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FOREWORD

Apvances IN CHEMISTRY SERIEs was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in Apvances N CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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Rate Constants in the Gas-Phase Oxidation
of Alkanes and Alkyl Radicals

JOHN H. KNOX
The University of Edinburgh, Edinburgh, Scotland

Data on alkyl radical oxidation between 300° and 800°K.
have been studied to establish which of the many elementary
reactions proposed for systems containing alkyl radicals and
oxygen remain valid when considered in a broad frame-
work, and the rate constants of the most likely major
reactions have been estimated. It now seems that olefin
formation in autocatalytic oxidations at about 600°K.
occurs largely by decomposition of peroxy radicals rather
than by direct abstraction of H from an alkyl radical by
oxygen. This unimolecular decomposition apparently com-
petes with H abstraction by peroxy radicals and mutual
reaction of peroxy radicals. The position regarding other
peroxy radical isomerization and decomposition reactions
remains obscured by the uncertain effects of reaction vessel
surface in oxidations of higher alkanes at 500°—600°K.

The oxidation of hydrocarbons in the gas phase has been studied in-
tensively for over 70 years, yet the mechanism of the process is still
poorly understood. Free radicals are certainly involved, but the identity
of the elementary steps and their rate constants are in many cases un-
certain. The papers in this section were chosen to cover the oxidation
of alkyl and other simple organic radicals over a wide range of conditions
in order that areas of agreement and divergence of views could be ex-
posed and in the hope that a self-consistent mechanism for gas phase
oxidations might emerge.
Two quotations from recent reviews are particularly relevant to any
discussion of oxidation mechanisms:

“It is as easy to derive a rate constant for a chemical reaction which
does not occur as for one which does occur” (41).

1
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“If there are more than two free radical intermediates, the- mecha-
nism (of a reaction) cannot be deduced by a kinetic study based upon
analysis of all products and reactants” (32)—the uncertainty principle
of reaction mechanism.

Kineticists interested in oxidation have too often failed to appreciate
the importance of the second statement and have claimed validity for
mechanisms on the grounds that they explain the products and certain
basic features of the over-all kinetics of the reactions: they have thus
fallen into the trap described in the first quotation. There are indeed
few reactions in oxidation about whose importance we can be certain,
and even fewer whose rate constants can be stated with any conviction.
Nevertheless, the papers presented here, along with other relevant infor-
mation, allow one to make first some qualitative, and later some quanti-
tative statements about the elementary reactions occurring in oxidation
systems.

Probable Reactions in Gas-Phase Oxidations

When alkyl radicals are generated in oxygen, there are only a few
primary reactions, but the radical products of these reactions evidently
undergo many reactions. The elementary steps 0 to 11 are thought to
include most of those which are plausible at temperatures between 25°
and 600°C. We denote an unspecified radical by X, an alkyl radical by
R, an olefin by A, a carbonyl compound by AO, and an oxygen-containing

heterocyclic compound by | o l . Primes on symbols denote species

with fewer (usually one fewer) C atoms than the parent alkane or alkyl
radical. Reaction 11 is the intramolecular abstraction of H from some
point in the peroxy radical.

X+RH =R+XH (0)
R =R + A’ (1)
R+0, =ROO (2) (—2)
R+0, =A+HO, (3)
RO, + RO, =RO + RO + O, (4)
RO, + HO, = ROOH + O, (5)
HO, + HO, = HOOH + O, (5
RO, + RO = ROOH + AO (6)
RO, + RH = ROOH + R (7)
RO, = A + HO, (8)

RO, = %] +on (9)
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RO, = fragmentation products + X (10)
RO, = QOOH ' (11)

Although Reactions 8 to 10 have been written as distinct unimolecu-
lar processes, it is possible that they may occur via Reaction 11, followed
by decomposition of the QOOH radical. Reactions 9 to 11 are to be
regarded as reaction types rather than as single reactions—i.e., each
represents several distinct elementary processes.

Oxidations will be chain reactions when one or more of Reactions 7
to 10 are faster than Reactions 4 to 6 combined. They will be auto-
catalytic when products such as ROOH and HOOH pyrolyze to give
new free radicals by reactions such as 12 and 12/, or when products such
as aldehydes and olefins react with oxygen to give new free radicals by
reactions such as 13.

ROOH = RO + OH (12)
HOOH + M = OH + OH + M (12)
CH,0 + 0, = CHO + HO, (13)

Effect of Temperature on Dominant Reactions

At 25° to 50°C. At ambient temperatures Reactions 7 to 10 are slow
compared with Reactions 4 to 6 because of their relatively high activation
energies, and the alkyl radicals to be oxidized must be generated photo-
chemically or by some other external agency. The oxidations proceed
essentially by nonchain free radical processes—i.e., by Reactions 2 and
4 to 6. Typical of such studies are those of Calvert and co-workers (18,
19, 51, 52) on the photo-oxidation of azoalkanes, and of Nalbandyan and
co-workers (43) on the mercury-photosensitized oxidation of alkanes.
The important reactions are probably represented by Schemes A and B
shown in Figure 1. Although Nalbandyan has suggested that the Hg-
photosensitized oxidations are chain reactions at room temperature, this
seems unlikely in view of the relative unreactivity of peroxy radicals in
abstraction reactions. Although the main product at 25°C. is the alkyl
hydroperoxide, which presumably arises from Reaction 5, other minor
products occur, and other mutual reactions of radicals ought to be added
as minor reactions in Scheme B.

In Schemes A and B and those following, the symbols in boxes repre-
sent reactive intermediates, starting materials, termination products (T),
or branching intermediates (B); single arrows represent elementary
reactions consuming one molecule of intermediate; double arrows repre-
sent elementary reactions consuming two molecules of intermediate;



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch027

4 OXIDATION OF ORGANIC COMPOUNDS—II

—@—o represents a reaction producing two molecules of intermedi-

ate. The descriptions on the arrows give the type of reaction involved:
phot = photolysis, Hg phot — mercury-photosensitized decomposition,
ox = reaction with oxygen, abs = H atom abstraction from the substrate,
pyr = pyrolysis, and wall = reaction on wall,

0 — 50°C
SCHEME A
phot
RN=NR—(2~>{ r -25 ROOF=={ RO = T
=K

SCHEME B

R 2> Roo

’ |
RH |rer @ ROOH |
HgH %> HOO

Figure 1. Photo-oxidation of azoalkanes and mercury-photo-
sensitized oxidation of alkanes

The mechanisms for ambient temperature oxidations become more
complex as the alkyl radical R becomes more complex and as the reactions
proceed. Thus, with azo-2-methylpropane (52) the pyrolysis of the tert-
butoxy radical must be included, and in all but the initial stages, reactions
of alkoxy radicals with products containing weak C—H bonds must be
included. Numerous tertiary reactions can then occur. As with most
free radical systems, useful information can be obtained only if the degree
of conversion of the starting material is kept low.

At 100° to 150°C. In this range of temperature chain oxidation by
Reactions 2 and 7 can occur. Conditions favoring chain reaction are
(1) low rates of initiation, which give low radical concentrations and
favor Reaction 7 relative to Reactions 4 to 6, (2) high pressures which
favor Reaction 7, and (3) high temperatures which increase the rate of
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Reaction 7 more than that of Reaction 4. Conditions 1 and 3 will, how-
ever, conflict if reactions are thermally initiated (e.g., peroxide decompo-
sition) since the rate of initiation will probably rise faster than the rate
of Reaction 7, and the lower temperatures may be more conducive to
chain reaction. These features are clearly brought out by the work of
Allara, Mill, Hendry, and Mayo (1). The oxidation of 2-methylpropane
was initiated by pyrolysis of azo-isobutyronitrile or di-tert-butyl peroxide.
At 100°C. and high pressure the reaction proceeded by chains of mod-
erate length (50 units at 22 atm.), the length increasing with pressure.
At 155°C. when the initiation rate is much higher, the chain length
measured as (rate of consumption of alkane)/(rate of generation of radi-
cals by initiation) was around unity at 1 atm. pressure. At the lower
temperature the major chain product was hydroperoxide, but at 155°C.
the main products were derivable from the tert-butoxy radical, as shown
in Figure 2. The yield of 2-methylpropene, an important product of the

acetone

- methanol
§ %
£

£ =0

0'4 ‘ \
‘g B —_— <"
3 -
2 _-"RH clzlms.
& 02 A -

10 x i-butene

01 02 (1)’3
t-Bu,0, cons. mmole -

Figure 2. Product development in oxidation of
2-methylpropane at 155°C. initiated by di-tert-
butyl peroxide

Data from Ref. 1 and private communication

BuOH,OO0H represents sum of alcohol and peroxide

RH consumption calculated from products

c.l. represents chain length — [RH consumed]/
[2(Bu:O:) consumed]



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch027

6 OXIDATION OF ORGANIC COMPOUNDS—II

autocatalytic oxidation above 270°C., was small and irreproducible, which
suggests that it may have been formed heterogeneously. The oxidation of
2-methylpropane in this temperature range is represented to a good
approximation by Scheme C of Figure 3.

100 - 150°C
SCHEME_C
7]
Mo 2% MeO(ﬂﬁEeO EI
N
pyr abs labs T
A4
0oX
DTBP 2 RO rROO[> | R
pyr abs
R = Me,C:

Figure 3. Low temperature—initiated oxidation of 2-methylpropane
according to Allara et al. (1)

Scheme C is sufficiently complex that Johnston’s uncertainty prin-
ciple applies. It is therefore impossible to prove the scheme without
relying heavily on data acquired from other areas. Such information and
particularly the general consistency of the rate constants required by
the mechanism suggest that it is probably near the truth. Assuming its
correctness, the experimental data can be treated moderately rigorously
if it is noted that at 100°C. all the ROO radicals which abstract H give
hydroperoxide, and that the only small additional source of hydroperoxide
will be reaction of ROO with CH;0, while the remaining ROO radicals
will first form RO and then either acetone or tert-butyl alcohol. Measure-
ment of the ratio (hydroperoxide)/(acetone -+ tert-butyl alcohol )*/* will
then give k;/k4'72.

At 250° to 400°C. There is a serious gap in our information about
alkane or alkyl radical oxidations between 150° and 250°C. Above about
250°C. the oxidations of organic substances and alkanes in particular
become autocatalytic (42). The autocatalysis must arise from reactions
such as 12, 12/, and 13, and below 350°C. Reaction 12 seems by far the
most likely. Around 400°C. Reaction 13 may become important and at
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about 450°C. Reaction 12’. It is not, however, the purpose of this paper
to discuss the nature of the branching reactions in alkane combustion.
These have been given more than their due share of attention elsewhere.

It is in the region 250° to 400°C. that Johnston’s uncertainty principle
has so often been ignored. Although Reactions 8 to 11 can explain the
formation of the observed products, this is no guarantee that they in fact
occur, and there is a great need for careful independent experiments in
this area.

Until recently the major problems in the study of combustion have
been analytical since it is essential to determine products in the earliest
stages of reaction when secondary reactions involving products can be
shown to be unimportant. Generally this implies reactant consumptions
below 0.1 or 1%. Only gas chromatography is capable of adequate sensi-
tivity, selectivity, and quantitative accuracy under these conditions.
However, even gas chromatography has not been able to deal effectively
with the analysis of peroxides, and there is need for more work in this
field.

By studying the earliest stages of the autocatalytic combustion of
the simpler alkanes, ethane (40), propane (39), and 2-methylpropane
(28, 58), it has been shown that about 80% of the initial reaction product
is the olefin with the same carbon number as the original alkane (we
term this the “conjugate olefin”), and that the remainder of the products
form a complex mixture whose composition depends strongly on the
nature of the reaction vessel surface (28). We interpret this to mean that
there are two basic homogeneous processes, one forming the conjugate
olefin, either Reaction 3 or Reaction 2 followed by Reaction 8, and one
forming an unstable product which is readily destroyed at the walls. The
latter may well be a hydroperoxide, and the second homogeneous process
Reaction 7.

Zeelenberg (57) pointed out that if this view were correct, all prod-
ucts from the slow combustion of neopentane should belong to the surface-
sensitive group since there was no conjugate olefin for neopentane.
Zeelenberg (56) had previously investigated the oxidation of neopentane
using an unspecified reaction vessel surface. Turner (55) re-investigated
the reaction using two different surfaces. The percentage yields of the
three major initial products are given in Table I. These initial fractional
yields clearly depend on the surface used and support our contention
regarding the nature of the reaction. All the initial products from the
neopentane oxidation at about 250°C. arise on the walls of the reaction
vessel from some precursor probably formed homogeneously.

With hydrocarbons containing straight chains of five or more carbon
atoms (and probably of four carbon atoms also), the initial products at



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch027

8 OXIDATION OF ORGANIC COMPOUNDS—II

about 250°C. often contain considerable proportions of oxygen hetero-
cycles, particularly furans (24, 42). It is plausible that they arise either
by direct decomposition of peroxy radicals or by internal H abstraction,
followed by decomposition of the resulting QOOH or hydroperoxide
radical.

CH3‘_‘CH2 CH2— CH2
I | (9) I | +OH
cIJH2 (I:H.R CH, /CH.R
H 0 o

0

(14)
(11)
CH,——CH, CH, —CH,
() |
———————vel

CH, CHR +0, 0—0—CH, ?H—O—OH

/ R

0

|

0—H

Bailey (4, 5) favors the first alternative and Fish (23) the second.
The two possibilities can be distinguished if Reaction 14 can be made to
compete with a reaction such as the further addition of oxygen, Reaction
2’. This reaction seems well established by Cartlidge and Tipper’s (16)
isolation of di- and higher hydroperoxides from the oxidation of heptane
at 240° to 310°C. A careful investigation of the dependence of the ratio
(heterocycles )/ (polyperoxides) ought to resolve the problem, provided
that the heterocycles arise in true homogeneous reactions, a point which
has not yet been proved.

The initial stages of combustion of an alkane between 250° and
400°C. can probably be represented reasonably completely by Scheme D
shown in Figure 4. The major points for argument are (1) whether the
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conjugate olefin arises from the direct Reaction 3 or from Reaction 2
followed by Reaction 8, and (2) whether the heterocyclic and other
minor products arise from homogeneous reactions such as 9 to 11 or from
heterogeneous destruction of an unstable intermediate such as a peroxide
formed by Reaction 7.

As oxidations proceed, the over-all process becomes increasingly
complex as olefins and other primary products, being more reactive than

TableI. Effect of Surface on Initial Product Distribution
in the Oxidation of Neopentane

Investigator Zeelenberg (56) Turner (55)
Reaction vessel Unspecified 500 ml. spherical
borosilicate glass

Clean HF-treated

Temperature, °C. 260 255 255
RH:O, 1:3 2:1 2:1
Pressure, mm. Hg 400 225 225

Initial % age yields
of major products

2-Methylpropene 0° 41 20
Isobutyraldehyde 75 40 55
Acetone 15 12 15
Others 10 7 10
Conversion, % 0.1 From initial gradients:
below 0.1%

¢ Values taken from figure in Ref. 56.

300°C - Initial Stages

SCHEME D
abs T

wall ,
(o]
X ——>THoo 7|

2 %
- ox pyr 1\
I B | R ROO

Ny
@

N Lp—yrj ox
T abs Yoyr S
—_abs_‘ Rads J RO
abs

Figure 4. Low temperature autocatalytic oxidation of alkanes

Heavy lines represent main oxidation route for ethane, propane, and
2-methylpropane
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the parent alkane, begin to play an important part in the reaction. Until
the initial stages of the reaction are clearly understood, there seems little
chance of understanding the later stages.

At 350° to 500°C. Above ca. 400°C. the combustion of alkanes
appears to become simpler. H-abstraction reactions and radical pyrolysis
will become faster, so that mutual reactions of radicals should become
less important. The homogeneous decomposition of peroxides will be
fast (14, 36), and heterogeneous processes will be unimportant. The
over-all reactions should therefore become much less sensitive to walls
and conditioning procedures, as is observed. The formation of high
yields of olefins has long been taken as a characteristic of the “high
temperature combustion regime.” Shtern (50), for instance, has argued
that propene, a major product from all stages of the oxidation of propane
above 400°C., arises from the pyrolysis of propyl by loss of H, and
ethylene by loss of methyl. The first of these views is almost certainly
incorrect since below 600°C. loss of H by an alkyl radical is far too slow
to compete with reaction with oxygen (34) even on the most conservative
estimate of the rate of 3 or of 2 4 8. The view that all olefins arise from
pyrolysis also conflicts with the data obtained in Edinburgh, which
showed that initially propene was the major oxidation product from pro-
pane even at 320°C. (39). Satterfield and Reid (49) added support to
the view that olefins were major products only above 400°C. by their
analysis of analytical data from several investigations of propane com-
bustion. They showed that the ratio (propene)/(propane converted to
other products including CO, CO;) rose with temperature according to
an Arrhenius equation

Log k(propene) /k(other products) = 6.6 — 19,000/2.303 RT

They considered that the two competing reactions were Reactions 3
and 2, respectively—Reaction 3 having 19 kcal. more activation energy
than 2, and a vastly greater A factor. While the activation energy dif-
ference might be acceptable, the A factor ratio is not. Benson has sug-
gested that the equation can be reinterpreted (12) in terms of a compe-
tition between Reactions 2, —2, 3, and 7. Unfortunately, this explanation
must also be considered incorrect since both Benson and the original
authors have misinterpreted the original data. Our work has shown that
the fractional yield of conjugate olefin from the oxidation of a simple
olefin exceeds about 80% in the initial stages of oxidation at all tempera-
tures above 300°C., but thereafter it drops rapidly until the ratio (con-
jugate olefin)/(alkane) becomes roughly stationary (39, 40), when some
10% of alkane has been consumed. The stationary concentration ratio
is about 10% at 300°C. and rises with temperature with an activation
energy of about 7 kcal. per mole (15). The data used by Satterfield and
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Reid were obtained at indeterminate stages of reaction when neither
condition held and probably have no simple interpretation. What is
clear is that the initial yield of olefin is very high above 300°C. but
exceedingly small at 155°C. (1).

It appears that there is little change in the homogeneous part of the
combustion of the simpler alkanes above 300°C. in the early stages of
reaction. Phenomena such as the negative temperature coefficient and
cool flames which indicate important changes of mechanism at around
400°C. are probably associated with changes in the importance of certain
secondary reactions. Recently several explanations (11, 38) along these
lines have been advanced, and particular attention is drawn here to that
of Barnard for the negative temperature coefficient in the combustion of
ketones (11).

At 500° to 600°C. Alkane combustion at 500° to 600°C. has been
studied directly by Sampson (48) using a high speed flow reactor, and
indirectly by Baldwin (6-8, 10) using the elegant technique of adding
traces of alkanes to slowly oxidizing hydrogen + oxygen whose mecha-
nism is well understood. The work of Sampson showed that the reaction
probably occurred by a radical — molecule chain reaction similar to
that operating in the hydrogen + oxygen reaction. This is shown by
Schemes E and F of Figure 5. For alkanes other than ethane, pyrolysis
of the alkyl radicals will occur to a large extent before oxidation and the
oxidation mechanism, Scheme G, is somewhat more complex.

Somewhere in the temperature range 450° to 600°C. pyrolysis must
compete on nearly equal terms with oxidation of alkyl radicals. The
work of Baldwin is therefore particularly important since the rate con-
stants for pyrolysis of alkyl radicals are reasonably well established. There
is therefore the strong possibility that we shall soon possess rate constants
for oxidation reactions of alkyl radicals at high temperatures. Examina-
tion of the oxidation products of the higher alkanes by the Baldwin
method should go far toward resolving the problem of the source of
fragmentation products at lower temperatures.

Numerical Values for Rate Constants

There is little firm information on the rate constants for the majority
of Reactions 1 to 11, but if the mechanisms proposed above are broadly
correct, a number of quantitative deductions may be made which set
limits on several of the values.

Reactions 4 to 6. In the hydrogen + oxygen reaction in boric acid-
coated vessels at about 500°C. the mutual reaction of HOO competes
with H-abstraction from H: (9). The latter reaction causes the slow
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500- 600°C
SCHEME _E
| H 2> Hoo === HooH }2(2)
abs
SCHEME F
[Et %> Hoo === HooH [P (D)
abs
SCHEME G
abs
abs Et 2% S 1HOO
pyr
R HOOH
pyr 5
N\
abs Me |—2X OH pyr
abs

Figure 5. High temperature oxidation

E, Hydrogen
F, Ethane
G, Higher alkanes

autocatalysis, and its rate can be obtained relative to Reaction 5 by
analyzing the reaction during the induction period. The parameter de-
rivable is k;/ks*/2. The value of ks is probably about 10°2 mole™ liter
sec.”! (25), very close to the rate constant for the isoelectronic reaction,
the disproportionation of ethyl radicals (34) for which k = 10°4. (Where
not stated, the units of bimolecular reaction rate constants are mole™ liter
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sec.”l, and of unimolecular reaction rate constants sec.™; activation ener-
gies are in cal. mole™.) According to the Arrhenius equation, k7 is then:

Log k; = (10.2 = 1.1) — (25,000 = 4000) /2.303RT

where the error limits are to be taken together. The A factor seems unduly
high for a bimolecular reaction involving a polyatomic nonlinear free
radical, and it seems likely that log A and E may both be rather high.
We should therefore prefer to take as the best Arrhenius equation:

Log k; = 8.8 — 20,000/2.303RT

Heicklen (29) argues that Reactions 4 to 6 have similar rate constants
at room temperature:

LOg k4 = log k5 = log k6 =95 * 0.3

Such values are derived mainly from photo-oxidation studies and depend
upon the rate of mutual reaction of methoxy radicals. They seem plaus-
ible, except possibly for k,. Reaction 4 differs from the others in that it
is almost thermoneutral and must pass through a transition state
ROO—OOR which is likely to redissociate preferentially into the original
fragments since D(ROO—OOR) = 5 kcal. per mole (14). The value of
ks might therefore be lower than the others. There is some evidence that
this is true. In the gamma-ray (31) and mercury-photosensitized (43)
oxidations of alkanes, hydroperoxides are the major products at low
temperatures. The simplest explanation of this is that they arise from
Reaction 5 (see Figure 1). However, for this to be true, Reactions 4 and
probably 5 must have much lower rate constants than Reaction 5.
Evidence from studies in the liquid phase presented by Ingold (30) and
by Sajus (47) shows that mutual reactions of ROO which are terminating
are indeed slow and have considerable activation energies. The range
of their rate constants can be expressed by the Arrhenius equation:

Log k; = 10 — (4,000 to 10,000) /2.303RT

that is, they lie between about 10* and 108 at 300°K. and are much lower
than 1025 proposed by Heicklen for Reaction 4. However, the termination
reaction is not Reaction 4, but probably 15 as proposed by Russell (46,
53) which involves a ring transition state.

R

,\0/0—0§‘\ R’\
R NS0 T R/C=O+02+R"—OH (15)

Rll
Although the partial O—H bond may not be required in Reaction 4, and
A, may slightly exceed A;;, E; is likely to be at least as large as E;5 since
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Reaction 4 is much less exothermic than 15. Thus, Reaction 4 could well
be very slow, and its rate constant is still uncertain. This is unfortunate
since the most likely way of obtaining k; is by setting up competition
between Reactions 4 and 7 so as to yield the rate constant ratio kq/ks!/2.
Reactions 2, —2, and 3. The equilibrium constant for Reaction 2
has been independently estimated by Knox (37) and by Benson (12).
For nonconjugated radicals it is probably given within a factor of 3 by

Log K, = log ky/k., = —5.2 + 29,000/2.303RT

the value of k., is then obtainable from K, and k,. The rate of addition of
oxygen to alkyl radicals has been measured for ethyl in three studies.
Dingledy and Calvert (18) obtained a value of k, — 10°¢ from a study
of the photo-oxidation of azoethane by flash photolysis; Goldfinger et al.
(26) obtained 1087 from a study of the oxygen-inhibited chlorination of
ethane, and Avramenko and Kolesnikova (2) obtained 10°! from a fast
flow experiment. Thus, the true value probably lies in the range:

Log ky=09.1 = 0.5
and
Log k., = 14.3 * 0.5 — 29,000/2.303 RT

Above 300°C. the effective reaction of an alkyl radical with oxygen
may be Reaction 3 rather than 2 because of the reversibility of Reaction 2.
If it is assumed that Reaction 3 is important at about 450°C.,, its rate can
be estimated from the competition between pyrolysis and oxidation of
alkyl radicals. Falconer and Knox (21) observed that the ratio of (pro-
pene)/(ethylene) from the oxidation of propane between 435° and
475°C. increased with oxygen concentration and decreased with tempera-
ture—the apparent activation energy difference for the two reactions
forming the olefins being 27 = 5 kcal. per mole. They interpreted this
result in terms of a competition between Reactions 1 and 3. The observed
ratio (propene )/ (ethylene) was 3.5 at 435°C. and 10 mm. of Hg pressure.
If log k,(propyl) — 13.2 — 30,000/2.30RT, the value for the n-propyl
radical (34), then log k; — 8.0. If the A factor is 10°%, we derive the
Arrhenius equation

Log ks = 9.5 — 5,000/2.303RT

The activation energy difference E; — E; = 25 kcal per mole then
agrees with the experimental value.

Reaction 7. The Arrhenius parameters for the H-abstraction reac-
tions of peroxy radicals may be estimated from general considerations.
Generally H-abstraction reactions by polyatomic radicals have A factors
in the range 107 to 108°—e.g., CH; (54), CF3 (3, 45), CH50 (27). The
activation energies for such reactions depend upon the type of radical
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and upon the type of bond being broken. For a given radical reacting
with members of a homologous series it is expected that a smooth variation
of E with AH will be observed, such as is embodied in the Evans-Polanyi
relation (20)

E=aAH + ¢

where a and ¢ are constants. Clearly the Evans-Polanyi relation cannot
hold over more than a restricted range of AH since when AH is large and
positive, E must approach AH and @ must tend to unity, while when AH
is large and negative E must approach zero and consequently also a.
Thus, a smooth curve is expected for any extended range of AH, as is
shown clearly in Figure 6 for the reactions of halogen atoms (22) where
AH ranges from —13 to 433 kcal. per mole, and a changes from near
zero to near unity. The data for other radicals (33), while less extensive,
show similar features. Figure 6 also shows that for highly reactive species
like the halogens the change of gradient around thermoneutrality is rapid,
but for less reactive species like CHj it is more gradual. For such radicals
the Evans-Polanyi relation may be expected to hold within experimental
error over a range of, say, 20 kcal. per mole in AH. The selectivity of a
given radical with respect to different members of a homologous series
will to a first approximation be related to a. It is clear from Figure 6 that
the selectivity of an unreactive radical like methyl will be less than that
of a reactive radical like Br for reactions of the same endothermicity;
thus, selectivity cannot be used as a simple measure of the general re-
activity or the endothermicity of a radical reaction. When considering
the ROO radical it seems reasonable to suppose that its electrophilicity
will be similar to that of the RO radical in reactions of the same AH,
and hence that the E’s for ROO radicals should lie on an extension of
the curve for the RO radical, the reactions of ROO being about 22 kcal.
per mole more endothermic. The region of interest in oxidation reactions
is shown shaded in Figure 6. Within this region the change of gradient
is slight, and the E’s can be represented by the Evans-Polanyi relation

E; = 0.60AH; + 10,000 cal. per mole

This equation gives roughly the same activation energies as one proposed
by Benson (12) in which a = 1.0 and ¢ = 6,000 cal. per mole. However,
so high a value for a does not seem reasonable.

