturated etrers, namely, dimethyl, diethyl, methyl
ethyl, and methyl butyl ethers, huve been extensively studled, anc

their main chemicel chenges zngeers to bes

dimethyl ether CH,OCK, = CH + LCHO
4 ,

¢lethyl ether C.HOCH = CHk + Ci CKO
25 295 2 € 3

methyl ethyl ether
CH.OC_H = CH + CH CHC
3 25 4 3

= (C_kE _ + ECEOQ ’
< 6

methyl butyl ether

CE.OC H =— HCHO + L E + C_X
3 49 &4 z 6
= CHE + C_II CHO .
Chy ™ Cgig

The activation energies of their decompositions are quite close together
for both their normsl reactions and thenitric oxide inhibited rezctions.
The mechanisms for their decompositions wre predominently of the chein

type, yet there remain anprecigble fractions accounted for by reeirenge=

ment mechanismse.



Table XTI

Substance activation energy  Activatlion energy i.een chain

of normal reaction of inhibited resction lengti
Dimethyl 58000 62000 17 (5¢59%)
Diethyl 58000 62000 3.7 (550°%C)
Yethyl Tthyl 54500 62000 7.5 (570°C)
liethyl butyl 56600  emee- 5.0 (536°C)
Vinyl ethyl 44400 0 =emeaa 1.0
Divinyl 5¢co00 e ———

The mzin propegeting steps which have been proposed for the main
chemical cheanges of these four saturated ethers are:

dimethyl ether
CH OCH + r = RH + Crh _OCH
3 3 3 2

CH OCH_ = Cr + 50RO
3 &

diethyl ether
C L CrH +. = HH*+ CHqCEOCEZChs
L ' o

. CHOCH (K == CH_C:0 + C_IL.
Cr,_Ci=0CH C 3 s

methyl ethyl ether

i OCHE CH + = == (& OCH CH_ + =H
1, CH,OCKCH, . OCH, CE,

I 0CiH H
CEZJC 2C

C H + HCHO
3 Z 5

1_OCH_CH, + R = CH_OCHCH_+ I H
2y CJgOCt.2 — R ChBOCH 3

ChCi: = C=. CEQ + ChH
CH30 1 3 3 5
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methyl butyl ether

1, CH_OCH CHCH CH_ + I = RE + L COCk Ch CE CL
3 < 2 2 3 2 2 2 2 3
{.,COCk:_Ch_CE_CH = 5 E
hZCO IZCL*ZCI ZC 13 ECRO + 04123
CH = = o+ CE
4y Cry Ok
29 CH _OC: CH CA Ch + = FK O HCno C- CF
Zy 3 ZCHZC ZCFB I R H + C BOCnCrzC ZC_.3
CH_OCHCH, CiI, Gk, = C H CHO + CH
3 « & 3 37 3

These mechanisms ere all similer in that the free redicels atteck

only the hydrogén gtoms on either of the < carbon atoms. That these

two modes of reaction are always observed in the unsymmetrical ethers
shows that the lengthening of the hydrogen-cerbon chain does not affect
the activation energy of this type of »srocess to exy ehpreciable extent.

The total activetion energy of & chain process depends not only
upon the :-ronageating steps but zlso the chain ending step. The fact
thaet the cctivation energies for the normal decomposition:z of these four
ethers are very close together indicates thet their chein initiating as
well zs chain ending stcps are quite similczr to one another.

The same primary products can be obtained by & sirgle type of
rearrangement mechanism by which one hydrogen atom on either of the «
cerbon ctoms finds its way to the other < carbon atom while the bond
between this latter carbon stom zrnd the oxygen atom breeks with the
formation of an aldehycde end a hydrocarbon. The activaiion erexgy
corres-onding to such z process &lso cherges very little with the

length of the alkyl group s seen from the velues of the activation



energies for the nitric oxide inhibited reactions. Since vitr all these
rour ethers, the chzin mechanism esccounts for the re.jor por.ion of the
total reaction, it means that the sciivstion erergy involved in euch
reerrangement mechenism is higﬁer than that of the cheirn mechenism,

The Introduction of a <[ carbon-carbon double bond, howevers,
chenges the picture cuite radically, The activation energy of the
reerrengement mechenism becomes much lower thean for the Baturszied
ethers while it appears that either the chain propageting step is
impeded or the chein ending process acceler:ted by the introduction of
& double bond. The result is that the reaction appsrenily goes
predominently in & reerresngenent merner. In passing, it mey be pointed
out that the process leading to the formation of ketene snd ethsne is
entirely absent. This is perfectly obviocus since such & process would
undoubtedly require even higrer activation ene:gy than that for the
setureted ethers, owing to the fact that a hydrogen ztom is more firmly
bound to ez carbon ztom with double bond than to one with single bonds
only .

The thermel decomposition of divinyl ether has not been clerifiec,
but one point is obvious. Since the activation energy is higher than theat
of vinyl ethyl ether, it may be concluded that = rezrrangement process
which would lead to ethylene and ketene must involve fer greater
activéfion energy than the rearrangement of vinyl ethyl ether into
ethylene and aceteldehyde., This is in line with a higher strength of

C-H bond in the vinyl than in ethyl group, although the stereo-relation

mey elso pley a perte



From the discussion presented in this thesis, it is a‘pareﬁt
thet slthough some minor fectures still eaweit clarification, eamong the
five ethers comparetively vwell studied the general behaviour cen be
brought together into & quite consistent picture. .lil the gimilerities
as well ac dissimilerities are compatible with the generzl physico-
chemicel behaviour of these molecules. Indeed, = hormonious interrelation

emong so meny different studies on so many compounds is itself & stroung

incicetion thet the explenstions advenced zre essentially correct.
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SUMMARY AND CONTKIBUTION TO :5.CWLLDGE

An investigation of various aspects of thermal decomposition
of vinyl ethyl ether has been carried out.

From detailed analyticel studies of products of the reaction
at 412°C, it has been found that vinyl ethyl ether decomposes into
ethylene and ecetaldehyde, the latter of which undergoes further change
elthough 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 es
k = 4,0 + 1011 o"#4400/ RT

Investigations have been made on the pressure 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. This 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 practicaily no effect on

the decomposition of vinyl ethyl ether slone, yet inhibit very pronouncedly
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the sensitized decomposition of aceteldehyde 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 e rearrange-
ment mechenism,

2). Although many free radicasls are produced during the decomposition
of the ether, the part played by the free radicels is ineppreciable owing
to the strong resistance of this ether to the propagation of chain.

It has been pointed out that an inhibiting action of vinyl ethyl
ether toward the chain propagation is quite plasusible owing 1o its
unsaturated linkage, although it is not certain whether this is the true

cause or note.
The experimental activetion energy, 44400 cal, has been shown to

be not unressonable for a rearrangement mechanism of decomposition of

vinyl ethyl ether.

A gemeral comperative discussion of all the available knowledge.

gbout tne thermel decompositions of eliphatic ethers has been made.
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