The Arrhenius parameters suggested for Reaction 7 are then given
by the Arrhenius equation

Log k; = 8.0 = 0.5 — (10,000 + 0.60AH;) /2.303 RT

This equation agrees well with the only value for k; which can be
derived from experimental data directly. In the work of Allara et al. (1)
on the oxidation of 2-methylpropane at 100°C. it is possible, as described
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above, to derive a value of k;/k,1/2 = 10734, If ky = 10°3, then k; = 103,
For 2-methylpropane Reaction 7 is nearly thermoneutral, and so E; should
be about 10 kcal. per mole. This would then lead to A; = 1072, which is
in reasonable agreement with the proposed equation. This value gives
some support to Heicklen’s value for k, since a lower value of k; would
give a lower value of k;, which seems unlikely.

30

N
o

E kcal mole™

—_
o

20 -10 0 10 20 30
AH kcal mole ™’

Figure 6. Dependence of activation energy, E, on heat of reaction, AH, for
various radicals

Shaded area represents supposed distribution of E and AH for ROO radicals

For the reaction of HO, with H, the Evans-Polanyi relation predicts
E; = 25 kcal. per mole. This in excellent agreement with Baldwin’s value
(9) but not in very good agreement with the more reasonable value of
E; = 20 kcal. per mole required to bring the A factor down to a reason-
able level. It could, however, be argued that HO, is somewhat more
reactive than RO, and that a lower activation energy is in order; 20 kcal.
per mole is still about 6 kcal. per mole more than the endothermicity of
the reaction.

Reactions 3 and 8. One of the more puzzling features of the oxida-
tion of 2-methylpropane between 155° and 300°C. is the remarkable
transition from a reaction producing about 1% or less 2-methylpropene
at 155°C. to one producing 80% 2-methylpropene at 300°C. If the olefin
and other products arise from the same two competing Reactions 3 and
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2 at both temperatures, then the change in product distribution demands
the Arrhenius equation

Log k3 /k, = 7.5 — 18,000/2.303 RT

Such an equation is unacceptable since, if k; = 10° then A; = 1045,
which is impossible. The explanation must therefore be unsound. The
transition in products must have some other explanation.

A more acceptable explanation is obtained if the competing reactions
are Reactions 7 and 8. At 300°C., on this assumption, (rate of 8)/(rate
of 7) = (2-methylpropene)/(other products) = 4 on the basis of initial
product analysis. At 155°C. the rate ratio is obtained not from the ratio
(2-methylpropene )/ (other products) but from the ratio (2-methylpro-
pene)/ (tert-butyl hydroperoxide) since a large part of the oxygenates
arise from Reaction 4 (see Figures 2 and 3) and its successors. Although
precise figures for the hydroperoxide are not given by Allara et al,, it is
stated that the peroxide yield was about half of (peroxide + tert-butyl
alcohol). Bearing in mind that there is some uncertainty as to whether
the 2-methylpropene arises homogeneously or heterogeneously, we can
only make an upper estimate of the rate ratio of 0.1. With (RH) =
102 mole per liter the change in product distribution now demands

Log ks/k; = 3.4 — 12,500,/2.303 RT
If

Logk, = 7.2 — 10,000/2.303 RT
we obtain

Logks = 10.6 — 22,500/2.303 RT

The value of Ag seems too low since calculations by the method of
O'Neal and Benson (44) suggest that it should lie between 1023 and
1034, depending upon whether the transition state complex is the rela-
tively rigid form (I) or the looser, but highly polarized form (II).

H
H -H H
~c—c” \c:=c<
~ N R \ R
R R
ll \
\
H\ 0 §+H o
“ / /
° I 0 i
8_

The A factor and activation energy are probably both higher, in
agreement with the view that much of the 2-methylpropene found at
155°C. was formed heterogeneously. Taking As = 10125 gives Eg — 27.5
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kcal. per mole, and a predicted ratio of (2-methylpropene)/(peroxide)
of 1073 at 155°C.

This explanation for the transition in the yields of products is not
entirely satisfactory for two reasons. First, there is little evidence for
any dependence of the ratio of (conjugate olefin)/(other products) on
the alkane pressure in oxidations above 300°C. The little evidence which
exists suggests that there is no dependence, whereas the explanation in
terms of Reactions 7 and 8 demands that the minor products should in-
crease relative to the conjugate olefin in direct proportion to (RH). On
the other hand the variation in (RH) which can be used is small since
the over-all rate of oxidation depends upon (RH) to a high power;
further, the indeterminate effects of heterogeneous reactions might ob-
scure the changes in the homogeneous reaction. Likewise, the predicted
effect of temperature on the ratio (conjugate olefin)/(other products) is
much greater than that observed either for ethane (40) or 2-methyl-
propane (28) and if the explanation advanced above is correct, one has
to suppose that changes in the heterogeneous part of the reaction which
produces 2-methylpropene must almost exactly compensate for changes
in the homogeneous part.

It might be argued that the addition of Reaction 3 might solve the
difficulty. Unfortunately as now shown, Reaction 3 has little effect on the
situation and indeed is probably not required to explain any of the
observations.

At temperatures around 300°C. Reaction —2 is much faster than
Reaction 8, and hence all other reactions of peroxy radicals at this tem-
perature. Reaction 2 may therefore be considered to be in equilibrium
at this temperature for the simpler alkanes (ethane, propane, 2-methyl-
propane, neopentane) and therefore

(Rate of 8)/(rate of 3) = kg(ROO) /ks(R) (O2)
o exp (-+7000/RT)

The two rates are thus equal at about 400°C., and Reaction 3, if it oc-
curred, would slowly take over from 2 + 8 at above this temperature.
The rate of Reaction 3 relative to 7 would show an activation energy
difference of about 24 kcal. per mole, so that it gives no help in explain-
ing the apparent lack of dependence of (conjugate olefin)/(other prod-
ucts) on temperature.

For temperatures above 400°C. it might be argued that because
Reaction 2 is highly reversed, Reaction 8 could not compete effectively
with Reaction 1, and that Reaction 3 is required to explain why any
reaction with oxygen occurs above about 400°C. The rate of radical
pyrolysis relative to Reaction 8 when Reaction 2 is in equilibrium and
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(O2) = 102 mole per liter is given by:
(Rate Of 1)/(rate Of 8) = kl/(K2k8(02))
— 1079 exp (—32,000/RT)

whereas
(Rate of 1) /(rate of 3) = 1037 exp (—25,000/RT)

‘Either of these expressions would fit the data of Falconer and Knox
(21) within their experimental error, and it therefore seems that Re-
action 3 is unnecessary to explain any of the observations. Until more
precise data are available on the relative rates of oxidation and pyrolysis,
it will not be possible to decide whether it occurs or not.

Reactions 9 to 11. These reactions are relatively unimportant with
the simpler alkanes since the conjugate olefin is the major product at all
temperatures when the over-all processes are autocatalytic and since the
minor products, at least in part, arise from heterogeneous processes. They
may well be important with alkanes containing four or more C atoms in
a straight chain. Typical results for the distribution of initial products
from the oxidations of l-pentane (35) and 2-methylpentane (24) are
given in Table II. Although oxygen-containing heterocycles are impor-
tant initial products, particularly from 2-methylpentane, there is little

Table II.  Initial Oxidation Products of Higher Alkanes

Investigator Kinnear and Kinnear and Fish (24)°
Turner (35) Turner (35)
Temperature, °C. 230 270 291
Alkane 1-Pentane 1-Pentane 2-Methylpentane
Olefins (conjugate)
Pentenes 6° 22 Hexenes 0
Oxygen heterocycles
2-Methyl THF? 2 13 2,2-Dimethyl THF 15
Propene oxide 3 2 2,4-Dimethyl THF 35
Ketones
Acetone 49 33 Acetone 9
Methyl ethyl K 17 6 Methyl n-propyl K 8
Aldehydes
Acetaldehyde 10 6 Acetaldehyde 10
Propionaldehyde 7 6 Propionaldehyde 3
n-Valeraldehyde 4 3 n-Butyraldehyde 14
Others
Lower olefins 1 3 Lower olefins 3
Unidentified 1 5
¢ Data taken by analysis of Figure 2 of (24).
*THF = tetrai;ydrof‘:xran. g (

° Relative yields.
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relation between the results of the two investigations, which leads one
to suspect that surface reactions may again be important in these oxida-
tions. The two sets of data are different in two particular respects: Kin-
near and Turner found substantial yields of pentenes and small yields of
heterocycles from 1-pentane at 270°C. Fish found no hexenes but large
amounts of heterocycles in the products of oxidation of 2-methylpentane
at 285°C.; the hexenes arose only after a substantial build up of hetero-
cycles. These divergences are difficult to explain, and further experiments
are required, particularly concerning the role of surface in these oxida-
tions, before the importances of the homogeneous and heterogeneous
oxidation routes are clearly established.

While there are clearly serious interpretational problems in the com-
bustion of the higher alkanes at below 300°C., the work of Baldwin et al.
(7) gives most valuable information on the high temperature oxidation
of one higher alkane, neopentane. When traces of neopentane were added
to oxidizing hydrogen + oxygen at 480°C. the initial products from the
neopentane were equal amounts of 2-methylpropene and 3,3-dimethyl-
oxetane. These products contrast sharply with those found at about
300°C. (Table I). Using the value for K. and the experimental oxygen
pressure of 70 mm. of Hg, it is found that (ROO)/(R) = 3. If the
2-methylpropene arises from Reaction 1, and the oxetane arises from
Reaction 9, and if, furthermore, k;(neopentyl) = k;(n-propyl) — 10*3
at 480°C., then ko(oxetane) — 10*°, If Aq(oxetane) is between 102 and
103, Eq(oxetane) is between 28 and 34 kcal. per mole. This activation
energy is thus comparable with E_, and Eg. It is, however, much higher
than the value proposed by Fish (23), who suggests ko(oxetane) — 10
exp (—13,000/RT).

Other evidence that peroxy radical rearrangements are essentially
high temperature phenomena is the formation of methyl ethyl ketone in
cool flames where the carbon atom of the carbonyl group was originally
tertiary in the alkane (17). Since cool flame temperatures are around
500°C., heterogeneous processes are unlikely, and all products must pre-
sumably arise homogeneously.

Reaction 11 seems well established by the work of Cartlidge and
Tipper (16). The polyhydroperoxides found by them in the oxidation
products of l-heptane presumably arose from Reaction 11 followed by
further addition of oxygen to the QOOH radical to give OOQOOH.
The A factor for Reaction 11 is likely to be around 102, with the activa-
tion energy being somewhat greater than for the corresponding inter-
molecular H abstraction. If Reaction 8 indeed occurs via Reaction 11,
then E;; for abstraction from the beta position is 22 to 27 kcal. per mole,
which is 7 to 12 kcal. greater than the activation energy for abstraction
of a primary H atom according to the Evans-Polanyi relation derived
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above. The difference corresponds reasonably with the strain energy
of a fiveemembered ring (13). Unlike other QOOH radicals, the

R

>C—CH200H radical will almost immediately dissociate into olefin
RI
and HO, since the C—O bond strength is only about 12 kcal. per mole
(12, 37).

The apparently high activation energies for formation of the oxygen
heterocycles probably reflect the difficulty of decomposition of the other
QOOH radicals rather than the difficulty of their formation. If the de-
composition of QOOH to an oxygen containing heterocycle had an A
factor of 1013, this reaction would compete with its further oxidation at
280°C. only if its activation energy were below about 15 kcal. per mole.
Since the activation energies are apparently greater than this, the hetero-
cycles are probably formed in some other way at this temperature. At
about 500°C. it becomes possible for the decomposition of QOOH to
compete with their oxidation.
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Gas-Phase Reactions of Alkylperoxy and
Alkoxy Radicals

JULIAN HEICKLEN®
Aerospace Corp., El Segundo, Calif. 90045

Small alkylperoxy and alkoxy radicals can decompose uni-
molecularly, though their rate constants are often in the
second-order region. They abstract hydrogen atoms from
alkanes, aldehydes, esters, and acids, add to olefins, and
may react with O,. Furthermore, interactions with other
radicals can lead to disproportionation or combination.
These reactions are reviewed, and particular attention is
given to CH,;0; and CH;O; a number of rate constants are
estimated.

his paper discusses the reactions of alkylperoxy and alkoxy radicals
in the slow oxidation of hydrocarbons. These reactions were re-
viewed recently by McMillan and Calvert (29). However, since that
review, more reliable information has become available on the thermo-
chemistry of these radicals and on dissociation energies of the species
formed by oxidation and is summarized in two papers by Benson (2, 3).
Furthermore, Hoare (21) has critically discussed the oxidation of meth-
ane. Based on these reviews, as well as more recent data, some deductions

can be made concerning the important reactions and their rate constants.

Unimolecular Reactions of RO,

Alkylperoxy radicals are produced from the reaction of the corre-
sponding alkyl radical with O,. In particular for methyl radicals, the
reaction is known to be third order:

CH; + 0, + M = CH;0, + M (1)

¢ Present address, Department of Chemistry, The Pennsylvania State University, Uni-
versity Park, Pa. 16802.

23



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch028

24 OXIDATION OF ORGANIC COMPOUNDS—II

The rate constant is about 3 X 10'* M2 sec.”}, independent of temperature
(29) from 25° to 225°C. The reverse reaction,

CH,;0, + M= CH, + 0, + M (2)

must proceed with an activation energy E,, similar to the dissociation
energy (3) of 26 kcal. per mole and a pre-exponential factor of about
10'58 M1 sec.” as computed from k; and the equilibrium constant. (Sub-
scripts on E, A, and k refer to reaction numbers.)

Another reaction of CH; with O, that is often invoked is

CH, + 0, = CH,0 + HO (3)

Much of the evidence for Reaction 3 is indirect. The best evidence is
from the work of McKellar and Norrish (25), who studied the flash
photolysis of CH;l in the presence of O, and observed the HO radical
by absorption spectroscopy. When a mixture of 5 torr of CH;I and 50 torr
of O, was irradiated, the HO absorption intensity reached a maximum
in 30 usec. It is difficult to understand this result unless Reaction 3 is
utilized. However, McGarvey and McGrath (24) have flash-photolyzed
mixtures of CH;ONO and O, and found HO to be produced rapidly. In
this system, the primary cleavage gives CH;0* (excited CH;0) and NO.
There are no methyl radicals, so an alternative route to Reaction 3 must
be responsible for HO production. Perhaps this alternative route could
be important in McKellar and Norrish’s experiment also.

The rate data for Reaction 3 are summarized by McMillan and Cal-
vert (29). The results are greatly scattered, but a number of investiga-
tions report k3 ~ 6 X 107 Mt sec.”’. This value is surely an upper limit,
and there is considerable evidence (29) that the rate constant is much
smaller. Benson and Spokes (4) suggest an upper limit one tenth as large
at temperatures from 600° to 1450°K. If we adopt the value 6 X 107 M™
sec.”, k; can have little or no activation energy, as it is difficult to believe
that the pre-exponential factor can be much larger than 6 X 107 M sec.”™.
On the other hand, if k, is much smaller than 10 M sec.”, it could have
an activation energy, but it would be too slow to compete with Reaction 1
at pressures above about 10 torr.

In thermal reactions at pressures above 10 torr, there is much evi-
dence (21) that CH; reacts with O, to produce CH;O and HO radicals
above about 400°C. Furthermore, Miyama and Takeyama (31) moni-
tored HO production in the shock-induced oxidation of CH, and observed
that the induction time for HO production had an activation energy of
21.5 kcal. per mole. Reaction 3 may proceed with a 21 kcal. per mole
activation energy, or HO production may be via

CH,0, + M = CH,0 + HO + M (4)
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Another possible decomposition reaction of CH3O; is
CH;0, + M= CH;0 + O + M (5)

However, this reaction is endothermic by 55 kcal. per mole, so it cannot
be important.

For alkylperoxy radicals larger than CH;0,, the decomposition reac-
tions are first-order. Two important reactions are

RO, =R + O, (6)
RO, — olefin + HO, (7)

The rate constants for Reactions 6 and 7 can be estimated from thermo-
dynamic data and the rate constants for

R + O, — RO, (8)
R + O, = olefin + HO, (9)

When R is C.H;, ks is 1038 M sec.” independent of temperature (29).
Combining this value with the equilibrium constant (3) for Reactions 6
and 8, we find k; — 10'4* exp (—28,000/RT) sec.™. The rate constants
for other alkyl radicals should be similar.

The importance of Reaction 7 can be estimated from the following
considerations. When R is CoHs, then kg/ko is greater than 10® at room
temperature (29). Since ks — 1038 M sec.? and the pre-exponential
factor for Reaction 9 must be about 10° M sec.”, the activation energy
E, for Reaction 9 must exceed 4.4 kcal. per mole. On the other hand,
it cannot be much larger than this because Reaction 9 is important at
moderate temperatures. Benson’s calculations (3) yield about 4 kcal
per mole. A value of 5 kcal. per mole is adopted here. If the intermediate
to product formation is the same in Reactions 7 and 9, then by straight-
forward manipulation of thermodynamic data, k; is keke/ks ~ 10'%¢
exp (—33,000/RT) sec.™.

The rate constants for CH;O0, and C,H;0, decompositions are sum-
marized in Table 1. For larger alkylperoxy radicals, rearrangements can
also occur. For example, if a 3-hydrogen is present, internal abstraction
can occur vig a six-membered ring intermediate:

(0]
g~ Yo
R,CH—CH;—CH;—0—0- — | | — CR,CH,CH,00H (10)

CR, CH,

\CH.,

2

Benson (3) has estimated kjo ~ 10! exp (—15,000/RT) sec.™.
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Table I. Unimolecular Decompositions of RO,

Reaction KcAa?;gl:;gfe Kcal.E/:’Mole A*
CH;0, + M E> CH; +0,+ M 26 26 10158
CH3;0, + M i CH,0 + HO+ M —25 ~A47 —
CH3;0, + M —5> CH,0+0+M 55 Not important
C,H;0, —6> C,H; + O, 28 28 10144
C.H;0, —7> C,H, + HO, 19.5 ~33 10146

¢ Units are M1 sec.”! for second-order reactions and sec.”1 for first-order reactions.

Reactions of RO, with Molecules

Hydroperoxides can be formed via hydrogen-atom abstraction by
RO,. The RO.—H bond strength is about 90 kcal. per mole; conse-
quently, many such abstractions will be endothermic. Benson (3) has
estimated an activation energy of 6 kcal. per mole for exothermic abstrac-
tions and 6 + AH for endothermic reactions. The pre-exponential factors
should be about 108° M- sec.l—i.e., about a factor of 2 lower than
hydrogen-atom abstraction by CHj; radicals, Some typical abstraction
reactions are listed in Table II.

Table II. Reactions of RO, with Molecules

AH,g5k ~E, ~A,
Reaction Kcal./Mole Kcal./Mole M sec.™
RO, + CH, — RO,H + CH,4 12 18 1080
RO, + C;Hg — RO,H + C,H; 8 14 1080
RO, + CsHg — RO,H + i-CgH; 5 11 1080
RO, + CH,0 — RO.H + HCO -3 6 1080
11
RO, + olefin = adduct -12 6 1085
12
RO, + O, = RO + Oy 29 35 1085

The RO, radical can add to olefins:
R02 + R2C=CR2 - ROzCR2CR2 (11)

The rate constant for Reaction 11 has been estimated (3) to be 1085 X
exp (—6000/RT) M sec.™.
A reaction often postulated is (23)

RO, + 0, = RO + O, (12)



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch028

28. HEICKLEN Alkylperoxy and Alkoxy Radicals 27

However, this reaction is endothermic by 29 kcal. per mole and should
have an activation energy ~ 35 kcal. per mole. Consequently it cannot
be important. Even if the RO, still retained the energy of the R—O,
bond—i.e., ~ 27 kcal. per mole—the reaction would still be energetically
unfavorable. Furthermore, its preexponential factor should be about
1085 M- sec.™, so that only about one in 103 collisions would be sterically
favorable. The other collisions would deactivate.

Reactions of RO, with Radicals

There are no experimental values for absolute rate constants of
radical-RO; reactions. However, it is now generally accepted that two
important reactions are

2RO, = 2RO + O, (13)

RO, + HO, = RO,H + O, (14)
Other possible radical reactions of RO- are

RO, + RO — RO,H + R'O (15)
RO, + R = RO,H + olefin (16a)
RO, + R = RO,R (16b)
RO, + R— 2RO (16c¢)
RO, + HO — ROH + O, (17a)
RO, + HO = RO + HO, (17b)

Reactions 16b and 16c initially must form an excited RO.R molecule
as a precursor to products.

Reasonable rate constants can be deduced by comparison with the
reactions

2RO — ROH + R'O (18a)
9RO — ROOR (18b)

The value of kjg, is 1088 M sec.? when R = CHg; kisa/kisn is ap-
proximately 10 for R — CHj, C.Hs, or i-C;H;. Furthermore, Heicklen
and Johnston (18) found k;5/k;3'/2k;8,!/2 to be 0.15 for R = CH; or C.Hs.
Now kig and k;, should be similar to kjg,, except that the symmetry
reduction will reduce them by a factor of 2. The constant ky; will be
further reduced by an additional factor of about 2 because of the in-
creased complexity of the radicals. Thus, it is estimated that ki, ~
kiga ~ 10%5 and k;5 ~ 10°2 M sec.”® when R — CH;. For somewhat
larger radicals, the rate constants probably are not too much different.
This value for k;;, when combined with the known values for kig,
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lea/kISD, and kls/kmﬂ?kls“lﬂ’ yields k13 = 10102 M1 sec.'l. This is a
surprisingly large rate constant for a reaction such as 13, the value being
similar to that for CH; recombination. Consequently, this value must be
considered an upper limit. If the value of 101*¢ M sec.”* is used for ks,
as deduced from the results of Quee and Thynne (33), then k;; should
be about 101*® M sec.”!, and k;; becomes 101%* M sec.”!, which is
even larger than before. These results are inconsistent with liquid-phase
results, where k;; has been found to be much smaller and proceeds with
an activation energy of 5 to 10 kcal. per mole. The liquid-phase results
seem more reasonable.

Reactions 16b and 16¢ proceed through an excited peroxide inter-
mediate. The sum of their rate constants should be similar to ks, ~ 10%#
M™ sec.™.

Reaction 17a has been proposed by Linnett and his co-workers (I,
12). However, it is this author’s opinion (17) that this reaction cannot be
important. Presumably it would proceed by replacement of the O.
group by the HO radical; the steric factor should be prohibitively small.
There appears to be no information concerning Reaction 17b. The sug-
gested rate constants for some CH;3O,-radical reactions are listed in
Table III.

Table ITI. Reactions of CH30, with Radicals

Reaction Log (k, M™* sec.™)
13
2CH302 g 2CH3O + 02 ~10.2
14
CH302 + HO2 i CH3OOH + 02 ~9.5
15
CH,0, + CH,0 — CH,00H + CH,O ~9.2
17a
CH,0, + HO — CH,0H + O, <7
16
CH,0, + CH; — CH;00CH, or 2CH;0 ~8.8
16a
CH30, + R = CH3;00H + olefin ~9.5

Unimolecular Decompositions of RO

The methoxy radical can decompose via
CH,0+M—>CH,0+H+M (19)

The reaction is endothermic by 29 kcal. per mole; there appears to be
no direct experimental evidence concerning Reaction 19.
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For ethoxy radicals, two modes of decomposition can be envisioned:
C,H,0 + M = CH,CHO + H + M (20b)

Gray (15) reported that CoH;O radicals generated by the photolysis of
C,H;0NO; can decompose by both paths. He calculated AH = 11 and
13 kcal. per mole, respectively, for Reactions 20a and 20b. He further
estimated the respective activation energies to be 21 and 23 kcal. per
mole. A more accurate estimate for Eso, can be made from Wijnen’s (38)
results on the photolysis of 103M ethyl propionate between 15° and
195°C. From the competition between Reaction 20a and

C,H,0 + C,H,CO,C,H, — C,H;OH + R (21)

he found Ezy, — Ez; = 7.5 keal. per mole. His results also give Es; ~
5.5 keal. per mole and Agga/A2; — 10%3 (A is the pre-exponential factor).
Thus, Ej, is 13 kcal. per mole and, if Az; ~ 1033 M sec.”’, Aso is
approximately 10'>¢ M1 sec.”’, Wijnen reported that there was no evi-
dence for Reaction 20b, and that he felt that this reaction could not be
important relative to 20a.

The decomposition of i-C3H;O between 160° and 200°C. was studied
in the pyrolysis of 20 to 230 torr of i-C3H;NO by Phillips and his co-
workers (9, 13). The decomposition was estimated from the competition

i-CsH,0 (+ M) = CH, + CH,CHO (+ M) (22)
i-CgH,0 + NO = (CH,),CO + NO (23)

It was assumed that Reactions 22 and 23 were the only sources of
CH;CHO and (CH;)2CO, respectively, and that k.3 = 10 M sec.™.
Reaction 22 was found to be in the transition region with kspoo = 10118
exp (—17,300/RT) sec.™ and kj,° — 10! exp (—8300/RT) M™ sec.™.
The Arrhenius parameters for k,.,” are abnormally low and should be used
with caution.

The rate constant for the decompusition of tert-butoxy radicals

(CH,)5CO (4 M) = (CH;),CO + CH;, (+ M) (24a)

has been reported in a number of studies (6, 7, 26, 30, 37 ), which assumed
Reaction 24a to be in the first-order region. However, more recent work
(14, 20, 32) has shown that the reactions may be in the falloff region at
the pressures and temperatures employed in the thermal decomposition
of di-tert-butyl peroxide.

The first estimates were made by Volman and co-workers. Brinton
and Volman (7) studied the thermal decomposition of di-tert-butyl
peroxide between 129° and 154°C. in the -presence of ethyleneimine.



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch028

30 OXIDATION OF ORGANIC COMPOUNDS—II

From the competition between Reaction 24a and Reaction 25a

(CH3)3CO + (CH,),NH — (CH;)3;COH + (CH,),N (25a)
they found E;s, — Egsa — 12 kcal. per mole; thus Ea, is greater than
12 kcal. per mole, and they estimated it to be about 17 kcal. per mole.

At about the same time, Volman and Graven (37) examined the
photolysis of di-tert-butyl peroxide-butadiene mixtures at 60° to 100°C.
In this system, a competition exists between Reaction 24a and

(CH,)5CO + C,H, — adduct (26)

They found E.;, — Ez¢ — 5.8 kcal. per mole. Ege had been estimated
from a number of studies. Volman and Graven used a value of 5.4 kcal.
per mole to deduce Ezgy — 11.2 = 2.0 keal. per mole.

Birss, Danby, and Hinshelwood (6) investigated the thermal decom-
position of di-tert-butyl peroxide from 130° to 170°C. in the presence of
NO. In that investigation, Reaction 24a was in competition with

(CH;);CO + NO — (CH,);CONO (27)

Their results showed considerable scatter, but a rough estimate of Egqs ~
13.2 = 2.4 kcal. per mole was made.

McMillan and Wijnen (30) made a crude estimate for Essq ~ 9 = 2
kcal. per mole in the photolysis of di-tert-butyl peroxide at 25° and 55°C.
from the competition between

(CH,)5CO —> (CH;),CO + CH, (24b)
CH, + (CH,);CO — (CH,);COCH; (28)
2CH, — C,H, (29)

At 25°C., kosnkoo'/2/kes was found to be 0.021 M2 sec.’2. The most
likely value for Esyy, is 12 keal. per mole; for kg, 10103+ M1 sec.”; and
for kus, 1092 M sec.”. Then the pre-exponential factor for Reaction 24
is 10112 sec.”’. Another estimate can be made from the same study where
the competition between 24b and 25b

(CH;);CO + (CH,)COOC(CH,); = (CH;);COH + R (25b)

gave kogp/kos, — 10°% exp (—3000/RT) M. Since the pre-exponential
factor for Reaction 25b must be about 108° M sec.”?, the pre-expo-
nential factor for Reaction 24b becomes 10%¢ sec.”, in poor agreement
with the other estimate of 102 sec.’. The experiments of McMillan
and Wijnen were repeated in more detail between 25° and 79°C. by
McMillan (26); by the first analysis as above, he estimated kgsn ~ 10™
exp (—11,000/RT) sec.™.

Mulcahy and Williams (32) looked at the thermal decomposition of
di-tert-butyl peroxide at 482°, 516°, and 547°K. in the presence of
C¢HsOH. Reaction 24a was definitely in the second-order region. At
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482°K. the pressure corresponding to a factor of 2 decrease in the first-
order rate constant was 80 torr. By a suitable manipulation of their data,
they could study the competition between Reactions 24a and 25c:

(CH,)5CO + CgH;OH — (CH,);COH + C¢H;0 (25¢)

in both the first- and second-order regions of 24a. For the first-order
reaction

(CHj);CO — (CH,),CO + CH, (24b)

Ess, — Eas was estimated to be 11 kcal. per mole. The pre-exponential
factor for 25c should be about 108° M1 sec.?. At 482°K., kuse/kou, was
70 M, so that the pre-exponential factor for 24b is about 10" sec.™, in
excellent agreement with that obtained from the photolysis experiments.

The summary of all the data gives a best estimate of kzg, = 1012 X
exp (—12,000/RT) sec. The pre-exponential factor is considerably
smaller than the expected value of ~ 10'¢ sec.’. The reason for the
discrepancy is not known. The activation energy is considerably greater
than the dissociation energy for Reaction 24a of about 4 kcal. per mole
computed from the heat of formation of tert-C;HyO given by Benson (2).

The tertiary pentoxy radical can decompose by two paths (11, 28):

C,H,C(CH,),0 = C,H; + CH,COCH; (30a)
C,H,C(CH,),0 — CH; + CH,COC,H; (30b)

The ratio ksoa/kson is not known precisely, but it is large.

Estimates for rate parameters for various decompositions are sum-
marized in Table IV.

Reactions of RO with Molecules

Methoxy radicals can abstract a hydrogen atom, and several such
reactions have been studied. Wijnen examined the photolysis of
CH,COOCH; and CH;COOCD; from 29° to 217° and 145° to 350°C,,
respectively (39, 41). The rate constant for abstraction of a hydrogen
atom from the substrate by methoxy can be deduced from the competition

CH,0 + CH,COOCH; — CH, + R (31a)
CH,;0 + CH, — CH,OCH, (32a)
or
CD;0 + CH,COOCD; — CD3OH or CD,0D + Ror R (31b)
CD,;0 + CH, — CD,0OCH, (32b)
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together with the reaction
9CH; — C,H, (29)

Wijnen’s data yielded kziakeo!/2/kss, — 10185 exp (—4500/RT) and
kyinkao'?/ ks, = 10 exp (—5000/RT) M2 sec.’V/2, Unfortunately,
no reasonable choice of rate constants can lead to the computed pre-
exponential factors. Shaw and Trotman-Dickenson (34) reanalyzed
Wijnen’s data and concluded that the activation energy should be about
7.1 keal. per mole. If so, then kgizkoo'/2/ksga — 10328 exp (—7100/RT)
M sec.”l. This expression leads to a reasonable pre-exponential factor
of 107? for k;;» when combined with the values of 1013 and 10°% M™!
sec.™ for kg and kiq,, respectively.

Table IV. Unimolecular Decomposition of RO

AH29B°K., E>
Kcal./ Kcal./

Reaction Mole  Mole A° Ref.
19
CH,0 +M—>CH,0+H+M 29 —  — —
20a
C,H;0 + M — CH, + CH,0 + M 13 13 10126 (38)
20b
C,H;0+M —>CH;CHO + H+ M 15 — — —
22
i-C3H,;0 — CH; + CH;CHO — 17.3 1018 9)
22
i-CgH,0 + M > CH; + CH,CHO+M  — 8.3 10101 9)
24b
tert-C,;HyO — CH, + (CHj3),CO 4 12 10112 (6,7, 26,
30, 32, 37)

¢ Units are M1 sec.”! for second-order reactions and sec.”! for first-order reactions.

Berces and Trotman-Dickenson (5) pyrolyzed dimethyl peroxide and
di-tert-butyl peroxide at 190° to 260°C. in the presence of i-C,Hjo. The
ratio kgickeel’2/ksss was deduced where Reaction 3lc is

CH3O + i-C4H10 i CH3OH + C4H9 (310)
From the values of 1013 and 1098 M1 sec.™ for kuy and ks.a, respectively,

ky1. can be computed to be 107-¢ exp ( —4100/RT) M™ sec.™.

Shaw and Trotman-Dickenson (34) investigated the simultaneous
reaction of methoxy radicals with two hydrocarbons. The methoxy radi-
cals were generated by pyrolysis of either CH;ONO at 300° to 400°C.
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or CH;00CH]; at 200° to 300°C. They measured the rate of consumption
of each hydrocarbon and, thus, determined their relative reaction rate
constants with methoxy radicals. The absolute rate constants can be
obtained by comparison to that for 2-methylpropane (Table V). The
results are reasonable except for n-C,H;o, where the listed Arrhenius
parameters must be too low.

Thynne and Gray (36) pyrolyzed CH;OOCH; at 124° to 185°C.
in the presence of methyl formate. Thus, they were able to obtain
ks1ak291/2/kssq, where Reaction 31d is

CH,0 + HCOOCH, —> CH;0H + COOCH, (31d)

Table V. Arrhenius Parameters for the Reaction

31
CH;O0 + RH - CH3;OH + R

RH Log (A, M sec.”’)  E, Kceal./Mole Ref.
CH;COOCH, 7.9 7.1 (34, 39,41)
C.Hg 8.1 7.1 (5, 34)
C,;Hg 7.9 5.2 (5, 34)
n-C,H;, 7.1 2.9 (5, 34)
i-C,H;, 7.6 4.1 (5, 34)
neO'C5H12 8.4 7.3 (5, 34)
¢-C;Hg 8.8 9.7 (5, 34)
HCOOCH; 8.8 8.2 (36)
CH;0CO,CH, 7.85 5.9 (33)
CH,0 7.1 3.0 (22)

Using the previously mentioned values for ks and k32, yields ks = 1088
X exp (—8200/RT) M sec.?. In a similar study, Quee and Thynne
(33) photolyzed CH;0CO,CH; between 41° and 93°C. and were able
to estimate kyioks9l/2/ks2a where Reaction 3le is

CH,0 + CH,0CO,CH; — CH,0H + CH,0CO,CH, (31e)

With the previously mentioned values of kg9 and kjsa, ksie is 1078 X
exp (—5920/RT) M™ sec.™.

Hoare and Wellington (22) produced CH;O radicals from the photo-
chemical (50° and 100°C.) and thermal (135°C.) decompositions of
di-tert-butyl peroxide in the presence of O,. The initially formed tert-
butoxy radicals decomposed to acetone plus methyl radicals, and the
methyl radicals oxidized to methoxy radicals. Formaldehyde and CH;OH
were products of the reaction; the formation of the former was inhibited,
and the latter was enhanced as the reaction proceeded. If the sole fate
of CH;0 were either

2CH,;0 — CH,0H + CH,0 (18c¢c)
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or
CH;0 + CH,0 — CH3;OH + HCO (31f)

and if the only source of CO were from the HCO radical, and if every
HCO radical eventually produced CO, then ksi¢/kisc!’? could be esti-
mated from the expression

ksye/k15.% = v/ 2R{CO} /[CH,0] (R{CH;0} — R{CO})

where R{CO} is the rate of CO production and R{CH;0} is the rate of
CH;0 production. The function R{CH;0} is equal to twice the rate of
peroxide decomposition. By using the above expression, Hoare and Well-
ington found kjye/kisl’? = 150 exp (—3000/RT) M2 sec. V2. If kysc
is taken to be 1078 M1 sec.?, then k3;; — 107°® exp (—3000/RT) M™
sec.”l, Since there are many questionable assumptions in the derivation
of ki, its Arrhenius parameters are subject to considerable uncertainty.
The pre-exponential factor of 107 is probably too small by at least an
order of magnitude.

Wijnen (38) photolyzed C:H;COOC.H; between 15° and 195°C.
In a manner analogous to his studies on CH;COOCHs3, he deduced the
activation energy to be 5.5 kcal. per mole for

C,H,0 + C,H,COOC,H, = C,H,OH + R (33)
The pre-exponential factor for this reaction should be about 108° M™
sec.”k.
McMillan and Wijnen (30) have studied the competition

(CHj)5CO — (CHj),CO + CH, (24b)
(CH,)4CO + (CH,)3sCOOC(CH;)3 —> (CHy),COH + R (25b)

from the photolysis of di-tert-butyl peroxide at 25° to 79°C. They found
E2y, — Es5, — 3 keal. per mole. Using the value of Esq, ~ 12 keal. per
mole, we find E,; ~ 9 kcal. per mole. Unfortunately, however, the
value of Ajq,/Aszs, found is inconsistent with the value of Agy, — 10112
M sec.”l. E.g, is probably much lower than 9 keal. per mole.

In a similar study, but with i-C,H,, present, McMillan (26) studied
the competition between Reaction 24b and

(CH,)5CO + i-C,H,, — (CH,)3COH + (CH,),C (25d)

Assuming koq, — 10'12 exp (—12,000/RT) sec.”’, we can deduce kssq
to be ~ 1080 exp ( —5000/RT) M™ sec.™.

Thynne (35) found that ethoxy radicals add to C.H, at 70° and
160°C.:

C,H;0 + C,H, = C,H,0C,H, (34)
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He estimated the reaction to be exothermic by about 13 kcal. per mole.
The Arrhenius parameters should be similar to those for RO, addition to
olefins—i.e., kyy ~ 108> exp (—6000/RT) M™ sec.™ .

The reaction of alkoxy radicals with O, has been postulated in many
studies (29). Cerfontain and Kutschke (8), in the photolysis of
(CsHj5)2N., estimated the relative importance between

C,H,0 + 0, = CH,CHO + HO, (35a)
and
C,H;0 + (C,H;),N, = C,H,OH + C,H,N,C,Hj; (36)

Their computations showed that ks;, was roughly equal to ks¢ at both
118° and 152°C. However, their system was complex, and they made a
number of assumptions. For example, they neglected the reactions of
HO, radicals, which must almost surely be incorrect. Nevertheless, ksq
can be assumed equal to ks; by analogy. Thus, if Cerfontain and
Kutschke’s conclusion is correct, then ksg ~ kssa ~ 1082 exp ( —5500/RT)
M1 sec.”l. The reactions of C.H;O radicals with molecules are sum-
marized in Table VI.

The competition

RO + O, = R'O + HO, (35b)
2RO — ROH + RO (18a)

was studied by Heicklen and Johnston (18) in the photo-oxidation of RI
at 25°C. They found ks;,/kiga!’? = 1.97 X 102 and 4 X 102 M™% sec.”/?,
respectively, for R — CH; and C,H;. Since kig, is 10°8 M sec.™, kssn
is 1032 M1 sec.”? at 25°C., which is compatible with the expression kss),
= 1030 exp (—6500/RT) M sec.™™.

Reactions of RO with Radicals

There are no directly measured rate constants for radical-radical
reactions involving RO radicals. These radicals can react with them-
selves in two ways.

2RO — ROH + R'O (18a)
2RO — ROOR (18b)

The pre-exponential factor for the reverse of Reaction 18b was deter-
mined by Hanst and Calvert (16) to be 10%** sec.”® for R — CHa.
Berces and Trotman-Dickenson (5) estimate the standard entropy of
CH;00CH; and CH;0 to be about 73 and 54.7 cal. per mole-°K., respec-
tively. With these values, kjg, can be computed to be 1088 M sec.™
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(not 10" as deduced by Berces and Trotman-Dickenson) for methoxy
radicals.

Table VI. Some Reactions of CoH;0 with Molecules

~E, ~A,
Reaction Kcal./Mole M’ sec.”’
33
C,H;0 + C.H;CO,C,H; = C,H,OH + R 5.5 108
34
C.H,;0 + C,H, = C,H;0C,H, 6.0 1083
35a
C,H;0 + O, = CH;CHO + HO, 5.5 108

The ratio kisa/kis, was found to be between 9 and 12 at room
temperature for R = CHj;, C.H;, or i-C3H; (19). Thus, kiga = 10°%
M1 sec.”? for CH;O radicals. Other estimates for kis./kis, are higher.
Dever and Calvert (10), in their study of methyl radical oxidation at
25°C., did not find CH;OOCH; as a product. Thus, they concluded that
kiga/ ks, > 60.

Quee and Thynne (33) photolyzed dimethyl carbonate between
41° and 93°C. They assumed that essentially all the methanol was
produced from the reactions

CH,0 + CH,0CO,CH; — CH,;0H + CH,0CO,CH, (31g)

2CH,0 — CH,0H + CH,0 (18c)

An additional amount of CH;OH could come from the secondary reac-

tions of CH;O with CH,0, but the investigators argued that it should be

negligible at 41°C. Their conclusions, of course, depend on the validity

of their argument. They further assumed that all the CH;OCHj; and C.Hg
came, respectively, from the reactions

CH,0 + CH, — CH,OCH, (32a)

2CH, = C,H, (29)

Thus, they were able to evaluate kigckao/kaza® = 18.5. With kyy = 10103

and kyu, = 10°8, kiga would be 106 M-t sec.”?. However, this value is

on the high side and probably reflects that other radical-radical reactions

could be producing CH;O0H—e.g., CH;0 + CH.,OCO.CH; — CH;OH

4+ R. A similar analysis from Wijnen’s results (40) leads to kys, ~ 10'*#

M1 sec.? for CD,O radicals.
With alkyl radicals, the analogous reactions are

RO + R’ — ROR’ (37a)

RO + R"—=R"O + RH (37b)

RO + R"— ROH + R” (37¢)
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Reaction 37c cannot be important when R’ is CH; The rate constant for
37a can be estimated to be 2k;s,1/2kss!’2 where Reaction 38 is

2R’ — Ry’ (38)
For R — CH,, kig is 10°#® and kys is 1013 M! sec.™; thus, ks, is ap-
proximately 10°8 M1 sec.”l. The ratio ksn,/ksza has been reported to be
1.6 for CH,-CH,O (33, 36, 39), 1.4 for CH,-CDsO (40, 41), 1.3 for
C~_)H5-C~_),H50 (38), and 3.4 fOl' CHg-(CHg )2CHO (27) For CgH:,‘CszO,
ksre/ksta is 23 = 0.3 (38). Consequently, when R is CHs, ki, is ap-
proximately 10*® M1 sec.™.

Table VII. Disproportionation-Recombination Ratios
Involving Alkoxy Radicals

Reaction ko/ky R
18a
2RO — ROH + R'R"CO (a) CH,, C,H;,
18b 10 i-CgHy
— ROOR (b)
37b
R + RO — RH + R'R"CO (a)
373 1.5 CH3, C2H5
— ROR (b)
37b
CH, + (CH;),CHO — CH, + (CH,),CO (a) (
37a 3.4
— (CH,),CHOCH; (b) §
37c
C,H;0 + C,H; — C,H;0H + C.H, (a) (
37a 2.3
S (CaHy),0 ®

Table VIII. Some Rate Constants for Reactions of CH30 with Radicals

Reaction Log (k, M™! sec.™)
18b
2CH;0 — (CH,0), 8.8
18c
2CH,;0 — CH;0H + CH,O 9.8 to 10.6
32a
CH,0 + CH,; = CH;OCH;, 9.8
37b

CH,0 + CH, — CH,0 + CH, 10.0
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The rate constant for atom transfer between two radicals is about
30 times larger than the pre-exponential factor for hydrogen-atom transfer
from a molecule to a radical. Some rate constant data are summarized in
Tables VII and VIII.
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Low Temperature Gas- and Liquid-Phase
Oxidations of Isobutane

DAVID L. ALLARA, THEODORE MILL, DALE G. HENDRY,
and FRANK R. MAYO

Stanford Research Institute, Menlo Park, Calif. 94025

The rates and products of oxidations of isobutane were
studied in both liquid (50 to 100°C.) and gas (100-
155°C.) phases over wide ranges of concentrations and rates
of chain initiation. Depending on these variables, the oxida-
tion may yield as the principal product tert-butyl hydro-
peroxide, tert-butyl alcohol, acetone, and methanol, or (at
higher temperatures) isobutylene. The effects of phase
change alone are surprisingly small. High concentrations of
isobutane and low rates of initiation favor formation
of hydroperoxide. Low concentrations and higher tempera-
tures favor formation of methanol and acetone. Changes in
both reaction rates and products are explained by measured
competitions between hydrogen abstraction and interactions
of tert-butylperoxy radicals, between terminating and non-
terminating reactions of the same radicals, and between
hydrogen abstraction and cleavage reactions of tert-butoxy
radicals.

Earlier fundamental studies of autoxidations of hydrocarbons have
concentrated on liquid-phase oxidations below 100°C., gas-phase
oxidations above 200°C., and reactions of alkyl radicals with oxygen in
the gas phase at 25°C. To investigate the transitions between these three
regions, we have studied the oxidation of isobutane (2-methylpropane)
between 50° and 155°C., emphasizing the kinetics and products. Iso-
butane was chosen because its oxidation has been studied in both the
gas and liquid phases (9, 34, 36), and both the products and intermediate
radicals are simple and known. Its physical properties make both gas- and
liquid -phase studies feasible at 100°C. where primary oxidation products
are stable and initiation and oxidation rates are convenient.

40
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Experimental

Materials. Isobutane (Phillips research grade) of 99.9 mole % purity
was degassed through several freeze-thaw cycles and stored in a 2-liter
bulb on the vacuum line. Analysis by gas liquid partition chromatography
(GLPC) indicated no more than 0.2% impurity and no detectable iso-
butylene. Oxygen of 99.6 mole % purity was passed through liquid
nitrogen and also stored in a 2-liter bulb. Di-tert-butyl peroxide (Lucidol)
was distilled under vacuum; no tert-butyl alcohol or acetone was detected.

2,2’-Azobis (2-methylpropionitrile) (ABN) was Eastman White Label
material recrystallized from alcohol. 1,1’-Azobis( cyclohexane-1-carboni-
trile) (ABC) was prepared according to the directions in “Organic
Syntheses” (26).

Oxidation Procedures. A vacuum line capable of giving a vacuum
of 10 torr was used in the preparation and analysis of all reactions.
Liquid-phase experiments at 50°, 80°, and 100°C. were done in 20-ml.
borosilicate glass vessels with glass break seals. The vessels were cleaned
by repeated acetone rinses, then a water rinse, and evacuation with gentle
heating. Isobutane, measured in a larger calibrated vessel, was frozen
into this flask viag a capillary sidearm with stopcock, and a known
amount of oxygen was forced into the flask with the Toepler pump. Initi-
ator was then injected from a tared microliter syringe through another
capillary sidearm fitted with a serum cap. After the flask was charged,
both capillary arms were sealed off, and the flask was immersed in the oil
bath. The vessel was shaken to equilibrate gas and liquid phases. Essen-
tially all reaction occurred in the liquid phase because of the small pro-
portion of isobutane and absence of initiator in the gas phase. Oxidation
was stopped by cooling the flasks to 25°C.

For the analysis, vessels were sealed on the vacuum line, flask con-
tents were frozen at —195°C., the seal was broken, and noncondensable
gases were moved to a gas buret with a Toepler pump. After the volume
of the noncondensables was determined, they were analyzed by circula-
tion through a Cu-CuQ furnace at 265°C., where oxygen was removed as
CuO and CO was oxidized to CO,. This gas was frozen at —195°C. and
residual noncondensables (methane or nitrogen) were measured in the
gas buret. The original carbon monoxide was estimated as CO, by warm-
ing the furnace trap to —80°C. and measuring CO, (and total noncon-
densable gases which usually were not significant) in the gas buret. For
ABN and ABC initiators, a correction was applied for N, evolution. In
some of the experiments isobutane was distilled from the reaction
vessel at —80°C., and the residual products were dissolved in benzene.
In other experiments all the reaction mixture was distilled into a trap;
benzene or xylene was added, and analyses were performed directly on
the chilled solutions. One portion of the product solution was analyzed
for hydroperoxide by either the Wibaut (33) or Hiatt (15) iodine titra-
tion method; another was treated with triphenylphosphine to reduce the
hydroperoxide to alcohol, then analyzed by GLPC on a 1.5-meter column
of Carbowax 20M on Chromosorb.

Gas-phase experiments at 100°C. were made up and analyzed as
described above. In the high pressure experiments the reacted mixture
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was distilled into a trap, solvent was added, and the chilled reaction
solutions were analyzed directly. No isobutylene was found by GLPC on
a 1.5-meter column of dimethylsulfolane on Chromosorb at 70°C.

Gas-phase experiments at 155°C. were carried out in a 250-ml. cylin-
drical Vycor reactor in a hot-air furnace. Later experiments were done
in a 500-ml. borosilicate glass flask heated in an oil bath. With either
system, di-tert-butyl peroxide, oxygen, and isobutane were metered
into the reaction vessel in that order by expansion from the vacuum line;
the pressure of each component was measured using a mercury or oil
manometer. Mercury vapor was excluded from the reaction vessel.

Experiments were terminated by expanding the contents of the
155°C. reaction vessel into the analytical side of the vacuum line, which
contained a detachable GLPC sampling bulb in parallel with two liquid
nitrogen traps and in series with a Toepler pump, gas buret, and Cu-CuO
furnace. The noncondensable gases were estimated as described above.
Corrections were applied for that portion of the reaction mixture diverted
to the GLPC sampling bulb.

Condensable products were analyzed by GLPC using the contents
of the sampling bulb to which was added a known amount of 2-methyl-2-
butene as internal standard. Isobutylene and CO, were measured
on the dimethylsulfolane column. Oxygenated products were measured
with a 3-meter N,N-dimethylstearamide on Chromosorb column at 75°C.
or with the Carbowax 20M column at 80°C. A 1.5-meter all-glass column
containing didecyl phthalate on Fluoropak was used at 90°C. to separate
and analyze mixtures containing tert-butyl alcohol and tert-butyl hydro-
peroxide.

Liquid-Phase Oxidations at 50° to 100°C.

In 1961, Winkler and Hearne (34) reported the oxidation of iso-
butane by air at 125°C. with tert-BuO,H or tert-BuzO; as initiator. They
obtained the best yields of tert-Bu,OH at the lowest rates of oxidation.
In one experiment, 7.6% conversion in 6 hours of 800 grams of iso-
butane (with 4 grams of tert-BuO.H) gave 75% yield of tert-BuO.H,
21% tert-BuOH, about 2% acetone, and 1% (iso-BuO;H + iso-BuOH).
At this temperature, slow decomposition of tert-BuO.H caused a steady
increase with time in the proportion of tert-BuOH and acetone in the
products. Winkler and Hearne suggested no termination process, but
they used Reactions 3, 4, 5, and 7 for chain propagation.

Our own liquid-phase studies were carried out at 50°-100°C., where
the products are stable (16, 17). We obtained more information on
radical interactions and determined the effects of dilution with CCl,.
Our oxidations were carried out by heating known amounts of iso-
butane, initiator, and oxygen (sometimes with solvents) in sealed glass
tubes as described above. Nearly all conversions of isobutane were kept
below 1% . Experimental data are summarized in Table 1.
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Experiments without Solvents. At our rates of initiation, yields of
hydroperoxide, tert-BuO.H/(AQO-), in liquid-phase runs were about 75%
at 50°, 90 to 93% at 100°C. tert-Butyl alcohol was a major product only
at 50°C. with a high rate of initiation (Run 91); acetone was a minor
product under all conditions. The termination product, 39% of the
expected di-tert-butyl peroxide, was detected in Run 91 where ABN was
used as the initiator.

A log-log plot of rate of oxygen uptake, R,, vs. rate of initiation, R,
in the absence of solvent at 50°C. gives a slope ranging from 0.48 at low
[ABN] to about 0.57 at high [ABN] and averaging 0.53. A similar plot
for 100°C. has a slope of 0.42. Although this test is inexact (cf. Equations
8 and 11 and discussion of Figure 1), most chain terminations involve
two radicals.

Simplest Mechanism. The kinetics and products of the liquid-phase
oxidation of neat isobutane (tert-BuH) are largely explained by the fol-
lowing steps. (We have found no significant reactions of primary C—H
bonds.) Similar steps also apply to the liquid-phase oxidation of cumene
(6, 12).

Initiator > 2 In - (1)
(In* + 0O, = InO, *) (1a)
In - (or InO, -) + tert-BuH — tert-Bu - + InH (or InO,H) (2)
tert-Bu - + O, — tert-BuO, * (3)
tert-BuO, - + tert-BuH ﬁ tert-BuO,H + tert-Bu - (4)

k ; 2tert-BuO (5)

2tert-Bu02 © 02 f (2te’ t-BuO ')caxe ~—— tert-Bu,O (6)
-DUg2U2
a

tert-BuO - + tert-BuH — tert-BuOH + tert-Bu - (7)

According to this scheme, k; is the rate constant for Reactions 5 and
6 together, and a represents the fraction of these interactions that termi-
nate. (The step represented by k, can be further broken down to include
tert-Bu;O, as intermediate.) Reactions 3, 5, and 6 have also been studied
at 25°C. in the gas phase by photogeneration of tert-butyl radicals in
the presence of oxygen (24). The competition between Reactions 5 and 6
is demonstrated by product studies on our Experiment 91 and measured
as indicated below.

From Reactions 1 to 7

—d (o) e} R, 172
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Table I. Liquid-Phase

Expt. [In],, [Iso-BuH], Time,
No. mM M Solvent Min.
50°C., ABN Initiator
7 5.1 8.91 None 1428
11 9.7 8.91 None 480
87 42 8.91 None 1230
89 48 8.91 None 606
103 102 8.91 None 1248
91 48 8.91 None 1194
13 10.0 2.06 CCl, 1452
9 9.8 4.99 CCl, 978
80°C., ABC Initiator
88 12 8.12 None 318
100°C., tert-Bu,O, Initiator
32 1.81 7.46 None 60
35 3.54 7.46 None 85.8
13A 61.9 7.46 None 129.0
11A 66.4 7.46 None 118.8
6 0.92 0.48 CCl, 891.0
5 0.92 0.68 CCl, 835.2
3 4.00 1.47 CCl, 609.0
4 2.62 4.30 CCl, 118.2

© R, is rate of initiation, R, is rate of oxygen absorption. R: is calculated from
2eka[In]av; at 50°, e = 0.60, ks = 1.30 X 1074/min. (31); at 80°, e = 0.61, ke =
5.05 X 10~4/min. (35); at 100°, e = 1.0, k. = 4.08 X 10-5/min. (our value). Values
of R: at 50° for CCl, runs are corrected for solvent effects using available data at 60°
(see 10) and 30.9 kcal. per mole activation energy for decomposition of ABN (18).

where R; is rate of production of initiating radicals (In -). The last term
is the oxygen uptake associated with formation of hydroperoxide; it in-
cludes InO.H from Reactions la and 2 when In - is an alkyl radical, not
when In - is an alkoxy radical. The R;/2a term is the sum of two others,
R./2 + Ri(1 —a)/2a, corresponding to oxygen absorbed and appearing
in tert-Bu.O. and tert-BuOH, respectively, as a result of radical inter-
actions (Reactions 5 and 6).

Equation 8 can be written as
R; A [teTt'BuO2H]
= 4 ASLrPre
2a At

where e is the fraction of initiator decompositions that initiate chains.
Thus, @ can be evaluated from the hydroperoxide titer. For neat iso-
butane experiments in Table I, values of 0.128, 0.119, 0.127, 0.124, 0.11,

20, = CALImItator] 4 ot BuO,H]
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Oxidations of Isobutane
Rate® X 105,

; > o,
A[O,], Moles/L./Min. Products,” mM Acetd.
mM R; R, tert-BuO,H tert-BuOH for, %
50°C., ABN Initiator

32.7 0.72 23.0
16.9 145 35.2
89.5 6.0 72 58.5
47.1 7.2 78.5 30.2
42.1 1.45 33.7
88.0 6.94 73.8 55.5 45 91°

9.01 1.20 6.2
17.2 1.20 177

80°C., ABC Initiator
76.8 84 242 66.4
100°C., tert-Bu,O, Initiator

4.94 0.148 84

8.62 0.288 100 5.05
448 5.06 347 40.2 1.8 92
42.2 5.41 355 39.3 34 97

2.01 0.075 2.3

3.96 0.075 47
18.8 0.327 30.8

8.41 0.214 71.1

”(P;oduc)ts by GLPC analysis except for hydroperoxide, which is by iodometric titration
15, 33).

¢ Includes ~3 mM acetone [much of which may have come from MexC(CN)O:H]
and 1.6 mM tert-Buz2O2 found.

and 0.072 were thus calculated from Experiments 89, 87, and 91 at 50°C.,
Experiment 88 at 80°C., and Experiments 11A and 13A at 100°C., respec-
tively, using values of ¢ given in the footnote to Table I. The average
value of a at 50° and 80°C. is 0.125 and at 100°C. is 0.091, suggesting a
slight temperature dependence. [The separation of two tert-BuO- radi-
cals, Reaction 5, should have an activation energy of about 2 kcal. per
mole, corresponding to diffusion from a solvent cage, while combination
6 should have almost no activation energy. However, Thomas (28)
reports E; — E; = 5.3 keal. per mole.] From the induced decomposition
of tert-butyl hydroperoxide in benzene solution at 45° and 100°C., values
of a = 0.10 to 0.12 (7, 14) and 0.04 (17), respectively, have been re-
ported. These values are in fair agreement except at 100°C., where our
value of a depends on the small difference between AO, and Atert-BuO.H.
The good agreement between values of a obtained at 50 to 80°C.-over a
wide range of reaction times shows that tert-BuO.H is stable, and the
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agreement among values determined by different methods shows that
Reactions 1 to 7 and Equation 8 are good approximations for oxidation
products in neat isobutane.

Equation 8 is less satisfactory when it is applied to rates of oxidation.
The open circles and squares in Figure 1 are plots of R, against R;'/* at
50° and 100° from Table I. Thus, when the R;/2a term is neglected, R,
is proportional to R;'2. However, when we incorporate the R;/2a term
(solid circles and squares), considerable curvature appears, correspond-
ing to unexpectedly high rates of chain termination (larger a’s) at higher
rates of initiation.

9.03M i-BuH
LIQUID AT 50°

a=0.125

A

®
|

o 0.38M i-BuH n=5

ot ]

= GAS AT 100 SLOPE = (o)
£ n=6 0.029
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| 0.0053

e 7
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Figure 1. Rates of oxidation of isobutane as a function

of rate of initiation (Equation 8). Reaction temﬁerature

and constant concentration indicated for each set of
points
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Figure 2. Rates of oxidation of isobutane at 100°C.

Equation 8 fails in two other ways when isobutane is diluted
with carbon tetrachloride. The first is of secondary interest here: dilution
of a hydrocarbon by a solvent often results in a rate decrease at high
hydrocarbon concentrations so that the oxidation appears to be less than
first order in hydrocarbon (10, 11, 19). Carbon tetrachloride shows a small
effect of this kind at 100°C. but no obvious effect at 50°C. The more
interesting failures of Equation 8 appear at lower hydrocarbon concen-
trations. For the 100°C. oxidations in Table I, the log-log plot in Figure 2
of R,/R;? vs. [tert-BuH], shows a rate proportional to [tert-BuH]'* at
high dilution, to [tert-BuH]'* at 1.5 to 4M, and to less than first power at
higher concentrations (first failure above). In the absence of solvation
effects, a plot of R, vs. [tert-BuH] at constant R; should be a straight line
with intercept R;/2a at [tert-BuH] — 0. However, for carbon tetrachlo-
ride at 50°, the rates at 2 and 5M isobutane (Table I) extrapolate to a
slightly negative intercept.

American Chemical Society
Library

1185 15th St., N.W.
Washington, D.C. 20036
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Modified Mechanism. The failures of Equation 8 at low [tert-BuH]
and high rates of initiation are ascribed mostly to Reactions 9 and 10.

tert-BuO- — Me* + Me,CO (9)
MeO,: + tert-BuO,- = CH,0 + tert-BuOH + O, (10)

Traylor and Russell (30) have shown recently that similar reactions
for the cumyloxy radical are important in cumene oxidation at 60°C., and
Hendry (12) has provided some quantitative data. At low concentrations
of hydrocarbon, Reaction 9 is favored over Reaction 7 (propagation by
tert-BuO- ), and significant numbers of methyl radicals are formed and
converted to MeQO,- radicals. Chain termination thus shifts from the slow
termination by 2 tert-BuQO,- (Reaction 6) to Reaction 10, which has a rate
constant several hundredfold larger (21). The apparent order of the
oxidation in isobutane is then 3/2; a similar relation applies to gas-phase
oxidations and is discussed there.

At low rates of initiation in neat isobutane, most of the tert-
BuO.- radicals propagate by Reaction 4 instead of Reactions 5 and 6;
any MeO.- radicals formed are more likely to propagate than to terminate
with other radicals and so Equation 8 is a good approximation. As the
rate of initiation increases, the effects of Reactions 9 and 10 on rates of
oxidation become apparent. They have less effect on yields of hydro-
peroxides because the oxygen consumed in all the terminations is less
affected (cf. also our finding only 39% of the expected tert-BuzO. in
Experiment 91, Table I).

The maximum increase in termination rate arising from Reaction 10
is a factor of (2 — a)/a, shown as follows. The rate of destruction of
radicals by Reaction 10 is 2k, [tert-BuO.-]1[MeO.] = Ruo. If we
assume that all tert-BuO- radicals produced from tert-BuO,- radicals
(Reaction 5) eventually lead to termination via Reaction 9 and make the
reasonable assumption that the slowest step in this sequence is Reaction
5, then at the steady state kio[tert-BuO.-][MeO;] = 2k.(1 — a)

[tert-BuO,-]2 — Rs0/2. Since the contribution of Reaction 6 to the total
termination rate is 2ak,[tert-BuO. ‘12 — Ry, intervention of Reaction 10
increases the chain termination rate by a maximum factor of (Rw +
Rio)/BR: = (2 — a)/a. Thus, at low isobutane concentrations the
chain lengths are shorter and the over-all oxidation rate is slower than
one would predict from Equation 8. At 100°C. where a =~ 0.09, the maxi-
mum termination rate via Reactions 10 and 6 could be 21 times as fast as
via Reaction 6 alone, and the oxidation rate would be 217’2, or 0.22 times
as fast. Since a decreases slightly with increasing temperature, this factor
of 21 will increase with increasing temperature.

Some Rate Constants and Activation Energies. When we apply
Equation 8 to the initial slopes of the corrected liquid-phase curves in
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Figure 1, k,/(2ks)¥/2 at 50° is 0.0027 (M min.)V2; the single value at
80°C. is 0.0103, and the initial value at 100°C. is 0.029. The 50° and
100°C. points then give an activation energy of 11.3 = 1 kcal. per mole,
and if E; = 9 = 1 kcal. per mole, then E, — 15.8 = 1.5 kcal. per mole.
[E, = 9 is an average of 10.2 = 1 kcal. per mole (28) and 7.6 = 1.5
kcal. per mole (12).] This is a surprisingly high value of E, for a radical
abstraction reaction that is close to thermoneutral (5), in view of earlier
estimates of E, ~ 8 to 10 kcal. for exothermic abstractions by polyatomic
radicals from polyatomic molecules (3). While these calculations based
on initial slopes of the R, — R;/2a curves in Figure 1 appear to be
significant, in all other experiments in this paper, the observed termina-
tion constant is complex and has not been evaluated.

A value of 0.06 (M min.)'”2 for k,/(2ks)'2 calculated from the data
of Winkler and Hearne (34) in tert-Bu.O-—initiated oxidations at both
110° and 125°C. agrees with our extrapolated values, although the high
conversions in their experiments lead to some uncertainty. Equation 8
predicts initial RO,H/ROH ratios obtained under their conditions within
experimental error (4+5% ). For calculations from their data, values of
kg for tert-Bu,O. were taken as 1.6 % 107 per second at 110°C. and 6.3 X
1078 at 125°C. (2).

Gas-Phase Oxidations at 100°C.

Gas-phase oxidations of isobutane at 100°C. were carried out with
di-tert-butyl peroxide as initiator as described above. These are sum-
marized in Figure 2, and most are detailed in Table II. Even though
conversions were held below 1%, long reaction times (up to 100 hours)
were required because of the slow decomposition of the initiator.

These oxidations are essentially homogeneous and not autocatalytic.
Adding borosilicate glass wool to Experiment 32B increased the surface
area by a factor of 100 to 1000 (depending on variations in the diameters
of individual strands) but had no significant effect on either the rate of
oxidation or the yield of hydroperoxide. The comparative insensitivity of
rate to amount of added tert-butyl hydroperoxide can be seen by com-
paring Experiment 17D with other similar experiments. The somewhat
higher yield of hydroperoxide found in Experiment 17D rather than in
17C could be within experimental error.

A log-log plot of the rates of oxidation (R,) vs. the rates of initiation
(R;) for 380 mM 2-methylpropane experiments in Table II gave a slope
of 0.45 to 0.55 for the initiator dependence. [Although Figure 1 supports
the same relation, the result is misleading. When we replace R, by
R, — Ri/2a in the plot, using the liquid-phase value a = 0.091, the
ordinates become smaller (solid triangles) or negative (not shown). To
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obtain reasonable ordinates we need values of @ in the gas about twice as
large as in the liquid phase, but a is expected to be very small in the gas
phase if MeO,- radicals are not involved.] The log-log plot of R,/R:*
vs. [tert-BuH] in Figure 2 gives a slope of 1.3 to 1.5 for isobutane de-
pendence above 0.1M isobutane, but a lower slope at lower concentra-
tions. Thus, the rate law R, = kR;%4505 [tert-BuH]13"15 applies to the
gas-phase oxidation at 100°C. at concentrations above 0.1M (pressures
above 3 atm.) as well as in the CCl, solution. The same mechanism
presumably applies and is now supported both quantitatively and quali-
tatively by the product studies below.

Table II. Rates of Gas-Phase Oxidations of Isobutane at 100°C.

Rate® X 108,
[tert-  Llso- ROH" poles /L. /Min.
Run Bu,O,], BuH], [O,],, Time, A[O,], Yield, """ "

No. mM mM mM Min, mM % R, R,

32A 0.881 33.7° 9.85 6025 0.455 16 6.0 7.5
31C 0942 103 9.76 1666  0.317 45 7.7 19
3A 0.810 179 9.15 990  0.525 30 6.6 53
17C 1.08 208 9.72 990  0.422 49 8.8 43
32B¢ 1.03 214 9.92 200 0.446 56 8.4 50
17D°  0.961 233 9.89 990 0.422 71 7.9 41
17F 0.980 427 10.02 982  0.941 92 8.0 95
50 0983 568 10.40 920 2.18 64 8.0 237
66 1.001 755 9.62 622 2.56 8.2 412
18 0.803 378 9.78 1691 2.35 6.6 139
108 2.51 375 9.52 1000 2.01 20.5 201
84 2.65 389 11.28 935 2.75 21.6 295
74 7.78 380 10.72 600 241 63.5 402
100 15.2 376 8.84 408 2.15 123 525
94 20.2 281 8.60 275 221 165 804

¢ [RO2H determined by iodometric titration (15, 33)]/AO..

* See footnote °, Table I.

° Corresponds to pressure of 1.03 atm.

4 Contains 0.497 mM tert-BuO2H.

¢ Glass wool added; surface-volume ratio increased 100 to 1000.

Results of product studies of three experiments in Table II are given
in Table III. Hydroperoxide yields based on AO; vary from 7 to 92%, and
the yields increase with increasing isobutane pressure, although there
is some scatter that may be caused by wall decomposition. From the
yields of methanol and tert-butyl alcohol after reduction, nearly all of
the hydroperoxide formed at high isobutane pressures is tert-butyl hydro-
peroxide. The yields of hydroperoxide at high isobutane pressures are
comparable to those found in the liquid phase at 50° and 100°C. (Table
I) and those reported by Winkler and Hearne for liquid-phase runs at
125°C. (34).



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch029

29. ALLARA ET AL. Isobutane 51

The total isobutane which reacts is measured by the sum of
the tert-BuO.H, tert-BuOH, and acetone. In the following discussion of
the methyl (corresponding to acetone) and oxygen balances, we assume
that one mole of formaldehyde is formed for each mole of tert-Bu:O:
decomposed, according to Reactions 1 and 10. In Experiments 324, 31C,
and 17C, respectively, 57, 95, and 91% of the oxygen consumed plus the
oxygen in the initiating tert-BuO - radicals appears in the listed products
and assumed formaldehyde. The shortage of oxygen and the excess
(118% ) of methyl radical products in Experiment 32A suggests that some
acetone was oxidized. From the shortage of methyl radical products and
satisfactory (at first sight) experimental oxygen balance in Experiments
31C and 17C, we conclude that the experimental AQ.’s are too low and
that the missing material is in undetected oxidation products of methyl
radicals.

Table III shows that chains are carried by both alkylperoxy and
alkoxy radicals. However, some of the tert-BuOH came from the initiation
and termination steps, and the methyl radical balance is unsatisfactory.

We now use the following reasonable simplifying assumptions to
consider why oxidation rates in both the gas phase and dilute solution
are proportional to [tert-BuH]32—i.e., all the interactions represented by
k, are nonterminating (Reaction 5), all termination is by Reaction 10,
no methylperoxy radicals propagate (because they terminate so fast),
and all initiation is by tert-BuO- radicals from tert-Bu.Os. Then Relation
8 is replaced by

R, — % + g‘—,:)l/zk,[tert-BuH] +Eé£ (11)
where F — (k;[tert-BuH] — ky)/2ks and (R;F/2ks)> = [RO.*]. The
terms on the right side of Relation 11 correspond to the oxygen associated,
respectively, with the chain termination products, with formation of tert-
butyl hydroperoxide, and with formation of tert-BuOH (by Reaction 7,
not 10) and acetone. For 50 to 100% cleavage of tert-BuO- radicals,
F ranges from 1 to 1/2. For low extents of cleavage, F =~ k;[tert-BuH]/
2k, (the isobutane favors propagation of tert-BuO- radicals over their
cleavage). Under such conditions, the rate of formation of tert-BuO-H,
the second term on the right, is 3/2-order in isobutane and half-order in
R;. Figure 2 shows how this relation fits well in gas-phase oxidations
over a 22-fold change in [tert-BuH]. The other terms in Equation 11
are only 0 to 1-order in isobutane and are responsible for the difierences
between the R, and Rgo.u plots in Figure 2.

Effect of Phase Change at 100°C.

Figure 2 shows that with about 0.5M isobutane at 100°C. the rates
and rate laws for oxidation in the gas phase and in solution are similar.
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However, the following considerations suggest that this similarity must
be caused by a fortuitous compensation of several effects. There are two
reasons to expect a higher rate in the gas phase.

(1) From the results of Walling and Wagner (32), with cyclohexane
as hydrogen donor at 100°C., we calculate that k/k, for tert-BuO - radi-
cals is 13 times as large in the gas phase as in benzene solution. Several
halogenated and aromatic solvents gave the same results. [Our own gas-
phase data in Table III show that k;/ke decreases and approaches the
expected liquid-phase value, 0.72 (1) as the pressure of isobutane gas
increases from 1 to 6.5 atm.] The relatively higher cleavage of tert-BuO
radicals in solution should increase the rate of chain termination by
Reaction 10 and hence reduce the rate of oxidation of isobutane (but by
no more than the factor of 4.6 calculated earlier).

(2) The absence of a cage effect in the gas phase (13, 23) should
increase the proportion of nonterminating interactions (Reactions 5 and
the analog of 10) and then increase the rate of oxidation.

We can suggest only one phase effect that might offset these effects.
In the autoxidation of several hydrocarbons, Howard and Ingold (2I)
found solvent effects on k, and k; consistent with previously reported
solvent effects on over-all rates (10, 19). We might then expect (25)
that k, would be slightly larger and/or k; slightly smaller in the gas phase
than in alkanes.

Table III. Products of Gas-Phase Oxidations of 2-Methylpropane
at 100°C.

(Concentrations, mM; additional data in Table II)

Products Found

Run A, [tert- tert- Ace- A[tert-
No. Bu,0,] A[O,] RO,H* BuOH® tone MeOH CO BuH]° k,/k,*

32A 0181 0455 0.073 0.091 0.224 0.035 0.049 0.10 12.0
31C 0.064 0.317 0.144 0.173 0.163 0.038 0 0.37 10.3
17C  0.044 0422 0.206 0.196 0.167 0.020 0 0.505 5.6

¢ By iodometric titration (33).

® Corrected for tert-BuOH formed from reduction of tert-BuOzH by triphenylphos-
phine, assuming all hydroperoxide is tert-BuO2H.

¢ Calculated from products.

9 Calculated from k;/kg9 — Atert-BuOH/AAcMe[tert-BuH].

Gas-Phase Oxidations at 155°C.

Several mixtures of isobutane, tert-Bu.O,, and oxygen were
heated for 20 to 40 minutes at 155°C. (half-life of initiator, 36 minutes)
and analyzed for oxygen consumption and products. Results are shown
in Table IV.

Experiment 51 serves as a control in the presence of oxygen and
absence of isobutane. Although only 44% of the tert-Bu.O, is
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calculated to have decomposed, 50% of the initial peroxide was found as
acetone, only 1.5% as tert-BuOH. Of the methyl groups expected to
correspond to the acetone, 55% appear as methanol, 23% as CO; formal-
dehyde (undetermined) could account for much of the remainder.

Table IV. Oxidations of Isobutane at 155°C.

Run Number

51 45 49 65 57 47
Time, Min.
30 20 40 40 40 100
Reactants, mM in 253-ml. Vessel
Isobutane 0 12.30° 120 23.1 21.1 12.7
tert-Bu,0, 0.33 0.26 0.295 0.32 0.427 0.33
0o, 0.968 0.862 0.925 1.10 1.31 0.941
Products, mM
AO, 0.21 0.35 0.423 0.664 0.720 0.762
Atert-Bu,O, caled.” 0.145 0.083 0.159 0.172 0.230 0.282
CO 0.0771 0.0439 0.039 0.0494 0.063 0.14
CO, — 0.02 0.047 0.0660 0.095 0.091
Acetone 0.33 0.326 0.541 0.636 0.786  0.806
MeOH 0.18 0.247 0.443 0.534 0.747 0.69
tert-(BuOH + BuO,H)* 0.004 0.019 0.055 0.0759 0.099 0.058
Iso-C,Hg 0 0.001 0.002 0.0099 0.015 0.02
RO,H* 0.043
Atert-BuH calcd. 0.18 0.28 0.38 0.44 0.32

3C; (without CH,O) 0.26 0.31 0.53 0.65 0.91 0.92
Rates, Moles/Liter/Min. X 10%
R;,, =2ABu,O,/time 1.06 0.83 0.80 0.86 115 0.56

R, = AO,/time 0.70 175 106 17 1.8 0.77
(R,/R,) (066)  2.10 1.32 198 157 137
A-BuH /2A-Bu,0, 1.1 0.9 1.1 1.0 057

¢ Corresponds to pressure of 328 torr.
® From (27), k« = 0.0192/min.

° Not separated by GLPC.

¢ Jodometric titration (33).

When isobutane is added to such an experiment, acetone and
methanol are still the major products, and the concentrations of all prod-
ucts increase with the concentrations of isobutane and tert-Bu.O,. About
one molecule of isobutane is consumed per initiating tert-BuO- radical.
The higher consumption of oxygen is due mostly to oxidation of the
initiating fragments (Experiment 51),
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Comparison of Experiments 45, 49, and 47, which differ
reaction times, shows that the rates of formation of most product
R; decrease gradually with time. CO might be both a primary and
secondary product, but the yields of isobutylene increase with time,
indicating that it is partly a secondary product.

In Experiment 49, about 10% of the oxygen reacting appeared as
hydroperoxide. The latter is probably tert-BuO.H since this has a mea-
sured half-life of about 30 minutes in our system at 155°C.; indications
are that methyl hydroperoxide is less stable (22). In Experiment 49, up
to 80% of the tert-BuOH -+ tert-BuO-H (not distinguished by our GLPC)
could be tert-BuO.H; peroxide analyses are not available for the other
experiments.

The short kinetic chain lengths and different product mix at 155°C.
in comparison with runs at 100°C. (Tables II and III) have three origins:
generally lower concentrations of isobutane at 155°C., higher rates
of initiation, and more cleavage of tert-BuO * radicals. To Reactions
1to 7,9, and 10 at 100°C., we need to add at 155°C. the terminating
Reaction 12a, the nonterminating Reactions 10a and 12b, and the propa-
gation Reaction 13.

MeO, - + tert-BuO, - —> MeO - + tert-BuO - + O, (10a)
__~MeOH + CH,0 + O, (12a)

2MeO2 * \
2MeO - + O, (12b)
MeO - + tert-BuH — MeOH + tert-Bu - (13)

In Experiment 49, which has the best analyses and material balance,
initiation by 32 umoles of tert-BuO- radicals per 100 ml. of reaction mix-
ture resulted in the reaction of 28 umoles of isobutane to give mostly
acetone and methanol. Of the 28 umoles of tert-BuO.- resulting from
attack on isobutane, no more than 4.3 (15% ) abstracted hydrogen from
isobutane to give tert-BuO.H; most of them reacted with other peroxy
radicals to produce tert-BuO- radicals (as by Reaction 5), but some may
have terminated chains (as by Reaction 10). The greater prominence of
Reaction 5 at 155°C. as compared with 100°C. (Table II) is caused partly
by the lower concentration of isobutane (12 to 23 mM instead of 34 to
several hundred) but mostly by much higher radical concentrations and
rates of chain initiation (R; — ~107 instead of ~10"M per minute).
Nearly all the tert-BuO- radicals cleaved to acetone and methyl radicals
(Reaction 9). Since the amount of tert-BuOH found is only about
one-tenth of what might result from termination by Reaction 10, we
cannot be sure that much of the little tert-BuOH came from Reaction 7.
The high extent of cleavage at 155°C. is partly caused by lower concen-
tration of isobutane, but mostly by the activation energy difference,
Ey, — E;.
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54 umoles of methyl radicals formed (equivalent to the ace-
44 appeared as methanol. Since there were only 31 umoles of
initiating radicals and of chain termination products, nearly all chain
propagation involved methoxy radicals and nearly all chain termination
involved MeO, - or MeO - radicals or their oxidation products. The 10
pmoles of missing methyl radicals (AcMe — MeOH) are insufficient to
permit one mole of formaldehyde to be formed in each of the 16 termi-
nating radical interactions (10 and 12a) and so other terminations involv-
ing peroxy radicals derived from formaldehyde and formic acid must
have occurred, producing some of the carbon oxides found. These con-
siderations (with assignment of the tert-BuOH to termination by 10)
permit only 15 of the 44 umoles of methanol to be associated with chain
termination; the remaining 29 umoles of methanol must have been formed
by Reaction 13 from methoxy radicals formed in nonterminating Reactions
10a and 12b. Just about 50% of interactions involving MeO; * radicals
must have been nonterminating. Still higher proportions of methyl
radicals were converted to methanol in Experiments 65 and 57. These
results contrast sharply with those in the liquid phase at or below 100°C.,,
where essentially all interactions involving primary and secondary alkyl-
peroxy radicals are terminating.

Other Oxidations

At 300°C. and above isobutylene becomes the major product of the
gas-phase oxidation of isobutane (9, 36), apparently by Reaction 14.

tert-Bu - + O, = Me,C=CH, + HO, - (14)

Benson (4) has suggested that the competition between Reaction 14
and the dissociation

tert-BuO, - 2 tert-Bu - + O, (—3)

is governed partly by propagation Reaction 4. Since in our 155°C. experi-
ments some of the isobutylene may be a secondary product (from wall
reactions ) and its yields are erratic (0.6 to 2.9% ), we have not estimated
any of the ratios of rate constants above.

Our results and explanations have a close parallel in the work of
Thomas and Calvert (24, 29); in their photogeneration of tert-butyl radi-
cals in the presence of 1 atm. of oxygen at 25°C., 70% of the resulting
tert-BuO,- radicals reacted with each other or with MeO,- radicals
to give tert-BuO - radicals and oxygen (nonterminating). About 70%
of the resulting tert-BuO- radicals cleaved to acetone and Me- radi-
cals; the latter reacted with oxygen and then with other alkylperoxy
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radicals to give MeO- radicals (nonterminating). Most of the remain-
ing 30% of tert-BuO.- and tert-BuO- radicals terminated with MeO-
radicals to give tert-BuO-H, tert-BuOH, and formaldehyde. Thus, all
interactions of MeO, * and tert-BuO. - are nonterminating; nearly all the
terminating reactions involve MeO - radicals and produce formaldehyde.

In neither study has there been any need to introduce either homo-
geneous (8, 36) or heterogeneous (9) rearrangements of alkylperoxy
radicals in order to explain the results.

Since product distributions depend on the relative rates of competing
reactions, effects of temperature on products depend on differences in
activation energies, AE. For each pair of competing reactions of the
tert-BuQ, - radicals, the following AE values (in kilocalories per mole)
and qualitative effects of increasing temperature are estimated. Some of
these values were considered under “Liquid-Phase Oxidations.”

(1) Propagation by a tert-BuQO, * radical increases faster than non-
terminating interactions of two tert-BuO.- radicals: E; — E5 — 2 to 5
kcal. per mole in the liquid phase and 7.5 in the gas phase. Propagation
increases faster than termination in the liquid phase, E;, — E¢ = 7.5, and
in the gas phase Reaction 6 is negligible.

(2) Nonterminating interactions of two tert-BuQO, - radicals increase
falfter than terminating interactions: Es — E¢ — 2 to 5 in the liquid
phase.

(3) Cleavage of tert-BuO- radicals increases faster than abstraction:
Ey — E; — 8 to 10 (32).

(4) Propagation by a MeO,- radical increases faster than termina-
tion between MeO,- and tert-BuQO,- radicals: Ey/ — E;, = 12, from
E/ — E, — 16.5 kcal. per mole and E;o =~ 4 kcal. per mole, based on
the value 4.3 kcal. per mole for Tetralin (20).

(5) Nonterminating interactions of MeQO,- radicals increase faster
than do terminating interactions: Eyp, — Ej2q = Ejoa — E1o = 4.6. [E12¢
= E10a = E5 — 8.6 kcal. per mole; E;2, = E;o =~ 4 keal. per mole. Un-
published results of Allara and Irwin (1) indicate that the ratio of termi-
nating to nonterminating interactions is independent of phase.]

The observed differences in product distribution between the 100°
and 155°C. oxidations are consistent with the above relations. Above
155°C., increasing amounts of isobutylene are formed, and pyrolysis
of tert-BuO.;H (17) increases the number of tert-BuO - radicals in the
system and affects the rate of initiation.
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The Photo-Oxidation of 1,1'-Azoisobutane

Reactions of the Isobutyl Free Radical with Oxygen

DAVID H. SLATER and JACK G. CALVERT
Evans Chemical Laboratory, The Ohio State University, Columbus, Ohio 43210

A study has been made of the photo-oxidation of 1,1’-azoiso-
butane in experiments at 3660 A. and full mercury arc and
at temperatures from 308° to 405°K. The data prove the
unimportance of energy transfer and singlet oxygen involve-
ment for this system. The rates of products and their quan-
tum yields are consistent with a mechanism involving the
reactions of the isobutyl free radical with oxygen. A kinetic
analysis of the data give k, + ks = 2.6 X 10° cc./mole-sec.
(308-405°K.) and ks/(k, + ki) = 0.10 (313°K.); iso-C,H,
+ O, - iso-C,H,0, (7); iso-C,H, + O, — iso-C,Hs +
HO, (8). The product distribution suggests that the isobutyl
peroxyl and/or isobutoxyl free radicals are unstable toward
a decomposition reaction even at 308°K. for our conditions.

The mechanism of the reaction of the simple alkyl free radicals with
oxygen at and near room temperature is of special interest to the
scientists concerned with the reactions in the polluted atmosphere. Pho-
tolysis of many of the atmospheric pollutants through sunlight absorption
results in the formation of alkyl free radicals. In previous studies from
this laboratory we have been concerned with evaluating the primary and
secondary reactions of these free radicals with oxygen and determining
the rate constants of the various steps in the reaction mechanism. Studies
of the methyl (4, 10, 21, 23), ethyl (5), and tert-butyl (24) free radicals
with oxygen have been reported in experiments near room temperature.
Through these studies some additional insight into the nature and the
reactivity of the various intermediate species and final products is gained.

Recently we have reported a study of the 3660-A. photolysis of 1,1’-
azoisobutane (20). Product rates and quantum yields were consistent
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with the following reaction mechanism:

(iso-C,Hg) 9N, + hy — (iso-CHy) ,N,* (1)
(iso-C,Hg) oNyo* + M — (iso-C Hy),N, + M’ (A)
(iso-C4Hy) ,No* — 2 iso-C,Hy + N, (B)
2 iso-C,Hy — iso-C,Hg + iso-C,H;, (1)
2 iso-C,Hy, = (CH,;),CHCH,CH,CH(CHj;), (2)
iso-C4Hy + (iso-C4Hy),Ny — iso-C,H;, + C,HgN,C Hy (3)
C,HgN,C,Hy — iso-C,Hg + iso-C,Hy + N, (4)
iso-C;Hy — CH; + C,H, (5)

(is0-C4Hy)2N.* represents an excited 1,1’-azoisobutane molecule of un-
defined nature.

The work showed clearly that the photolysis of 1,1-azoisobutane was
an excellent source of isobutyl radicals. In view of these findings we have
used 1,1’-azoisobutane—oxygen mixture photolysis to study the reactions
of the isobutyl free radical with oxygen. Some new kinetic data concern-
ing the low temperature oxidation of this interesting radical have been
found, and these are reported.

Experimental

The 3660-A. photolysis system used in the rate studies was similar
to that used previously by us (16, 20, 22). In one series of very high
intensity experiments designed to study the reaction, iso-C,Hy + O; —
is0-C4Hy0., the full mercury arc spectrum of a 200-watt PEK point
source lamp was focused on the cell. Intensities were sufficiently high
(about 10'® absorbed quanta per sec.) so that a readily measurable rate
of octane product formation was achieved even in runs with significant
quantities of added oxygen. Products were analyzed using gas chromato-
graphic and mass spectrometric methods. The fraction of the products
not condensed at liquid nitrogen temperature was analyzed on a 1/8 in.
X 6 ft. chromatographic column, filled with Linde Molecular Sieve, 5A,
90/100 mesh, operated at 60°C., and a Gow-Mac thermal conductivity
detector (JDC-301). The condensible fraction was analyzed using a
capillary column, 100 ft. long, 0.02 in. diameter, coated with squalane
and temperature grogramm , 25-125°C. at 10° per min. In this case a
flame ionization detector was employed. Areas of the eluted product
peaks were integrated automatically from the detector signal with an
electronic integrator (Infotronics, CRS-11HSB). Products responsible
for the individual elution peaks were identified using a Bendix time-of-
flight mass spectrometer with rapid photographic recording of the oscil-
loscopic trace of the mass spectra. Matching of the unknown spectrum
with that of a known sample allowed unambiguous identification of most
of the products.
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The 1,1’-azoisobutane reactant purchased from Merck, Sharp, and
Dohme (stated purity 99% ) was further purified by chromatographic
separation on an Autoprep instrument equipped with a Xf-1150 column
operated at 140°C. The purified sample showed no impurities chromato-
graphically at the photochemical product peak regions. It was stored at
—178°C. in a darkened sample bulb sealed to the photolysis system.

The light intensity was estimated in several experiments using azo-
methane photolysis as an actinometer. The quantum yield of nitrogen
was taken as unity (13). Azomethane was prepared by a modification of
the method of Renaud and Leitch (18).

Results and Discussion

Mechanism of the Photo-Oxidation. A major question must be an-
swered satisfactorily before one can legitimately use data from the azo-
isobutane—oxygen mixture photolysis to derive information concerning
the reactions of the isobutyl free radicals with oxygen. Do the products
we observe actually arise from radical-oxygen interaction, or do they
result from an excited azoisobutane molecule reaction with oxygen? One
must face this question initially with considerable uncertainty since a
recent study (20) showed that a relatively long-lived excited state par-
ticipated in Reactions A and B. It was found that kg << 4.5 X 10° ¢™8/ET
sec.’l. These data coupled with the lack of observable fluorescence in
azoisobutane and the theoretical radiative lifetime of the excited singlet
state of azoisobutane, argue strongly against the participation of the first
excited singlet in Reactions A and B. The first excited triplet or the
vibrationally excited ground state singlet seem to be the favored reactant.
If the excited state responsible for B is the triplet, then the currently
popular, possible energy transfer Reaction 6 may occur in this system (7):

(i50-C4Hy) 5N, (Ty) + O, (357,) = (is0-C4Hy)oNa(S,) + 02('A,12) (6)

If Reaction 6 occurred in our system, the products observed would be
those resulting from the singlet oxygen—azoisobutane interaction, and
the photo-oxidation results would not be relevant to reactions of the
isobutyl radical with oxygen.

We have tested for the possible occurrence of Reaction 6 in two
direct ways.

First, singlet oxygen was prepared using a modification of the sodium
hypochlorite-hydrogen peroxide method (I, 3, 8, 14). In a Y-tube,
thoroughly degassed solutions of NaOCl (5.5% solution) and H,O, (30%
solution) were mixed in the absence of air. The released gaseous product
was passed immediately through a trap cooled to liquid nitrogen tem-
perature and into a blackened 500-cc. reaction vessel containing 6 mm.
of 1,1’-azoisobutane. The total pressure in the vessel was approximately
120 mm. After 3 hours of contact at room temperature the entire reaction
mixture was analyzed chromatographically in a way identical to that
used in the photochemical runs.
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There were no significant quantities of nitrogen, acetone, or other
light products observed, but some azoisobutane was consumed during
the reaction. The nature of the heavy products of the reaction remains
uncertain. It has been suggested (9) that a possible product of the singlet
oxygen-1,1"-azoisobutane reaction would be:

o
|
[iso-C4Hy—N—N = CHCH (CH;).]* OH"

However, it is evident that the products of the singlet oxygen reaction
with azoisobutane are not those of the photo-oxidation of the
azoisobutane.

The occurrence of Reaction 6 was also tested by studying the effect
of oxygen concentration on the quantum yield of nitrogen in 1,1"-azoiso-
butane photolysis at 3660 A. Table I shows these results. There is very
little suppression of the nitrogen quantum yield as the concentration of
oxygen is increased in Runs 1-6. What little inhibition occurs is that
expected from the effect of oxygen acting as M in the collisional deacti-
vation step A of the photolysis mechanism. If Reaction 6 were important
for this system, a dramatic decrease in ®y, would be expected since singlet
oxygen does not generate nitrogen from azoisobutane. In fact all the
data prove that Reaction 6 is unimportant for our conditions and that
the oxidation products observed are derived from the isobutyl radical
reactions with oxygen following Reaction B.

Rate Constants for the Primary Reactions of the Isobutyl Free Radi-
cal with Oxygen. The major primary reaction of the simple alkyl free
radicals near room temperature is the association with oxygen, Reaction
Ta.

R + 0, = RO, (Ta)

R + 0, R(—H) + HO, (8a)

The alternative Reaction 8a involving H atom abstraction by oxygen and
olefin production is unimportant at low temperatures for the simple free
radicals studied. For both ethyl (5) and tert-butyl (24) free radicals,
Reaction 7a dominates; the rate of Reaction 8a is immeasurably slow at
25°C.

However, the isobutyl radical represents a special case where the
occurrence of Reaction 8a at room temperature is more favorable. The
enthalpy changes for Reactions 8a involving tert-butyl, ethyl, and isobutyl
free radicals are: —5.8, —8.8, and —12.6 kcal./mole, respectively. Insofar
as the over-all enthalpy change is reflected in the minimum potential
energy at the transition state involved in Reaction 8a, we would expect
ksa for isobutyl to be the largest for the free radicals considered. This
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appears to be the case. A small but significant yield of isobutene is
found in the oxygen-containing runs. No octane is detectable in the runs
at low intensity and high oxygen pressure, so that formation of isobutene
by the disproportionation reaction of isobutyl radicals is unimportant.
An alternative source of isobutene, as a referee has suggested, could be
Reaction 3’ followed by Reaction 4.

X' + (iSO—C4H9N)2 - XH + 'C4H8N2C4H9 (3')

Where X- might be an alkoxyl radical RO. Previous work (20) on the
reactions of isobutyl radicals indicate that Reaction 4 only becomes an
important source of isobutene at temperatures above 150°C. Thus,
experimental evidence suggests convincingly that Reactions 1 and 4
would not contribute significantly to the isobutene yield.

Table I. Quantum Yields (&) of Products of the 3660-A. Photolysis of
1,1’-Azoisobutane in Mixtures with Oxygen”

Concen., X 107,
moles/cc. Dproducts

Run Bu,N, O, I/, N, i-C,H, i-C;H,, Me,CO ky/(k, +ke)*

1 3.03 0.00 0.130 0.069 —

2 298 686 0.126 0.065 0.013 — 0.065 0.10
3 3.10 3.10 0.130 0.108 0.020 <0.007 0.087 0.09
4 3.13 0.58 0.132 0.088 0.023 <0.008 0.094 0.13
5 319 216 0.136 0.105 0.017 <0.008 0.060 0.08
6 2,52 830 0.110 0.057 0.011 —  0.047 0.10

¢ Calculated from theoretical function, ks/(k7 + kg) = Po,m /2P,
* T =313°K., I, = 1.32 X 10-? Einsteins/cc.-sec.

From the quantum yield data of Table I we can estimate the ratio of
ks/(k: + ks). For these experiments at relatively low light intensities
the butyl radical consumption by oxygen is complete, and it is highly
likely that Reactions 7 and 8 are the major paths by which it reacts for
these conditions.

iso-C,Hy + O, = iso-C;Hy0, (7
iso-C,H, + 0, = iso-C H, + HO, (8)

If this mechanism choice is correct, Equation a should hold:
®;_cyme/ 20N, = ks/ (k7 + kg) (a)

In the last column of Table I Equation a is given as calculated from
the experiments at 313°K. for various concentrations of azoisobutane and
oxygen. The function is insensitive to the change in the ratio of the
concentration of oxygen to that of azoisobutane over the range 0.18-3.3
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as is required by Equation a. Thus, the data suggest the following rate
constant ratio for 313°K.:

k/ (k; + kg) = 0.10

The very small isobutane yields can not be attributed to the partici-
pation of Reaction 3 since the known rate constant data are inconsistent

with this. Isobutane must come from some other reactions, as yet un-
defined.

Table II. Product Rate Data from Photolysis of 1,1’-Azoisobutane—
Oxygen Mixtures Using a Full Mercury Arc

Product Rates,

moles/cc.-sec. (k; + kg)
11
Run Temp., Pressure, mm. x 10 cc./mole-sec. (cc./mole)? sec.™
°K. Bu,N, O, N, CyH, X 107° X 10715
7 308 646 340 4.17 0.067 2.6° 5.0°

8 343 54 0.00 6.54 647 — —
9 343 54 0.00 654 249 — —

10 343 358 862 534 0.026 2.4 4.2
11 343 527 55 4.08 0.054 2.0 4.0
12 343 591 312 299 0.051 2.6 6.2
13 343 615 175 3.66 0.252 2.5 6.8
14 343 174 3.4 4.73  0.090 2.9 5.8
15 380 6.63 281 423 0.145 2.7 6.8
16 380 6.67 346 440 0.098 2.8 6.5
17 405 6.63 245 440 0.256 2.5 6.9

¢ Estimates calculated assuming a second-order rate constant, Rate — [O2][Bu](kzr
+ kg), and taking ks = 2.2 X 1013 cc./mole-sec.

® Estimates calculated assuming a third-order rate constant, Rate = [Oz][Bu] [M]
(k7 + kg), and taking ke = 2.2 X 1013 cc./mole-sec.

In another series of runs (Table II) the high intensity, full arc pho-
tolysis of azoisobutane—oxygen mixtures was studied to estimate the rate
constant sum, k; + ks. For the conditions of light intensity used, the
2,5-dimethylhexane product of the isobutyl combination reaction was
formed in small but accurately measurable amounts for runs using mod-
erate pressures of oxygen. If octane is formed only in Reaction 2, it can
provide a useful monitor of the isobutyl radical concentration and allow
kz 4 ks to be estimated from these rate data. However, if this technique
is to be employed, one must evaluate carefully the importance of the
possible alternative source of octane through the primary process C.

(is0-C4Hy) oNo* = CgH,g + Np (C)

An analogous reaction of low efficiency has been postulated by Rebbert
and Ausloos to explain their results from azomethane photolysis (17).
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In terms of the proposed reaction mechanism the butyl radical con-
centration should be determined at the steady state by Equation b.

d[clliui =0 =2[BuyNy*]k; — 2[Bu]2(k; + k,) — [Bu] [BuxN,]k; —
[Bu]k; — [Bu] [O.] (k7 + kg) (b)

If Reaction C is an unimportant source of octane compared with Reaction
2, the previously published rate data for k;/k»"/? and k;/ks'/? can be used
together with the measured rate of octane formation of Table II to show
that the third and fourth terms of Equation b are insignificant for runs
at all temperatures used here. Thus, Equation b may be simplified to
Equation c by eliminating these terms, substituting 2Ry, for 2[Bu;N:*]ks,
2R08}118(1’075) for 2[Bu]2(k,_ + kg), and (Rcsﬂls/kg)llz for [Bu] in the
last term. It has been estimated (20) that k,/k, = 0.075 for the tem-
perature range used in this study.

RCSHIS k2 { 231\'2 - 2RCSH18(1'075) }2 1 (C)

Ry, (ki T kg)? [0.] Ry,

)]2

ZRNZ-ZRCBHIG (1.075

[

1 1 i 1 1 1
[¢] Q.01 0.02 003 0.04 0.05 0.06 0.07

Reghig 7 Rnz

Figure 1. Test of rate function, Equation c, using rate data from the
photolysis of 1,1'-azoisobutane at several temperatures

Figure 1 shows that the data of Table II at all temperatures fit the same
linear plot of

Rois 4 {23.\'2 - 2Rcsnlx(l.075)}:’ 1
. [O:] Ry,

N2



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch030

30. SLATER AND CALVERT 1,1-Azoisobutane 65

within experimental error. Since the activation energies of Reactions 2,
7, and 8 are probably near zero, the temperature independence of Equa-
tion c is not surprising. Note that the intercept of the plot of Figure 1 with
the x-axis is near zero (=0.002) within experimental error. Thus, we
can conclude that the possible primary process forming octane—Reaction
C—is unimportant in this system; ¢c/¢s << 0.002 for these conditions.
Then the data can be used in a meaningful fashion to derive estimates
Of k7 and ks.

From Equation c the useful Equation d can be derived to relate
product rates to the oxygen concentration:

2[Ry, — Rogn;2(1.075)] _ [Op] (kz + k) (d)
308H181/2 - ko172

A plot of the Equation c calculated from the data of Table II vs. [O.] is
shown in Figure 2. The data over the 100°C. temperature range fit the
same line within the experimental error. The slope of the plot gives an
estimate of (k; + ks)/ks1/?:

(k7 + kg) /ky12 =5.5 X 102 (cc./mole-sec.)1/2
Taking k; = 2.2 X 103 cc./mole-sec., the rate of association of the methyl
radical (19), k7 + ks can be estimated:

k; + kg == 2.6 X 10° cc./mole-sec. (308-405°K.)

From the ratio ks/(k: + ks) at 313°K. we can calculate k; and ks at
313°K.:

k; = 2.3 X 10° cc./mole-sec.
kg == 2.3 X 108 cc. /mole-sec.

The rate data for individual runs can be used to derive independent
estimates of k; 4 ks, and these are shown in Table II. Both rate constants
for an assumed second-order and third-order rate law are shown. The
second-order rate constants show the smaller deviation from constancy,
but the total change in concentration of the reactants is relatively small
so that the order cannot be definitely proved at present.

It is interesting to compare the present estimate of k; for isobutyl
with the analogous rate constant data for Reaction 7a involving the ethyl
radical. In this case k7, values range from 7.8 X 10° (102°C.) reported
by Finkelstein and Noyes to 4.2 X 102 cc./mole-sec. (25°C.) given by
Dingledy and Calvert (5, 6, 12). The present estimate of k; is about
equal to the lowest of those reported for the ethyl radical reaction ki,
but it is about 10 as small as the largest estimate. In view of the com-
plications inherent in experiments yielding the lowest estimates of ki,
there is strong reason to believe that the higher estimates are more nearly
correct (15). The present data for the isobutyl radical were derived in
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experiments which ranged in total pressure from 9 to 12 mm. In this
range the ethyl-oxygen reaction was clearly second order. Because of
the increased complexity of the butyl over the ethyl radical, one expects
the isobutyl-oxygen reaction to be in the second-order region for our
conditions. It is possible that the smallness of k; is a consequence of
Reaction 7’s being in a transition region between second- and third-order
kinetics, as was observed for the methyl radical (15).

25 T T T T
O 308°K
20k 0 343°K —
® @ 380°K
x
No A 405°K
@
< 15 7
i)
I
o
O
' 4 10 -
n
~
o
|
s sF .
x
~
° | ! L

2
[0zl , moles/cc x 107

Figure 2. Test of rate function, Equation d, using rate data from
the photolysis of 1,1'-azoisobutane at several temperatures

This might be the case since the full mercury arc was used in this
series of experiments. Vibrationally nonequilibrated ethyl radicals were
observed in azoethane photolysis at the shorter wavelength (5). It is
expected that the rate constant for the reaction of a thermally equili-
brated isobutyl radical with oxygen will be nearly equal to that for the
ethyl radical. Certainly one should accept the present estimate of k; 4 ks
as a lower limit of the value for thermally equilibrated isobutyl radicals.
We plan to test the order of the reaction more extensively and redetermine
kr + kg using the flash photolysis technique employed in the methyl (21)
and ethyl (5) radical studies with oxygen to shed further light on this
problem.

Subsequent Reactions of the Isobutyl Peroxyl Radical. The oxygen-
ated products of the reaction of isobutyl with oxygen are many, and
their rates were not well defined in this study. However, several of these
products were identified unambiguously by chromatographic and mass



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch030

30. SLATER AND CALVERT 1,1'-Azoisobutane 67

spectrometric analysis. One striking result is the small rate of formation
of observed products containing the isobutyl group. Very little isobutyl
alcohol, isobutyraldehyde, and isobutyl hydroperoxide were observed.
Acetone and isopropyl alcohol were major products. These facts are
consistent with the rapid decomposition of the isobutyl peroxyl and/or
isobutoxyl free radicals to generate isopropoxyl radical. This could con-
ceivably occur through the commonly postulated path of peroxyl radical
reaction.
2(CH,) ,CHCH,0, — 2(CH,),CHCH,0 + O,,

followed by decomposition of the isobutoxyl radical,
(CH;),CHCH,O — (CH,),CH + CH,O0,

with subsequent oxidation of isopropyl to (CHj;).CHO,, (CHj;).CHO
formation, and hence generation of acetone and isopropyl alcohol.

2(CH,) ,CHO — CH,COCH, + CH,CHOHCH,

Alternatively a direct rearrangement of the isobutyl peroxyl radical may
account for the products:

(CH;),CHCH,0, — (CH;),CHO + CH,O
2(CH,),CHO — (CH,),CHOH + CH,COCH,

A choice between these and other possible alternatives is not possible
from the present data.
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Chain Propagation in the Oxidation
of Alkyl Radicals

ANTHONY FISH
Shell Research, Ltd., Thornton Research Centre, P.O. Box 1, Chester, England

During the gaseous oxidation of alkanes, chain propagation
occurs by oxidation of alkyl radicals and their regeneration
from the alkane. Routes involving intermolecular and intra-
molecular hydrogen abstraction by alkylperoxy radicals
compete with routes via alkenes and hydroperoxy radicals.
Calculation of the thermodynamic and kinetic parameters
of the steps involved has enabled a single general scheme
for chain propagation to be devised and the relative impor-
tances of the various chains to be assessed. At temperatures
of ca. 550°K. the route via alkenes and hydroperoxy radicals
is unimportant during the oxidation of large alkyl radicals
but is more important for small radicals. The reasons for
this are discussed.

The primary chain-propagating cycle during the gaseous oxidation of
an alkane is essentially a mechanism for oxidizing alkyl radicals and
regenerating them from the alkane. Any such process can be represented
by the general equations

CiHzp,y' + 0, = (P ) X (A)
C.H,,,, + X > C,H,,,, + XH (B)
X (+P1) = Y (+ P2) (C)
C,Hgy,2 + Y = C,H,, .y + YH (D)

where X' and Y' are free radicals capable of abstracting hydrogen from
an alkane, and P! and P2 represent stable or moderately stable products.

The natures and precise modes of formation of the radicals X' and
Y have aroused considerable controversy. In the liquid phase, the
noncatalytic oxidation by molecular oxygen of the majority of alkanes
occurs by the “hydroperoxide chain mechanism,” in which the alkylperoxy

69
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radical acts as X' and no radical Y’ is involved. When the chain is long
and the alkylperoxy radical attacks the hydrocarbon selectively—i.e.,
always in the same skeletal position—the yield of a single monohydro-
peroxide approaches 100%, as evidenced by the oxidation of Tetralin
(43). The success of this mechanism in describing the course of liquid-
phase oxidation, together with the identification of peroxides among the
products of the corresponding gas-phase reactions (1, 6, 14, 38, 49), has
led to the partial acceptance of the mechanism in the gas phase also.
In other gas-phase systems, however, monohydroperoxides cannot be
detected even under conditions where they should definitely have been
found if present (16). Again, even when such products are formed, they
may arise from side reactions rather than from the primary oxidation
chain. Thus, in the oxidations of ethane and 2-methylpropane, it is
considered (7, 27, 39, 53) that the corresponding hydroperoxides arise
from the mutual destruction of alkylperoxy and hydroperoxy radicals; in
methane oxidation, methyl hydroperoxide is probably formed (26, 47)
by methylperoxy radicals attacking formaldehyde (and not methane).

The second major theory of the mechanism of alkane oxidation in
the gas phase is the “aldehyde” theory. The products of gaseous oxidation
almost invariably contain aldehydes, and it has been proposed (41) that
these are formed by decomposition of alkylperoxy radicals.

The controversy surrounding the “hydroperoxide” and “aldehyde”
mechanisms of alkane oxidation has centered mainly on the nature of the
degenerate-branching reaction involved. The pyrolysis of peroxides and
the oxidation of aldehydes (which have a weak acyl-hydrogen bond) are
both capable of acting in this capacity (4, 5, 35, 41, 44, 52), but it is not
clear which route predominates. This concern with the branching step
is perhaps responsible for the relative neglect of the nature of the primary
propagation processes. The invention of sophisticated chromatographic
techniques for analyzing the products of oxidation reactions has revived
interest in the propagation steps, however. If the chains are reasonably
long, almost all the material produced results from propagation steps;
degenerate-branching steps are, by definition, slow and lead to very little
product. Analysis of oxidation products provides, therefore, a good ex-
perimental basis from which to deduce the precise modes of oxidation
and regeneration of alkyl radicals during the thermal oxidation of alkanes.

Oxidation of Alkyl Radicals (Step A)

The interaction of an alkyl radical with oxygen must involve, as a
first step, the formation of some species which may be formally written
as C,Hzy.1 . . . Op. This may be a fairly stable “thermalized” radical
which can exist for relatively long periods of time, or a vibrationally
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excited radical having the energy released by formation of the C—O
bond randomly distributed throughout the radical, or an activated com-
plex in which the vibrational energy is organized in a specific way and
which will decompose or rearrange within the period of a single vibra-
tion. It is generally believed that at low temperatures (< 250°C.)
C,Hz,.100 radicals are stable, but at high temperatures (> 400°C.)
an HO, radical and an alkene are the products of alkyl radical-oxygen
interactions. This is consistent with the change in the pattern of product
formation with temperature; oxygenated products predominate at low
temperatures but alkenes are formed in considerable yields at higher
temperatures.

In the intermediate temperature range (250° to 400°C.), which is
the region in which cool flames propagate during the oxidation of hydro-
carbons, both alkenes and oxygenates are formed in significant amounts.
Thus, in the oxidations of ethane (36), propane (34), and 2-methylpro-
pane (28, 54) about 80% of the initial oxidation product is the conjugate
alkene. On the other hand, the oxidations of higher alkanes such as
hexane (19, 37) and 2-methylpentane (21, 24) produce a wide variety
of oxygenated products and only relatively small yields of conjugate
olefins. It is evident that Reactions 1 and 2:

CnH2n+ 1’ + 02 =2 CnHzn + 100 (1)
CnH2n+1’ + 02 = CnHzn + H02 (2)

must compete reasonably equally under these circumstances. The pre-
dominant route of oxidation will then depend on the structure of the
radical C,Hs,.:".

Calculating (Appendix) the thermodynamic and kinetic quantities
characterizing Reactions 1 and 2 enables one to assess the competition
between these reactions.

These calculations show that at 550°K., alkyl radicals will react
initially—i.e., when the concentration of RO, is negligible—with oxygen
almost entirely to give RO,". Of Reactions 2, as would be expected, those
in which a tertiary C—H bond is broken are fastest. Even in these cases,
however, k, exceeds k; by a factor of 10°. Recalculating these rate con-
stants at 700°K. shows that the factor is still as high as 102. The reason-
ably equal competition between Reactions 1 and 2, which is suggested by
the nature of the products found experimentally, must depend on addi-
tional factors.

Since Reactions 1 and 2 are reversible, the effect of the reverse of
Reaction 1, i.e., Reaction —1, will become appreciable as the concentra-
tion of C,Hz,.,00" rises (k.; — 10*8% sec.™?). As Reaction 1 proceeds
towards equilibrium, the importance of Reaction 2 may increase. It is
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Table I. Thermodynamic and Kinetic Parameters for

AH, AS,
Reaction Example Kcal. Mole™ Cal. Mole™ °K.™!

1 C”H2”+1' + 02 hd C,,Hg,HIOO' _28 _32

2 ’CHQCH(CH:.;)C:.;H-{ + 02 d _13 _0.2
CH,=C(CH;)C3H; + HO,"

2 (CH,)oCC,H; + 0, =~ -5.6 +3.2
CH,—C(CHj;)C;3H; + HO,'

2 ‘CH,CH(CHj), + O, — -13 +0.3
CH,=C(CHj;), + HOy

2 'C(CHg)3+0O,— -5.6 +1.8
CH,=C(CHj;), + HO,’

2 'CH,CH3 + O,— -7.5 +0.8

CH,=CH, + HOy’

necessary to consider the fates of the species X (C,Hay. 100" and HO»')
to assess the magnitude of this effect.

Direct Regemeration of Alkyl Radicals (Step B)

Alkylperoxy radicals can abstract hydrogen directly from an alkane
molecule (Reaction 3).

CnH2n+ loo + CnH2u+‘_’ - CnH2n+ lOOH + CnH2u+1' (3)

This reaction is well established at low temperatures, particularly in the
liquid phase. Hydroperoxy radicals react similarly at higher tempera-
tures (17), producing hydrogen peroxide and an alkyl radical.

Interconversion of Chain Carriers (Step C)

Isomerization of Alkylperoxy Radicals. Alkylperoxy radicals can
isomerize to hydroperoxyalkyl radicals (19, 25, 45, 55), which subse-
quently react to regenerate free radicals capable of attacking C,Hz, ..

This isomerization occurs by intramolecular transfer of a hydrogen
atom or an alkyl group, the former occurring much more frequently (24,
25). Alkylperoxy radicals containing several carbon atoms may isomerize
by hydrogen transfer by each of several different routes, to give several
hydroperoxyalkyl radicals. For the 2-methylpentyl-2-peroxy radical, for
example, four routes can be distinguished. The energy requirements of
these differ for two reasons; they are affected by both the nature of the
C—H bond broken and the size of the transition state ring involved.
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Reactions of Alkyl Radicals with Oxygen at 550°K.

A, k,
K, K E, Cc. Molecule™ Cc. Molecule™
Cc. Molecule™ (Dimensionless) Kcal. Mole™ Sec.™! Sec.™
10-15.3 — 0 10115 107115
- 105 6 10-12.2 10-14.6
— 102.9 8 10-12.2 10-16.2
— 105 6 10-12.2 10-14.6
— 102-6 8 10-12.2 10-16.2
— 10 7 107122 107154
C,,Hg,,+100' =2 'CnH2nOOH (4)
eg.,
ol a y ‘CH,C(CHj) (OOH)CH,CH,CH;  (4a)
CH, CH, CH, .
N C/ N CH/ (CH,) ,C(OOH)CHCH,CH, (4b)
2
CH3/ (l)_o. B (CH,) ,C(OOH ) CH,CHCH, (4c)
(CH,),C (OOH ) CH;CH,CH, (4d)

During the oxidation of 2-methylpentane, five radicals C¢H;300° will be
formed; the rearrangement by hydrogen transfer of these can, in theory,
produce a total of 21 radicals "CsH;2,O0H (24).

Hydroperoxyalkyl radicals can react in several ways. First, of course,
alkylperoxy radical isomerization is reversible (Reaction —4). Secondly,
several modes of decomposition (Reaction 5) occur, giving O-hetero-
cycles, alkenes, and saturated and unsaturated aldehydes and ketones.
(Alcohols can also be formed by the decomposition of the alkylperoxy-
alkyl radicals which result from isomerization by group transfer in
alkylperoxy radicals.) These modes of decomposition have been enu-
merated (24, 25); only examples need be given here. Each mode of
decomposition gives one or more product molecules plus one free radical,
acting, therefore, as a propagation step. Moreover, the radical produced
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is usually (but not invariably) "OH.

‘C,H,,00H — P + ‘OH (5)
eg.,
H.C CH,
CH, CH,CH,CH, CH; | I + OH (5a)
Ne 7/ —_ NC CH,
/ \ CH/ \o/
oo
CH; -, ,CH,CHCH, CH,
/(\ Bscission N
C - C=0 + CH,=CHCH, + 'OH (5b)
/N ! 7~
CH; O——OH CH,

The third important mode of reaction of hydroperoxyalkyl radicals
is addition to molecular oxygen (Reaction 6).

02 + .CnH‘_’nOOH - OOCnH2nOOH (6)

Addition of HO,' to Alkenes. Although Reaction 7 is frequently
postulated as a reaction which, with Reaction 2, constitutes the primary
chain-propagation process during the oxidation-of alkanes at tempera-
tures >450°C., at lower temperatures competing reactions of HO, may
render Reaction 7 ineffective (33). These competing reactions are the
addition of HO.  to an alkene to give a hydroperoxyalkyl radical (Reac-
tion 8) and its bimolecular self-destruction (Reaction 9).

HO, + C,H,,.» = Hy0, + C,Hy, ¢’ (7)
HO;)' + CnH2n =2 HOOC"H2". (8)
2HO, = H,0, + O, ©)

Reaction 8 may, therefore, be the major chain-propagating reaction of
HO. between 250° and 400°C. The radicals produced will, of course,
undergo the same fates as those produced in Reaction 4, regenerating
(eventually) alkyl radicals. The main difference between the “alkene-
HO, addition” route and the “alkylperoxy radical isomerization” route
is that in the former case the hydroperoxyalkyl radicals formed are neces-
sarily a-radicals—i.e., radicals in which the unpaired electron is borne
by a carbon atom adjacent to that bearing the hydroperoxy group, such as
1-hydroperoxy-2-alkyl radicals—whereas isomerization can lead to a- —
e.g., Reactions 4a and 4b—g- —e.¢., Reaction 4c—and y- —e.g., Reaction
4d—hydroperoxyalkyl radicals.
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Indirect Regeneration of Alkyl Radicals (Step D)

The hydroxyl radical will be the predominant entity which attacks
the alkane to regenerate an alkyl radical (Reaction 10) under conditions
where isomerization and decomposition are the usual fate of alkylperoxy
radicals. The activation energy for attack on an alkane molecule by ‘OH,
although difficult to determine accurately (30), is low (I, 3) (1-2 kcal.
per mole). This has an important consequence. The reaction will be
unselective, being insensitive to C—H bond strength. Each and every
alkyl radical derived from the alkane skeleton will therefore be formed.
To describe the chain-propagation steps under conditions where isomeri-
zation is a frequent fate of alkylperoxy radicals it is necessary, then, to
consider each and every alkylperoxy radical derived from the alkane and
not just the tertiary radicals.

unselective
'OH + C,H,,., - H.,O + C,H,, . (10)
Hydroperoxyalkylperoxy radicals will also be potential abstracters of
hydrogen from C,H,,,., giving a dihydroperoxide and regenerating an
alkyl radical in a Reaction 11 analogous to Reaction 3.

'OOCnH2nOOH + CnH2n+2 - HOOCnH2nOOH + CnH2n+1' (11)

They may also abstract hydrogen from other species; in particular, reac-
tion with HO;" may be important (33), giving a dihydroperoxide and
oxygen and terminating the chain.

Predominant Steps in Chain Propagation

General Scheme for Chain Propagation. The reactions which have
been discussed may be combined into a system of chain propagation
which should be a general one during the thermal oxidation of alkanes.

1
—
Cqun + l. + 02 -1 CnHzn + 100.
2 -2 4o 48 4y 43
4o -4p —4y -4
8
C,H,, + HOy pramag a-'C,H,,O0H B-'C,H,,00H y-'C,H,,00H 8-'C,H,,00H
-8
Saa 5a8 5ay 5a8
oxiran + "OH oxetan + 'OH tetrahydro- tetrahydro-

(C,H,0) furan + ‘OH pyran + ‘OH
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5b
‘C,H,,00H — 'OH + alkenes and carbonyl compounds

3
CnH2n+ 100 + C,,H‘_;,,+2 - C,,,H2,,+1’ + CnH2n+1OOH

10
‘OH + CnH2n+2 g C"H2"+l. + HQO

6
-C,H,,00H + 0, = 00C,H,,00H

11
‘00C,H,,00H + C,H,,,, = HOOC,H,,00H + C,H,, .’

7
Hoz' + CnH2n 2 C14H2n+1. + H2O2

This scheme (in which the reversible arrows are not meant to imply
that equilibrium is attained) provides an excellent qualitative, and rea-
sonably semiquantitative, description of the formation of products during
the cool-flame oxidation at 523° to 580°K. of 2-methylpentane (24).
Also, because of the different energy requirements for the various modes
of Reactions 4 and 5, the scheme is capable of explaining, at least in
principle, the complex dependence of rate on temperature during cool-
flame oxidation (24, 51).

Since Reactions 4 and 8 have a common product, the scheme also
incorporates, and hence in principle reconciles, the apparently contra-
dictory “alkylperoxy radical isomerization” and “alkene-hydroperoxy
radical addition” schemes for propagating chains during the oxidation of
alkyl radicals. If this reconciliation is to hold in practice as well as in
principle, however, two conditions are necessary.

First, hydroperoxy radicals must react predominantly via Reaction 8
and not via Reaction 7. It is difficult to assess this competition because
of the uncertain energetics of these reactions. Assuming that k; — ks,
Reaction 8 is faster than Reaction 7 when the hydrogen abstracted in 7
is primary, the rate constants are approximately equal when it is sec-
ondary, and 7 predominates when it is tertiary. Only under conditions
where the yields of alkenes are considerable and the alkane has no
tertiary C—H bonds will Reaction 8 be important. Even then, abstraction
of allylic hydrogen from the alkene by HO,' will compete strongly with
Reaction 8.

Second, alkylperoxy radicals must react predominantly via Reaction
4 and not via Reaction 3. The ratio of the rates of intermolecular and
intramolecular hydrogen abstraction by C,Hs,.100" is k3[C,Hzn.2]1/ks.
When [C,H,,..] = 200 mm. of Hg = 10'®% molecules per cc.,
ks[C,H.,.»] has values between 108 and 10°! sec.™® (see Table II).
For intramolecular abstraction, the corresponding range of values of k



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch031

31. FisH Chain Propagation 77

is 1077 to 10'% sec.™™. For every alkylperoxy radical derived from 2-
methylpentane, 2-methylpropane, or ethane the condition k3[C.Hz..21/k,
< < 1holds. At temperatures and pressures characteristic of the passage
of cool flames, intramolecular abstraction predominates, in agreement
with the experimental results.

It appears, then, that alkylperoxy radical isomerization is capable
of producing hydroperoxyalkyl radicals during the oxidation of all alkanes
and that alkene-hydroperoxy radical addition will serve a similar function
during the oxidation of those alkanes which contain a high proportion
of primary C—H bonds. It remains to determine the proportion of
hydroperoxy alkyl radicals arriving by each route as equilibrium is
approached.

Table II. Likely Values for Rate Constant of
Reaction RO;" 4+~ RH - ROOH 4 R’

k3, Assuming

Nature of H Free Rotation, Cc.

Fuel Abstracted Molecule™ Sec.™
Ethane P 107177
2-Methylpropane p 107181
t 10-15.7
2-Methylpentane t 10-16.0
s 10-17.1
P 107184

Nature of Reaction of Alkyl Radicals with Oxygen as Equilibrium
Is Approached. When the concentration of C,Hs,,,00" is small, alkyl
radicals react with oxygen at ca. 550°K. predominantly to give alkylper-
oxy radicals. As kj is small, however, the concentration of C,Hz,.,00"
will gradually increase, and the effect of the reverse Reaction —1
will become appreciable. Eventually, an equilibrium will be approached,

a constant proportion of «-'C,H;,O0H being formed by each route. If,
as a first approximation, it is assumed that k_,, and k.g are small compared

with (3k; + ke[O.]) (an assumption not fully justified in the former
case), then at equilibrium the proportion of a-'C,H,,00H which arises
via C"H2n + H02 is kng/(k4aK1 + k8K2)-

Calculation of this proportion, from the values of rate constants and
equilibrium constants given in the Appendix, shows that it is always of
the order of 1%. The route to hydroperoxyalkyl radicals via alkenes is
therefore a minor one at temperatures of ca. 550°K. This is especially
true with respect to the oxidation of large alkanes such as 2-methyl-
pentane.
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The calculation given above compares the rates of formation of
a-hydroperoxyalkyl radicals by the two routes; to compare the relative
importance of the additive and abstractive modes of reaction of alkyl
radicals with oxygen, it is necessary to consider also the formation of g-,
y- and &hydroperoxyalkyl radicals—i.e., to compare ksK, with
Ki3ksop,y,s. These radicals can result only from alkylperoxy radicals.
In large alkylperoxy radicals, such as 2-methylpentylperoxy radicals,
hydrogen bearing 8- and y- (and in the case of terminal radicals 3-)
carbon atoms are available; 1,5, 1,6, and 1,7 H-transfer—i.e., Reactions 483,
4y, and 45—will compete therefore, with 1,4 H-transfer (Reaction 4a)
and, as is evident from Table III, 1,5 H-transfer, and to a lesser extent
1:6 H-transfer, will compete successfully. The importance of the alkene
route compared with the sum of the alkylperoxy radical routes will be
very small, therefore. The total yields of oxygenated products such as
dimethyltetrahydrofurans and carbonyl compounds from the oxidation
of 2-methylpentane will therefore be large compared with the yields of
hexenes, in agreement with experiment (24).

Table III. Thermodynamic and Kinetic Parameters of Alkylperoxy
Radical Rearrangement (Reaction 4)

Transition
Nature  Position..of State
of C—H C Atom from Ring Size AH, E, log,k,

Bond  Which H Is (Including Kcal. Kcal. (kin
Broken  Transferred H) Mole? Mole Sec.”) log,K, logk.,

@y 5007 8 205 29 —32 61

Primary B 6 8 14.6 5.2 -3.2 8.4
3 8 8 240 15 -32 47

oy 5007 45 170 43 -18 6.l

Secondary { B 6 45 111 66 -18 84
, @y 507 17 142 54 —07 6l
Tertiary { 8 6 17 83 77 07 84

With smaller alkylperoxy radicals, however, fewer 8-, y-, and §-carbon
atoms are available. Thus, for example, the 2-methylprop-1-ylperoxy
radical, ‘OOCH.CH (CHj;)., has no y- or 8-C atoms, and the B-C atoms
carry primary hydrogen only. Isomerization of this alkylperoxy radical
by 1,5 transfer of primary H competes only moderately successfully with
isomerization by 1,4 transfer of tertiary H (Table III). In the ethylperoxy
radical, only 1,4 H-transfer is possible. For these cases, then, hydrogen
abstraction will be a more frequent mode of oxidation of the alkyl radical
than for larger radicals, but the calculation suggests that it will account
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for only 1% of the products. This is not true experimentally; alkenes
are formed in considerable yields from small alkanes (28, 34, 36, 54).

The probable reason for this is that the assumption that k.so and k_g
are small compared with (3k; + ks[O2]) (see above) is not valid.. For
large alkyl radicals, this will have little effect on the course of chain
propagation, and hence on the product spectrum, as addition of oxygen
to such radicals gives alkylperoxy radicals in which both isomerization
by hydrogen shift (Reaction 4) and decomposition of the resulting hydro-
peroxalkyl radical (Reaction 5a) can occur by routes which involve cyclic
transition states whose rings have numbers of members not greatly dif-
ferent from 6—i.e., have low strain energies. In other words, the proper
criterion is that k_,y < (Sksv + ks[O:]), and this is true. The formation
of derivatives of tetrahydrofuran as the major O-heterocyclic species
during the oxidation of hexanes (3, 19, 24), is a result of the availability
of such a path, a seven-membered ring being involved in the isomeriza-
tion step and a five-membered ring in the decomposition step.

Small radicals such as tert-butylperoxy and ethylperoxy can, however,
react via 1,4 H-transfer only; the strain energy involved in O-heterocycle
formation is 28 kcal. per mole. In this case, k.o = 10° sec.”?; whereas
ksa = 10> sec. and when [0,] = 200 mm. of Hg, ks[O2] = 107 sec.™,
so that k_;a <|< (Sksa + ks[O:.]). The result is that in the oxidation
of small alkyl radicals, the route via alkylperoxy radicals will be “blocked”
because reverse Reaction —4 competes successfully with Reaction 5.
Reaction 2 will thus be a more effective mode of reaction of alkyl radicals
with oxygen and the conjugate alkene will be a major product.

Furthermore, it is possible that the estimate of k_g given here is too
low and that reverse Reaction —8 competes successfully with Reaction
5a. In this event, alkene could be formed by the sequence of Reactions 1,
4a, and reverse —8 even if the rate of Reaction 2 were negligibly small
compared with the rate of Reaction 1. Again, this would affect the
oxidation of small alkenes much more than that of large ones.

Conclusions

The “alkylperoxy radical isomerization” and “alkene-hydroperoxy
radical addition” theories of chain propagation in the oxidation of alkyl
radicals at ca. 300°C. have been combined into a single comprehensive
reaction scheme,

Large alkyl radicals are oxidized to alkylperoxy radicals which
isomerize to hydroperoxyalkyl radicals; the decomposition of these gives
molecular products and hydroxyl radicals which attack alkanes unselec-
tively to regenerate alkyl radicals. The alkene-HO. addition route is
unimportant.
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Small alkyl radicals, such as ethyl, are oxidized predominantly to
the corresponding alkene because the isomerization of an «-hydroperoxy-
alkyl radical to the corresponding alkylperoxy radical competes success-
fully with its decomposition to an oxiran and a hydroxyl radical. The
formation of alkenes via o«-hydroperoxyalkyl radicals (and not vice-versa)
cannot be excluded, however.

Appendix

Thermodynamic and Kinetic Parameters of Reactions 1 to 11

Reactions 1 and 6. For alkyl radicals containing three or more carbon
atoms, Reaction 1 is second-order, no third body being involved (23).
AH; — —28 kcal. per mole [from D(R—OO")] and AS; = —32 cal.
per mole °K. (10). The equilibrium constant, K, is given by K; — exp
(—AH/RT) exp (AS/R) = 10%! atm.? = 1071531 cc. molecule™ at
550°K. The rate constant, k; — A, exp (—E;/RT), where E; = 0 (8,
15). From transition state theory (22), at 550°K., A; = 1.1 X 107 cc.
molecule™ sec.™, giving k; — 10713 cc. molecule® sec.” . This result may
be compared with the experimental values of 107# cc. molecule™ sec.
for propyl and butyl radicals (33) and 107117 to 107112 cc. molecule™ sec.™
for ethyl radicals (2, 23).

Knox (32) and Benson (12) consider that values of 107%* cc. mole-
cule® sec.”? are too low, even for large radicals, preferring values of ca.
10115 cc. molecule™ sec.. In this paper, this value has been used for
all alkyl radicals.

The greater bulk of the radical reactant in Reaction 6 ensures that
ks < k1. A value of kg = 1072 cc. molecule™ sec.”? has been used.

Reaction 2. The thermodynamic and kinetic quantities characteriz-
ing this reaction depend on the nature of the C—H bond broken. AH
has been calculated, for each of the reactions having the general Equation
2, using data from Refs. 10, 33, 40, 50. The value of AS, has been esti-
mated by the method of partial group contributions (9). K, has thus
been calculated.

The activation energy, E, is not known. The empirical Semenov-
Polanyi equation (46) (E = 11.5 4+ 0.25 AH) gives 8 € E < 10 kcal.
per mole, depending on the nature of the C—H bond broken. Heicklen
(29) prefers E — 5 kcal. per mole. Values of 6 to 8 kcal. per mole
(Table I) have therefore been assumed. Benson (12) estimates that A
&~ 107122 cc. molecule™ sec.!; hence, k; has been calculated (Table I).

Reactions 3, 7, and 11. For endothermic intermolecular abstraction
reactions several estimates of the relationship of E to AH have been made.
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Szabo (48) gives E — 3.6 + AH, Otozai (42) gives E = 8 + 0.3 AH,
and Benson (10) suggests that, for abstraction by alkylperoxy radicals,
E = AH + 6. Values obtained from this equation are similar to those
suggested by Knox (32); Benson’s equation has therefore been used.

Since the strengths of tertiary, secondary, and primary C—H bonds
are respectively (10, 40, 50) 91.7, 94.5, and 98.0 kcal. per mole and
D(RO,—H) = 90 kcal. per mole, the enthalpy changes and activation
energies are

AH: AE, kcal./mole
ROy’ + tert > C—H — ROOH + >C, +1.7, +7.7

RO’ + sec >CH—H — ROOH + >CH, +4.5, +10
RO, + prim. —CH,—H — ROOH + —CH,,  +8, +14

The pre-exponential factor A has been discussed (for RH = meth-
ane and cyclohexane) previously (22). For 2-methylpentane at 550°K.,
Az =~ 107129 cc. molecule sec.), assuming free rotation in the transition
state. Corresponding values for 2-methylpropane and ethane are 10726
and 107122 cc. molecule® sec.’. The corresponding rate constants are
given in Table II.

Reactions 7 and 11 will be characterized by approximately the same
energetics as Reaction 3. The pre-exponential factors will increase in the
order A;; < Az < A; because of the bulks of the radical reactants. E is
not known accurately but probably lies (18, 33, 42) in the range 6 to 15
keal. per mole.

Reaction 4. Intramolecular abstraction of hydrogen involves a cyclic
transition state and, although this does not affect the enthalpy change,
account must be taken of the strain energy involved in calculating the
probable activation energy. Saturated cycloalkane rings have the follow-
ing strain energies (kcal. per mole): eight-membered, 10; seven-mem-
bered, 6.5; six-membered, 0.6; five-membered, 6.5; four-membered, 26;
three-membered, 28 (11). In the absence of data for more closely related
rings, it is assumed that the strain energies of the transition state rings
of Reactions 4 and 5a are similar to these. This assumption is fair for
Cope rearrangements (12); it probably holds also for alkylperoxy radical
rearrangements. (For the present calculations, these results need be only
relatively correct). E, has therefore been determined by adding to E;
(the activation energy for the corresponding intermolecular reaction)
the strain energy involved in forming the transition state ring.

Although an entropy of activation of about —15 cal. mole? °K.™?
is involved in forming the transition state ring in reactions such as 4,
the over-all entropy change accompanying intramolecular hydrogen ab-
straction is small, and the pre-exponential factor for a unimolecular reac-
tion involving a cyclic transition state has been estimated (10) as 10"
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sec.”l. Rate constants k, have thus been calculated. From AH, (= AH;),
K, has been calculated, and hence k.,. The values of these constants are
given in Table III.

Reaction 5. Several kinds of decomposition of *C,H.,O0H to a
product (or products) 4+ ‘OH are possible. For simplicity, these calcu-
lations have been performed only for the case in which a single product P
is formed, and that is an O-heterocycle. This mode of decomposition is a
major one, particularly at temperatures characteristic of cool flames (3,
19, 20, 24, 45).

*C, H,,,O0H — O-heterocycle + '‘OH (5a)

The pre-exponential factor of this irreversible unimolecular reaction is
expected (10) to be about 10! per second. Although no activation ener-
gies for the formation of epoxide rings are known, the activation energy
of the thermoneutral cyclization of the 3-iodopropyl radical, which is
analogous (provided that it does not occur via a four-membered ring
involving bonding by the d-electrons of iodine), is (11) ca. 17 kcal. per
mole; the activation energies of the exothermic Reactions 5 will be
smaller. The enthalpy changes for the formation of three-membered,
four-membered, five-membered, and six-membered O-heterocycles are
—13, —15, —35, and—40 kcal. per mole, respectively. From these val-
ues, activation energies are estimated, from the Semenov-Polanyi equa-
tion with allowance being made for the strain energies involved in ring
formation by comparison with cyclopropane, as 14, 13, 4, and 2 kcal. per
mole, respectively. At 550°K., therefore, kj,oxiran = 10°* per second,
ks,oxetan = 10°8 per second, Kstetranyaroturan = 10°* per second, and
k.’»tetrahydropyran = 10102 per second.

Reaction 8. The energetics of the addition to alkenes of RO, and
of HO, will be reasonably similar. For the former reactions (10), AH =
—12 kecal. per mole; the Semenov-Polanyi equation suggests then that
E =< 85 kcal. per mole. As, however, the activation energy for addition
of RO, to styrene (31) is 8.4 kcal. per mole whereas AH = —25 kcal.
per mole, it is likely that for monoalkenes E is higher than 8.5. A value
of Eg — 11.5 kcal. per mole would seem reasonable. Benson (12) esti-
mates that Ag =~ 107128 cc. molecule?! sec.’. Thus, ks = 10773 cc.
molecule™ sec.’. Knox (33) has calculated that Kg = 1072%# cc. mole-
cule™, from which k.3 = 1033 per second.
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Discussion

D. L. Trimm (Imperial College, London): On the assumption that
initial attack on the hydrocarbon involves molecular oxygen and that
chain propagation involves selective radicals such as RO,-, products
formed during the early stages of the reaction would be expected to
reflect the increased chances of attack at the secondary and tertiary
hydrogen atoms of the substrate. If, as you suggest, the radical OH- is
responsible for chain propagation during the cool flame, the products of
reaction should be less selective, and considerable amounts of water
should be associated with the production of O-heterocycles. Are you
aware of any evidence that indicates that the selectivity of attack
changes as a cool flame passes, or that water is produced together with
O-heterocycles during the cool flame oxidation?

C. Walling: Rearrangements particularly of peroxy radicals have
been mentioned recurrently in today’s discussion of high temperature
gas-phase autoxidations, and I will summarize briefly what is known
about such processes in liquid-phase reactions run near room temperature.

Simple 1,2-shifts analogous to carbonium ion rearrangements occur
with vinyl and phenyl groups and with halogens above fluorine, but there
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are no authenticated shifts of hydrogen or alkyl groups in simple
monoradicals.

Double bond additions occur most readily with double bonds in the
34- or 5,6 positions, the former providing the path for vinyl migration
and the latter yielding five- or six-membered rings depending upon
molecular structure.

Intramolecular hydrogen abstractions occur most readily through
six-membered cyclic transition states and thus involve 1,5-shifts; 1,6-shifts
occur about 1/10 as readily, and 1,4-shifts less than 1,100, since they are
rarely detected.

Intramolecular displacements—e.g., on peroxide oxygen—show
rather less restriction as to ring size and apparently occur readily to yield
three- to six-membered rings.

Viewed in this way, reactions yielding cyclic ethers should be
thought of as two-step processes, epoxides probably arising from peroxy
radical additions to olefins followed by 1,3-displacements, and larger
rings arising via intramolecular hydrogen abstraction by peroxy radicals
followed by 1,4- or 1,5-displacements. In all such reactions it is probably
the first step which is slow and which determines the yield of product
observed.

A. Fish: Water is certainly produced during cool flame oxidation.
In my own work, I have not analyzed quantitatively for water because
it is not a good diagnostic test of reaction mechanism. The assumption
that, in the cool flame regime, chains are propagated by RO-- in the early
stages of reaction is one which I would question. Certainly there is no
evidence that the selectivity of attack changes with time; it appears that
-OH is responsible for propagation of the primary chain throughout the
reaction.

In reply to Dr. Walling, I agree that oxirans can arise by addition
to olefins of peroxy radicals followed by 1,3-displacements, but that larger
rings must result via intramolecular hydrogen abstraction, followed by
displacement. It is to be expected that rearrangement will occur more
frequently in the gas phase at elevated temperatures than in the liquid
phase near room temperature since it is favored relative to intermolecular
hydrogen abstraction by high temperature and low hydrocarbon concen-
tration. Although I agree that there are few authenticated cases in the
liquid phase, there is a rapidly increasing amount of experimental evi-
dence for chain propagation by alkylperoxy radical rearrangement in the
gas phase.

H. C. Bailey (B. P. Chemicals Ltd., England): When we showed
in 1952 that the hexane cool flame could give 17% of oxygen heterocycles,
we suggested direct elimination of OH from ROO. Prior isomerization to
R-HOOH should lead to more difunctionals than are observed.
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Formation of O-Heterocycles as Major
Products of the Gaseous Oxidation of
n-Alkanes

T. BERRY, C. F. CULLIS, M. SAEED, and D. L. TRIMM

Department of Chemical Engineering and Chemical Technology, Imperial
College, Prince Consort Rd., London, S.W.7, England

The gaseous oxidation of n-alkanes can, in suitable circum-
stances, yield substantial amounts of O-heterocycles of the
same carbon number as the initial hydrocarbon. A compara-
tive study has been carried out of the formation of O-
heterocyclic products during the combustion of n-butane,
n-pentane, and n-hexane. The way in which the yields of
such compounds vary with reaction conditions has been
investigated. As a result of the optimization of the amounts
of O-heterocycles it has been possible to obtain maximum
yields of these compounds of up to 30% from n-pentane
but only about 10% from n-butane and n-hexane. An at-
tempt is made to account for the observed differences in
the amounts and nature of the O-heterocyclic products
formed from the three n-alkanes.

Previous studies have shown that both straight-chain and branched-

chain hydrocarbons may, on gaseous oxidation, yield appreciable
amounts of O-heterocyclic products (1, 2, 11). These compounds, which
are predominantly of the same carbon number as the original hydro-
carbon molecule, apparently arise by a mechanism involving the intra-
molecular rearrangement of initially formed alkylperoxy radicals (7).
This isomerization reaction appears to be important mainly during certain
combustion regimes. Under conditions where slow oxidation takes place,
the yields of O-heterocycles characteristic of radical isomerization are
generally small (18, 19), but under cool-flame conditions the yields may
be greatly increased (4, 8, 15). The gaseous oxidation of hydrocarbons

86
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in the cool-flame region might thus provide an economically viable
method of preparing certain O-heterocycles.

The successful isolation of substantial amounts of O-heterocycles
will depend to a considerable extent on the design of the reaction vessel.
Thus, for example, high yields of such compounds are produced in the
“falling cloud” reactor under conditions corresponding to cool-flame com-
bustion (10, 11). Comparatively little information is available, however,
as to the variation in yield with molecular structure of the initial hydro-
carbon.

In the present work, therefore, a comparative study of the production
of O-heterocycles during the cool-flame combustion of three consecutive
n-alkanes—uviz., n-butane, n-pentane, and n-hexane—was carried out
under a wide range of reaction conditions in a static system. The impor-
tance of carbon chain length, mixture composition, pressure, temperature,
and time of reaction was assessed. In addition, the optimum conditions
for the formation of O-heterocycles and the maximum yields of these
products were determined. The results are discussed in the light of
currently accepted oxidation mechanisms.

Experimental

The apparatus and general procedure have been described (4).
n-Butane, 99.9% pure, was obtained from the Matheson Co. and n-pen-
tane, better than 99.5% pure, from Fluka A.G. A pure sample of n-hexane
was kindly provided by Shell Research, Ltd. Many of the O-heterocycles
required for calibrating the gas-liquid chromatography equipment were
obtained commercially, and the remainder were synthesized from com-
mercially available precursors. 2-n-Butyloxiran, 2-methyl-3-n-propyloxi-
ran, 2,3-diethyloxiran, 2-n-propyloxiran and 2-methyl-3-ethyloxiran were
prepared by oxidizing the corresponding alkenes with monoperphthalic
acid (16). 2-Methyloxetan was prepared by dehydrating butane-1,3-diol
with 30% sulfuric acid. 2,4-Dimethyloxetan was prepared from pentan-
2,4-diol by the procedure recommended by Schmoyer and Case (13, 14).
2-Ethyl-4-methyloxetan was prepared from acetaldol by a reaction se-
quence described previously (4).

The condensable products were analyzed by gas-liquid chromatogra-
phy using columns containing either 1,2,3-tris (2-cyanoethoxy )-propane or
di-2-cyanoethyl ether supported on Embacel. Hydrocarbons were deter-
mined on columns containing either dimethylsulfolane or a combination
of propylene carbonate, squalene, and silicone oil on Embacel (3).

Results

The production of O-heterocycles from each of the three hydrocar-
bons was examined according to a standard procedure. Yields of O-
heterocycles were expressed as percentages of the hydrocarbon introduced
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into the reaction vessel. In all runs, except those involving the variation
of yields with reaction time, the products were withdrawn from the reac-
tion vessel immediately after passage of the final cool flame, the number of
cool flames passing under given conditions having previously been deter-
mined in control experiments.
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Figure 1. Optimum mixture compositions for production of O-het-
erocycles

In preliminary experiments, 1 to 1 hydrocarbon-oxygen mixtures
were used to construct rough ignition diagrams and to allow product
identification. After selecting temperature and pressure conditions corre-
sponding to points in the center of the cool-flame regions, determinations
were made of the optimum hydrocarbon-oxygen ratios for producing
O-heterocycles. Figure 1 shows some typical results. n-Butane shows
two peaks, and a further optimization carried out at a higher temperature
showed that the first peak was more significant; the corresponding mixture
composition was therefore subsequently taken as the optimum value.
Table I lists these optimum compositions and the O-heterocycles identi-
fied among the oxidation products of each hydrocarbon.
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Table I. Yields of O-Heterocycles Obtained during Combustion
of Different Alkanes under Optimum Conditions

n-Butane n-Pentane n-Hexane
Pressure, mm. Hg 240 141 135
Temperature, °C. 318 300 245
Hydrocarbon/ 0.29 0.75 1.25
Oxygen
Yields of 2,3-Dimethyl- 2-Ethyl-3- 2-Methyl-3-
O-heterocycles oxiran 1.8(3.5%) methyl- n-propyl-
as % of alkane 2-Ethyloxiran 0.5(1.0°)  oxiran 14  oxiran 1.2
introduced 2-Methyl- 2,4-Dimethyl- 2-Methyl-4-
oxetan 0.4(0.2°)  oxetan 14  ethyl-
Tetrahydro- oxetan 4.0
furan 0.4(0.2°) 2,5-Di-
methyl-
tetrahy-
drofuran 5.6
Total 3.1(4.9) 28 10.8
Total yields of -
O-heterocycles, 5.2(8.3) 43 11.8
% of alkane
consumed

* Figures in parentheses refer to yields at time when total yield is maximum.

Accurate ignition diagrams were then constructed, and their cool-
flame regions are compared in Figure 2. The maximum numbers of cool
flames observed for n-butane, n-pentane, and n-hexane were 6, 2, and 2,
respectively. Typical results for the variation of the yields of O-hetero-
cycles with pressure and temperature are given in Figures 3 and 4, respec-
tively; the O-heterocycles not shown followed similar variations. Com-
parison of Figures 2, 3, and 4 shows that the yields of O-heterocycles
obtained from all these hydrocarbons pass through maximum values in
the cool-flame regions.

If it is assumed that the pressure optimizations shown in Figure 3
are valid at all temperatures, the maxima in Figure 4 represent the condi-
tions for producing maximum amounts of O-heterocycles in the cool-
flame regions. The peak in the amount of 2-methyl-3-ethyloxiran pro-
duced at low pressures (Figure 3) has been neglected since the quantities
of reactants and products are both small. The yields of all the O-hetero-
cycles formed under conditions corresponding to the maxima shown in
Figure 4 are recorded in Table 1.

Finally the yields of typical O-heterocycles as a function of time are

given in Figure 5, where the time of the passage of the final cool flame
is shown on the abscissa. With n-hexane and n-pentane, the yields of all
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the O-heterocycles exhibited their maximum values immediately follow-
ing the cool-flame pressure peaks. With n-butane this was not the case.
After passage of the final cool flame, the yields of 2,3-dimethyloxiran and
2-ethyloxiran increased by a factor of about 2, while the yields of 2-methyl-
oxetan and tetrahydrofuran decreased steadily. Thus, for n-butane a
greater total yield of O-heterocycles, combined with a greater selectivity,
can be obtained by withdrawing the products some time after passage of
the final cool flame. The figures given in parentheses in Table I represent
yields calculated on the assumption that these always vary with time in
the way shown in Figure 5. Table I also shows the total yields of
O-heterocycles calculated as percentages of the hydrocarbon consumed.
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n-PENTANE
, \“___ — - ——— > -~
= \
& 300 _¢‘ N-HEXANE | _.
w I
@
g \\$\ ’/ |
& \ . |
a . \\ ’
é \7 —~—— RS /
250 — \. T
N /
N /
~
s
——
200 | |
0 100 200 300

PRESSURE (mm. Hg )

Figure 2. Cool-flame regions for hydrocarbon-oxygen mixtures
giving optimum O-heterocycle production

Discussion

One of the most striking observations during the present investiga-
tion is the existence of a well-defined maximum in the total yields of
O-heterocycles formed from n-pentane (Table I). Although control ex-
periments on the thermal decomposition and oxidation of O-heterocycles
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(17) show that most of these compounds undergo some further reaction
under the experimental conditions used, the extent of such reactions is
not sufficient to invalidate the observed order of decreasing tendency to
O-heterocycle formation—viz., n-pentane > n-hexane > n-butane. In
any case, the amounts of O-heterocyclic products detected represent lower
limits to the amounts formed.
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@ 2,4-DIMETHYLOXETAN } FROM n-PENTANE
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Figure 3. Yields of O-heterocycles as a function of pressure

Possible reasons for the observed sequence of O-heterocycle forma-
tion can best be discussed in terms of the generally accepted mechanism
for the formation of such compounds during combustion processes (7).

—H
—CH,—(CH;),—CH,— — —CH—(CH,),—CH,— (1)
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0—O0
. +02_J:
—CH—(CH2)"—CH2— - H_(CH2)11_CH2_ (2)
o0—O O—OH
| Intramolecular | .
—CH—(CH,),—CH,— ———— > —CH—(CH,),—CH— (3)
H-transfer
O0—OH fo)
. —OH / \
—CH—(CH,),—CH — —CH—(CH,),—CH— (4)
Cyclization

The rates of Reactions 1 and 2 would be expected to be relatively
insensitive to carbon chain length. Once alkylperoxy radicals are formed,
however, they and other species subsequently derived from them may
well suffer fates other than those shown. The observed sequence of total
O-heterocycle yields may be explained in terms of the occurrence, in
particular, of the two alternative reactions (Reactions 5 and 6).

+0,
Radicals — secondary products (5)
o0—-0O 0O—OH
[ +RH |
—CH—(CH,),—CH,— — —CH—(CH,),—CH,— (6)

Reaction 5 represents the decomposition or further oxidation of all
the intermediate radicals taking part in Reactions 3 and 4, and Reaction 6
is the intermolecular abstraction by alkylperoxy radicals of hydrogen
from another molecule.

It seems probable that the extents to which Reactions 5 and 6 take
place will depend on carbon chain length. Thus, in general, Reaction 5
would be expected to become more important as the carbon chain length
is increased, partly because of the greater number of available sites for
oxidative attack, and partly because of the increasing number of modes
of breakdown of large radicals. Reaction 6, on the other hand, may well
decrease in importance as the carbon chain is lengthened owing to in-
creased steric hindrance. The substantial contribution of Reaction 5
during the oxidation of n-hexane and of Reaction 6 during the oxidation
of n-butane might thus lead to a maximum in the yield of O-heterocyclic
compounds obtained with n-pentane. It is perhaps significant that similar
high yields of O-heterocycles are obtained during the oxidation of 2-
methylpentane, which also has a C; chain (9).

Further supporting evidence for this explanation of the relatively
low yields of O-heterocycles obtained with n-butane and n-hexane is
provided by the optimum reactant mixture compositions found for the
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different hydrocarbons (Table I). Thus, with n-butane, maximum
amounts of C4 O-heterocycles are obtained with low hydrocarbon-oxygen
ratios and hence low hydrocarbon pressures at constant total pressure.
This minimizes the occurrence of Reaction 6. Similarly, the highest yields
of Cg O-heterocycles are obtained during the oxidation of mixtures con-
taining a relatively high n-hexane—oxygen ratio, under which conditions
Reaction 5 would be likely to occur to only a small extent.
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Figure 4. Yields of O-heterocycles as a function of temperature

Table I shows also the yields of individual O-heterocycles formed
among the oxidation products of the different alkanes studied. Since it
is known that abstraction of hydrogen by free radicals takes place more
readily from a CH; group than from a CH; group (5, 6, 12), a marked
tendency for the O-heterocycles not to include in the ring the terminal
carbon atoms of the original hydrocarbons might be expecfed. With
n-pentane and n-hexane, no such O-heterocycles are in fact found. On
the other hand, n-butane on oxidation gives rise to several O-heterocycles
with one or both terminal carbon atoms incorporated in the ring. This
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qualitative difference in the nature of the products may be connected
largely with the higher ratio of CH; to CH; groups in the C4 hydrocarbon.
Another contributory factor may be the somewhat higher temperature
used for the oxidation of n-butane; this would tend to make abstraction
of hydrogen from the hydrocarbon less selective.

n-BUTANE P=154 mm. Hg
3 T=318°C.
X 4 cOOL FLAMES
2 02 3DIMETHYLOXIRAN
— o)
\/\ A
1 TETRAHYDROFURAN (NA
S 4™CO0L
0 FLAME | |
n n- PENTANE P- 141 mm. Hg
= o
% s T\ T- 278°C.
2 COOL FLAMES
8 ,".\.\
w
R Lo
e o -
: 00L 2,4-DIMETHYLOXETAN
oo i FLAME | |
o
o n- HEXANE P=135mm. Hg
0’\0\0 T=250°C.
2 ,/_ ~—_ 1 COOL FLAME
9 ®~2,5DIMETHYLTE TRAHYDROFURAN
- J [( Ju—
"cooL
o LI FLaME I I
0 0 30
TIME (MIN)

Figure 5. Yields of O-heterocycles as a function of time

Although the yields of O-heterocycles pass through maximum values
in the cool flame regions (Figures 3 and 4), some of the results indicate
that significant amounts of such compounds may also be formed dur-
ing slow combustion at higher temperatures. This suggests that the
production of O-heterocycles in the cool-flame region may be connected
with the rise in temperature accompanying the passage of the cool flame.
That this temperature rise may be as high as 250°C. has been demon-
strated during studies of the oxidation of 2-methylpentane (8). Equally,
however, the chemical processes which give rise to cool flames may
become important during slow combustion at higher temperatures.

This work has thus shown that considerable quantities of O-hetero-
cycles may be formed during the cool-flame combustion of n-alkanes
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under appropriate experimental conditions. The results illustrate clearly,
however, that to obtain good yields, the reaction conditions, in particular
mixture composition and temperature, must be carefully optimized for
each individual hydrocarbon.
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Discussion

D. L. Trimm: Dr. Mayo has suggested that the formation of epoxides
via alkenes may well be important and that, in particular, most of the
2,3-dimethyloxiran formed during the oxidation of n-butane is probably
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produced in this way. We cannot as yet assess the extent to which the
alkene route is involved in epoxide formation but agree that it could well
be significant. We hope in the near future to obtain experimental evi-
dence regarding the relative importance of the “alkenic intermediate”
and “cyclic” mechanisms.

A. Fish: The suggestion that the yield of O-heterocycles is a maxi-
mum when the fuel has a C; chain is supported by the fact that the yields
from 2-methylpentane (2) (32% ) and n-pentane (28% ) are similar.
If, as generally agreed, O-heterocycles are formed by the isomerization
and decomposition of alkylperoxy radicals, their formation competes with
the B-scission of hydroperoxylalkyl radicals.

e.g., CH;CHCH,CH,CH, CH;CHCH,CHCH,

- | .
(o]0} OOH
CH,
N\ .
> CH;CH CHCH; + OH
o
B-scission

> CH,;CHO + CH,=CHCH, + OH

It would be interesting to measure the yields of B-scission products from
each n-alkane to determine whether they complement the yields of
O-heterocycles.

It is somewhat disturbing that no O-heterocycles are formed by
rupture of primary C-H bonds of n-pentane and n-hexane. In the oxida-
tion of isooctane (4, 5), the major O-heterocyclic products are 2-tert-
butyl-3-methyloxetan and 2,2,4,4-tetramethyltetrahydrofuran; the absence
of 2-isopropyl-3,3-dimethyloxetan suggets that the 2,2,4-trimethylpent-5-
ylperoxy radical (and not the 2,24-trimethylpent-3-ylperoxy radical) is
the precursor of 2-tert-butyl-3-methyloxetan. It is therefore likely that
the tetrahydrofuran derivatives formed during oxidation of isooctane and
2-methylpentane are also formed via primary alkylperoxy radicals. Also,
the oxetans from 2,2-dimethylbutane (5), neopentane (6), and isobutane
(7) must necessarily be formed via primary radicals. These facts are
consistent with the probability that the unselective radical ‘OH is the
entity which attacks the alkane. It seems surprising then that O-hetero-
cycles are not formed by attack of primary C-H bonds during the oxida-
tions of n-pentane and n-hexane, particularly since such reactions have
been established under different conditions (1, 3). These n-alkanes have
lower primary H/total H ratios (r) than the branched alkanes discussed
above. Indeed, the fraction (f) of O-heterocycles formed by rupture of
primary C-H bonds is an increasing function of r(n-hexane: f = 0, r =
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0.43; n-pentane: f — 0, r = 0.5; n-butane: f — 0.42, r = 0.6; 2-methyl-
pentane: f = 0.94, r — 0.64; isooctane: f = 1, r = 0.84; 2,2-dmiethyl-
butane: f = 1, r — 0.86; isobutane: f = 1, r = 0.9; neopentane: f = 1,
r = 1), but it is difficult to see why f should increase so rapidly in the
range 0.5 < r < 0.65.
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Slow Combustion of Ketones
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The slow combustion reactions of acetone, methyl ethyl
ketone, and diethyl ketone possess most of the features of
hydrocarbon oxidation, but their mechanisms are simpler
since the confusing effects of olefin formation are unimpor-
tant. Specifically, the low temperature combustion of ace-
tone is simpler than that of propane, and the intermediate
responsible for degenerate chain branching is methyl hydro-
peroxide. The Arrhenius parameters for its unimolecular
decomposition can be derived by the theory previously de-
veloped by Knox. Analytical studies of the slow combustion
of methyl ethyl ketone and diethyl ketone show many simi-
larities to that of acetone. The reactions of methyl radicals
with oxygen are considered in relation to their thermo-
chemistry. Competition between them provides a simple
explanation of the negative temperature coefficient and of
cool flames.

Although the combustion of many substituted hydrocarbons—e.g., alco-

hols and aldehydes—has been thoroughly investigated (25), the
combustion of ketones has been strangely neglected, even though these
compounds are frequently produced in the partial combustion of hydro-
carbons, and acetone has been used as a fuel in high performance internal
combustion engines. The only previous studies devoted specifically to
the combustion of ketones are by Steacie (32) and by Bardwell and
Hinshelwood (4, 5, 6, 7), although there are a few passing references to
ketone combustion elsewhere (3, 24, 26). Finally, during this work a
paper on the cool flames of some ketones (and esters) was presented by
Hoare et al. (18).

Experimental

Our investigations have been concerned with acetone (8), methyl
ethyl ketone, and diethyl ketone, and have been conducted in a static

98
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system following the reaction by pressure change and by detailed chemi-
cal analysis. The principal analytical methods have been described (8).

Results and Discussion

The three compounds exhibit the major superficial features of hydro-
carbon combustion; the pressure-time curves are sigmoidal, and the rate
of reaction, as given by (dAp/dt)max, exhibits a region of negative tem-
perature coefficient.

0.0

log (maximum rate), mm. /min.

| L |
14 16 1.8

103/7,°K.

Figure 1. Variation of maximum rate of reaction with
temperature

Upper, 40 mm. of diethyl ketone + 40 mm. of oxygen
Center, 50 mm. of methyl ethyl ketone + 50 mm. of oxygen
Lower, 100 mm. of acetone + 100 mm. of oxygen

The increasing reactivity as the homologous series ascends is illus-
trated in Figure 1. All three ketones show cool flames; the cool-flame
limits (35) of acetone are shown in Figure 2.

The cool flames of acetone and of methyl ethyl ketone show some
interesting differences (Figure 3). The successive cool flames of acetone
are of similar character, but decreasing amplitude; the cool flames of
methyl ethyl ketone are of two distinct types. In the example illustrated
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350 |-
o % COOL FLAMES
°. 3COOL FLAMES <
4 coOL
300 FLAMES

| | |
400 500 600

Initial Pressure, mm.

Figure 2. Cool flame limits for an equimolar acetone-oxygen mixture (35)

Methyl
ethyl
Ketone

100 mm.

15 sec.

_

Figure 3. Cool flames of acetone and methyl ethyl ketone (35)

Left, 300 mm. of acetone + 300 mm. of oxygen at 320°C.
Right, 250 mm. of methyl ethyl ketone + 250 mm. of oxygen at 308°C.
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in Figure 3, flames 1 and 4 are sharp and intense, whereas flames 2, 3,
and 5 are less intense and slow.

In a discussion of the mechanism it is convenient to consider three
combustion regimes, one operating above about 400°C., another below
320°C., and the third between these temperatures, and within which
under appropriate conditions cool flames may occur.

High Temperature Reaction. Reaction in the high temperature
regime produces carbon monoxide, water, methane, formaldehyde, and
methanol (8); the two higher ketones also form ethylene (1). The
intermediate responsible for chain branching appears to be formaldehyde.
The concentration of formaldehyde and the rate of reaction run parallel
over the whole of the reaction, as shown in Figure 4 for diethyl ketone.

Adding formaldehyde reduces the induction period without effect
on the rate, until the induction period is zero; further additions increase
the rate (see Figure 5).

A mechanism which explains these main experimental facts is the
following. Methyl ethyl ketone is taken as the typical example.

mrration  CH,CH,COCH, + O, — CH;CHCOCH;, + HO,’ (1)

PROPAGATION CHZCHCOCH, — CH,CH, + COCH, (2)
CH,CO' (+M) — CHj' + CO (+M)
CH, + O, = HCHO + OH"
R'(CHy', OH', HO,') + CH,CH,COCH, =
RH(CH,, H,0, H,0,) + CH;CHCOCH,
The hydroxyl radical is typically nonselective, and will give

CH,CH,COCH; and CH;CH,COCH,, in addition to CH;CHCOCHj.
The first of these yields ethylene readily, but there was no evidence of
ketene formation by pyrolysis of the second, which therefore probably
disappears by another path.

BRANCHING HCHO + 0, — HO," + HCO
HCO + 0, = HO," + CO
TERMINATION HO," — wall
2HO,” = H,0, + O,
Allowance must also be made for some oxidation of the 3-keto~2-butyl
radicals since the yield of ethylene is less than-expected if the thermal

decomposition (Reaction 2) were the only fate of the 3-keto-2-butyl
radicals.
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Figure 4. Variation of formaldehyde and rate of re-
action throughout the reaction of 40 mm. of diethyl
ketone + 40 mm. of oxygen at 400°C. (1)

@ Formaldehyde, left axis
O (dAp/dt)maz, right axis
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Figure 5. Effect of addition of formaldehyde on slow
combustion of 40 mm. of diethyl ketone and 40 mm. of
oxygen at 400°C. (1)

O (dAp/dt)maz, left axis
@ Induction period, right axis

The primary oxidation step must be, in the case of the 3-keto-2-butyl
radical,

CH,CHCOCH, + 0, = CH,CHCOCH,

o0—O
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followed by isomerization or decomposition of the 3-keto-2-butylperoxy

radical.
Possible reactions include (14, 15, 16, 34):

CH,CHO + CO + ‘'OCH,

/———- CH,CHO + CO, + CH,

CH,CHCOCH, N )
CH,CHCOCH,

0 o OOH

CH,CHCOCH,
HOO
followed by pyrolysis of the hydroperoxy radicals.

CH,CHCOCH, —> CH,CHO + CH,CO + OH'
| (not detected)

OOH
CH3CHCOCH2 —_— CH,;CHCOCH, + OH*
OOH \O/
(not detected)
CH3(|JHCOCH2 —_— CH,CHCH, + CO + OH’
OOH (0]
(detected)
CH,CHCOCH, _— CH,CHCOCH, + OH’
\/
HOO 0
(not detected)

CH,CHCOCH; — CH,:CHCOCH; + HO,’
| (detected)
HOO
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Methyl vinyl ketone may also arise by:
CH,CHCOCH; + 0, — CH,:CHCOCH, + HO,

The detection of 1,2-propylene oxide in the products from methyl
ethyl ketone combustion is particularly interesting. It parallels the for-
mation of ethylene oxide in acetone combustion (8) and of 1,2-butylene
oxide in the combustion of diethyl ketone. Thus, there is apparently a
group of isomerization reactions in which carbon monoxide is ejected
from the transition state with subsequent closing of the C—C bond.
Examination of scale molecular models shows that reactions of this type
are, at any rate, plausible geometrically.

The products which can only arise by RO, isomerization are none-
theless formed, but only in small amounts. Under typical conditions,
about 2% of the ketone reacts to form the corresponding epoxide.

Low Temperature Reaction. Reaction in the low temperature regime
below 320°C. is of a different character. The products include carbon
dioxide and significant quantities of peroxy compounds, as well as carbon
monoxide, water, formaldehyde, and methanol, but methane and ethylene
are formed only in traces. The peroxy compounds comprise hydrogen per-
oxide from all three ketones, methyl hydroperoxide from acetone (8) and
methyl ethyl ketone (1), and ethyl hydroperoxide from diethyl ketone
(1). Methyl ethyl ketone also gives large amounts of peracetic acid (I).

Methyl ethyl ketone is unique, in that long and irreproducible induc-
tion periods were observed; on occasion, reaction ensued only after 7
hours and then was completed within 10 minutes. During the long induc-
tion period the only detectable product was methanol. No convincing
reason can be advanced to account for this anomalous behavior. The
virtual absence of ethylene from the products of the low temperature
slow combustion of methyl ethyl ketone strongly suggests that the low-
temperature mechanism proceeds almost exclusively by further oxidation
of the radicals produced by hydrogen abstraction from the parent ketone.

For acetone we believe that the reactions involved in the low tem-
perature regime are (8):

CH,COCH, + 0, — CH,COCH,’ + HO,’

CH,COCH, + 0, = CH,COCH,

‘o—(I) ~

CH, + CO, + HCHO

CH,0 + CO + HCHO



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch033

33. BARNARD  Combustion of Ketones 105

Figure 6 shows the variation of peroxide concentration in methyl
ethyl ketone slow combustion, and similar results, but with no peracid
formed, have been found for acetone and diethyl ketone. The concentra-
tions of the organic peroxy compounds run parallel to the rate of reaction,
but the hydrogen peroxide concentration increases to a steady value.
There thus seems little doubt that the degenerate branching intermediates
at low temperatures are the alkyl hydroperoxides, and with methyl ethyl
ketone, peracetic acid also. The two types of cool flames given by methyl
ethyl ketone may arise from the twin branching intermediates (1) ob-
served in its combustion.

There is further evidence for the role played by methyl hydroper-
oxide in the low temperature combustion of acetone. Knox (23) showed
that if one assumes a simple basic chain mechanism for oxidation, then
the acceleratiog constant, ¢, which characterizes the exponential accelera-
tion to maximum rate, is given by

¢ = nakbk‘,[RH] /kt - (kb + kd)

where n — number of new chain-propagating radicals produced in the
branching step

a = fraction of the main chain steps leading to the formation
of the degenerate branching intermediate, I

k, = rate constant of the branching reaction

k, = rate constant of the propagating step

k; = rate constant of the termination reaction

ks = rate constant of the nonbranching destruction of 1

Now values of ¢ are already obtained from plots of log Ap vs. time,
and if we assume that k; is negligible and that all the main chain steps
yield the branching intermediate, and hence that « = 1 and is inde-
pendent of [RH], then a plot of ¢ vs. [RH] should yield a straight line
with an intercept equal to k.

For the low temperature slow combustion of acetone (21), k; has
been obtained by this method at four temperatures. The corresponding
Arrhenius plot is a good straight line with the equation:

k, = 101263 exp (—38,500/RT) sec.”!
If the branching reaction is
CH;00H — CH,0" + OH"

the activation energy should be close to the dissociation energy of the
O—O bond. Benson (13) has estimated AH;°(CH3;00H) to be —32.1

keal. per mole, and AH,°(OH) is 8.0 kcal. per mole. Some uncertainty
surrounds the value for AH;°(CH;30), Gray and Williams (17) giving
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—0.5 kcal. per mole, while Benson (11) prefers 2.0 kcal. per mole. These
figures combine to place the O—O bond dissociation energy in methyl
hydroperoxide in the range 39.6 to 42.1 kcal. per mole. Our experimental
value is in satisfactory agreement with this.

Little can be said about the pre-exponential factor. It is lower than
that reported by Kirk and Knox (20) for the decomposition of ethyl and
tert-butyl hydroperoxide, but it is still in the expected range for a uni-
molecular fragmentation into two radicals (9).

< .
=3 —03 E
:
€ ©
< 8
-g 2 —10.2 cEa.
[+ o
g -
s 5
= | -0l 5
(=2

= a

| 1

1
5

10 15 20
Ap, mm.

Figure 6. Concentration of peroxy compounds and rate
of reaction throughout reaction of 50 mm. of methyl
ethyl ketone and 50 mm. of oxygen at 250°C. (1)

A C«Ap)/dtmac, left axis
@ CH,OOH, right axis

O H,O., right axis

® CH,COOOH, right axis

Intermediate Temperature Reaction and Negative Temperature
Coefficient. The change-over in the mechanism in the slow combustion
of acetone between the low and high temperature regimes can be under-
stood in terms of a change in the products of methyl radical oxidation.
Below 350°C., methylperoxy radicals will be present in large concentra-
tions relative to methyl, as shown by the independent calculations of
Benson (12) and Knox (22). They can disappear by two paths, either
by hydrogen abstraction if there is a donor with a sufficiently labile
hydrogen,

CH,00" + RH — CH,00H + R' (3)

or decomposition, for which the most likely route is Reaction 4.
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H
l
H—C—O0O0' — "CH,00H — CH,0 + OH" (4)

|
H

Radical-radical reactions such as
CH,0, + RO, = O, + CH;0" + RO’

which are, of course, well known in the liquid phase (2), can be shown
to be unimportant at [RO;] < 10%M. At 300°C. this corresponds to a
pressure of RO, radicals of between 0.01 and 0.1 mm., which seems
implausibly high. Consequently such radical-radical reactions are not of
major significance in the main chain steps.

Now the ability of HO, to abstract hydrogen from alkanes such as
ethane, and thus propagate a chain reaction at temperatures around
300°C., has recently been questioned, it being convincingly argued that
once the reaction rate has become appreciable, mutual reaction of HO,’
radicals will be faster than abstraction, which possesses a substantial
energy barrier. Since the thermochemistries of abstraction reactions by
HO," and CH;0;' are quite similar, it may be doubted whether hydrogen
abstraction by CH30, will be sufficiently fast to compete effectively with
other reactions of this radical.

However, with tertiary C—H bonds whose strength is about 91.5
keal. per mole (33) and with fuels containing resonance-weakened C—H
bonds, abstraction can take place readily.

The C—H bond strength in acetone has not been measured, but a
reasonable estimate (8), based on the empirical rule of Semenov (30),
leads to a value of about 92 kcal. per mole. Benson (10) and Kerr (19)
have independently suggested a similar value, which they regard as an
upper limit.

In the light of these estimates, Reaction 3 does not seem unreason-
able; it would be about 2 kcal. per mole endothermic, and might there-
fore be expected to have an activation energy of about 8 kcal. per mole,
and a pre-exponential factor of around 2 X 1072 cc. molecule™ sec.™ (12).

The competing decomposition Reaction 4 is about 26 kcal. per mole
exothermic but is likely to possess a fairly large activation energy. There
is no reliable way of estimating this, but Semenov (31) has inferred a
value of around 20 kcal. per mole, which seems reasonable but is perhaps
on the low side. The transition state is a strained four-membered ring,
and we may justifiably expect a low pre-exponential factor, say 102 per
second.

If k3 =2 X 10722 exp [ —8000/RT] molecules cc. sec.” and k, = 102
exp [ —25000/RT1] sec.™, then at 100 mm. of acetone pressure Reactions 3



Published on January 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0076.ch033

108 OXIDATION OF ORGANIC COMPOUNDS—II

and 4 proceed at equal rates at about 375°C. Below this temperature
methyl hydroperoxide is the predominant product from methyl radical
oxidation, and its formation leads to chain branching in acetone slow
combustion. The same is true for diethyl ketone, but with ethyl hydro-
peroxide ethyl peroxy is less stable than methyl peroxy, and consequently
the region of negative temperature coefficient begins at a lower tempera-
ture for diethyl ketone than for acetone. For methyl ethyl ketone, there
is the further complication that peracetic acid may also act as a branching
agent. Its formation may be linked with the production of large quanti-
ties of acetyl radicals at fairly low temperatures.

0, RH
CH,CO’ = CH,CO; — CH,CO,H
Reverting now to acetone combustion, no methane could be detected
at 284°C., whereas at 498°C. about 0.7 mm. was formed per millimeter
of acetone consumed. The explanation of this can be seen in the shift
of the equilibrium in Reaction 5

CH; + O, = CH,;0, (5)

to the left as the temperature is raised. Hence, methyl radicals do not
necessarily disappear solely by oxidation but may themselves abstract
hydrogen. Furthermore, the decomposition path (Reaction 4) becomes
increasingly important, and the main product of methyl radical oxidation
becomes formaldehyde. Since formaldehyde cannot bring about branch-
ing by

HCHO + 0, = HCO + HO,’

until moderately high temperatures (400°C. and above) are reached, the
reaction rate falls in the region just below 400°C. In this connection it
may be significant that upward swings of all the Arrhenius curves in
Figure 1 commence at roughly the same temperature.

Cool Flames. Cool flames are confined, roughly speaking, to the
temperature regime which exhibits the negative temperature coefficient
of the rate. The flames are clearly nonisothermal, and the light emission
which is most intense at the end of the maximum rate period is probably
caused by radical-radical reactions (27, 28) such as

CH,O’ + OH' => HCHO* + H,0
and
CH,0, + HO," = HCHO* + H,0 + O,

which are sufficiently exothermic to give formaldehyde in its first excited
electronic level, which lies some 77 kecal. above its ground state.

As a tentative explanation [which follows the ideas of Salnikov (29),
and others (4, 5, 6, 7, 27)] we may suggest the following. Imagine a
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situation where the slow combustion is proceeding quickly—e.g., acetone
at 320°C. and 350 mm. pressure. The reaction is exothermic, and the
temperature rises (35).

The increased temperature results in an increased rate of destruction
of the branching intermediate (methyl hydroperoxide) with a consequent
further increase of the rate, but also a decreased rate of formation of
fresh hydroperoxide since Equilibrium 5 is displaced to the left, and the
alternative reactions of methylperoxy increase in rate faster than that
leading to formation of hydroperoxide. Consequently the quasi-stationary
concentration of methyl hydroperoxide falls, and the rate of reaction
declines since the new product of methyl oxidation—formaldehyde—
cannot bring about branching at these temperatures. The temperature
of the reaction mixture falls (because the rate has fallen), and when it
has fallen sufficiently, provided sufficient of the reactants remain, the
whole process may be repeated, and several further flames may be
observed.

This explanation is supported by the work of Bardwell and Hinshel-
wood (6), who found that the peroxide concentration built up expo-
nentially just before the passage of each cool lame and that immediately
after the cool flame the peroxide concentration had fallen sharply.

The complicated situation in which methyl radicals participate in
the equilibrium with oxygen and methylperoxy and the methylperoxy
radicals can react further by at least two alternative routes, is capable
of explaining many of the features of acetone slow combustion. Similar
arguments, with appropriate modifications, can be developed for the
combustion of other fuels.
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In the last stages of hydrocarbon oxidation, by both the low
and high temperature mechanism, when the oxygen con-
centration is low, a new phenomenon appears—the pic
d’arrét. The methodical study of the reaction of propane
and oxygen at various pressures, temperatures, and con-
centrations indicates three different aspects of the slow
oxidation. When the pic d’arrét occurs, the analysis of
some reaction products indicates an increase in the amounts
of methane, ethane, acetaldehyde, ethyl alcohol, propyl alco-
hol, and especially isopropyl alcohol, and a decrease in the
formation of hydrogen peroxide and olefin. All these results
are explained by radical reactions such as: R + ROy (or
HO,) - ROOR — 2 RO — oxygenated products and
R 4+ R — RR.

T he systematic use of new physical methods to study gas-phase hydro-
carbon oxidations [light emission (6, 8), gauge pressure transducer,
and more recently the reaction rate vs. time (15, 16), or vs. pressure (16,
18)] has revealed a new phenomenon—the pic d’arrét—in the final stages
of the reaction between 250° and 400° C. (6, 8, 15, 16).

The pic d’arrét is characterized by a sharp increase in light intensity
emitted by the reaction and by a sudden but temporary acceleration of
the reaction. At high temperatures it is possible to observe the pic darrét
for methane, ethane, propane, butane, and pentane, with distinguishing
features for each (17).

We investigated the oxidation of only propane at the high tempera-
ture (430°C.) pic d’arrét—first with factors affecting the type of reaction,
then with analyses for some reaction products (aldehydes, hydrogen
peroxide, alcohols, and hydrocarbons). All experimental data can be
explained by a radical reaction mechanism which is discussed.

111
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Experimental

Oxidations were carried out under static conditions in a thermo-
statted 30-cc. silica vessel mounted in a furnace. Hydrocarbon-oxygen
mixtures, prepared in a storage bulb at room temperature, were admitted
to the reaction vessel by momentarily opening a tap.

The development of the reaction was followed by measuring pressure
change (Ap), light emission (I), reaction rate (dAp/dt), and by chemi-
cal analysis. Pressure rise was recorded by a pressure transducer
(A.C.B. 504H). Reaction rate (dAp/dt — W) was obtained by using a
resistance-capacity circuit of suitable time constant, § = RC (16, 18),
appropriate to the branching factor of the reaction, ¢. It was possible to
record simultaneously pressure rise vs. time and rate vs. time or rate vs.
pressure rise.

Light emission was recorded with an IP 21 R.C.A. photomultiplier
tube in the range 3000-7000 A. Interference filters (spectral bandwidth
AX = 100-140 A.) showed that the light emission of the pic d’arrét arises
from the same emitter as that from the slow reaction—probably excited
formaldehyde (16). The pic darrét appears as a clear pulse on the record
of light intensity vs. time (Figure 1).

The reaction was stopped at convenient stages for analysis by with-
drawing the mixture rapidly. The products were analyzed in three sepa-
rate series of runs (aldehydes and peroxides, alcohols, hydrocarbons).
Each arrow in Figures 1, 2, and 3 indicates the moment at which the
products were analyzed.

Formaldehyde, total aldehydes, and hydrogen peroxide were ana-
lyzed in aqueous solution by a polarographic method (17) similar to that
of Mac Nevin and Sandler (9, 10, 12).

Methanol, ethanol, n- and isopropyl alcohol and allyl alcohol were de-
termined by gas chromatography on a 3-meter column packed with 15%
Hallcomid on 60-80 mesh acid-washed Chromosorb. Methane, ethane,
ethylene, and propylene were also determined by gas chromatography
using a 3-meter column packed with 60-80 mesh activated alumina.
Products were identified by comparing their retention times with those
of pure standards.

Results

Reaction Zones. Pressure-temperature (Figure 4) for a 1 to 1
propane-oxygen mixture or pressure-concentration curves (Figure 5) at
429°C. show three regions for both the low and high temperature
combustions.

Region 4: slow reaction
Region 5: slow reaction with pic d’arrét
Region 6: cool flames

Low Temperature Zone 5
250°-350°C. l

Region 1: slow reaction
Region 2: slow reaction with pic d’arrét
Region 3: normal flames

High Temperature Zone ‘
400°-600°C. l
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Between 350° and 400°C. the two major regimes interact. Considering
the 429°C. isotherm (Figure 5), Regions 1, 2, and 3 are observed. Region
2 may be subdivided further into two subregions: Region 2’ and Region
2”. Therefore, there are three regions of slow reaction:

(1) Slow reaction without pic darrét (Region 1)

(2) Slow reaction with pic d’arrét after the maximum rate (Region
2’)

(3) Slow reaction where the maximum rate and the pic darrét are
superimposed (Region 2”)

Locating the isobar at 300 mm Hg (Figure 5) we can successively
traverse these three regions, and the reaction rate (W) and light emission
(I) are similar for each region to those in Figures 1, 2, and 3. As the
hydrocarbon concentration increases, the pic d’arrét occurs nearer the
maximum rate of reaction, and when the mole fraction of the hydrocarbon

exceeds 75%, the two coincide. How do the reaction products change at
the pic darrét?
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Analysis. The results of the polarographic and chromatographic
(16) analyses of the reaction products in the three regions described
above are discussed below.

Recion 1 (MoLeE FracrioN oF Propane < 25% ). Figure 2 (%
CsHs = 20) shows that the yields of aldehydes, and hydrogen peroxide
follow the reaction rate approximately. Yields of alcohols and olefins pass
through maxima. Methane is formed according to a sigmoid curve,
the maximum rate of formation occurring simultaneously with the maxi-
mum reaction rate. The yield of ethane is always small.

RecioN 2 (MoLE FRACTION OF PROPANE BETWEEN 25 AND 75% ).
Figure 1 (% C3Hg = 30) shows that the formation of products in the
early stages is similar to that observed in Region 1. However, when the
pic darrét appears, notable differences occur. The yields of acetaldehyde,

A)

\\\ Normal Flames 28 I/

\\ 45 @
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Figure 5. Regions of ignition, slow reaction with and,

without the pic d’arrét in propane oxidation at 429°C. Bars

on the normal flames boundary represent experimental

points and numbers on this curve signify duration of induc-

tion periods (in seconds). IZumbered regions are defined in
the text
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ethanol, propyl alcohol, and especially isopropyl alcohol and ethane
increase, and the maximum rate of methane formation occurs not at the
maximum reaction rate but during the pic darrét. Yields of hydrogen
peroxide and olefin decrease.

Recion 2”7 (MoLe Fraction oF ProPaNE > 75% ). Figure 3 (%
C;Hg = 85) shows that the effect of pic d’arrét on the formation of main
products is similar to that for Region 2’ but less clear-cut.

Discussion

As the mole fraction of propane in the mixture increases, the pic
d’arrét occurs closer to the maximum reaction rate. Further, the pressure
rise between the start of the reaction and the pic d’arrét is independent
of the initial hydrocarbon pressure and depends only on the oxygen
pressure at a given temperature (16, 18). These observations combined
with the rapid quenching of luminescence after the pic darrét are con-
sistent with the complete exhaustion of oxygen at about this point in the
reaction (2, 4, 11) and may be analogous to that of the “oxygen cut-off”
observed during liquid-phase oxidations (7, 19). At low temperatures
we believe that the pic d-arrét arises when previously formed peroxy
radicals disappear by reactions with the alkyl radicals, favored by low
oxygen concentration, leading to oxygenated products and hydrocarbons.

R + RO, (or HO,') = ROOR — 2 RO" — oxygenated products (1)
R+ R"— R—R (2)

Oxygenated Products. The formation of peroxy radicals at higher
temperature depends on the competition between the reactions (I, 3,
13,14):

C,H; + 0, = C,H; + HO,’ (3)
C;H; + 0, 2 C,;H,00 (4)

It is possible that HO, reacts with alkyl radicals, but it cannot be
the sole reaction responsible for the formation of oxygenated products
during the pic darrét since the HO, radical concentration becomes very
high at 450°-500°C., while the pic d’arrét disappears (Figure 4).

We therefore believe that the pic d’arrét always arises from reactions
of alkylperoxy radicals rather than of HO, radicals, and indeed that it
can act as a “peroxy radical tracer” occurring when a critical peroxy
radical concentration is achieved. Its disappearance at a certain tempera-
ture and reappearance at a higher temperature (see 250-mm. Hg isobar
in Figure 4) after the region of negative temperature coefficient is in
agreement with this view.
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At the end of reaction the initial hydrocarbon concentration is
still important, but there are also many other hydrogen donors. Thus, in
the absence of oxygen, reactions of alkoxy radicals will lead to aldehydes
by pyrolysis and to alcohols by abstraction. Let us examine these two
possible reactions for each alkoxy radical.

Aldehydes are obtained by cleavage of the C—C bond in the o
position of C—O bond according to the following reactions:

CH;0' — CH,O0 + H AH = 25 kcal. per mole (5)
C,H;0" — CH,0 +CH;y AH=13 (6)
C;H,0" — CH,0 +C,Hy AH=10 (7)
i-CgH,0' > CH,CHO +CHy AH= 6 (8)

All these reactions are endothermic and have high activation energies.
The observation that acetaldehyde concentration rises during the pic
darrét while that of formaldehyde decreases suggests that only the last
reaction is important and that formaldehyde is formed by oxidation (e.g.,
of CHj3) rather than by pyrolysis.

Since the burst of illumination is caused by excited formaldehyde,
as we have previously shown (15, 16), we should observe an increase in
formaldehyde unless it is formed in small amounts in a very energetic
reaction such as:

CH3;O" + CH;0' = CH;OH + CH,0 AH = — 81 kcal. per mole (9)
CH;O' + OH' — CH,O + H,0 AH = -101 (10)
CH;0' + CH;; — CH, + CH,0 AH=- 81 (11)

These reactions become all the more important when the oxygen con-

centration is low and the concentrations of alkoxy and particularly

methoxy radicals increase. Thus, the sudden onset of the final stage of

the reaction is explained by the conversion of peroxy radicals in the

absence of oxygen to the much more reactive alkoxy radicals (5).
Alcohols are formed by hydrogen abstraction:

RO’ + AH — ROH + A’ (12)

The explanation for the slow decrease in methanol is the same as for
formaldehyde. The dramatic increase in the yields of ethyl and propyl
alcohols at the pic d’arrét clearly indicate the importance of abstraction
reactions of the type above and of the appearance of alkoxy radicals at
this point in the reaction.

The predominance of isopropyl alcohol over n-propyl alcohol is
readily explained since abstraction of the secondary H atoms in propane
by free radicals will be easier than abstraction of the primary H atoms,
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thus leading predominantly to secondary propylperoxy radicals and sec-
ondary propoxy radicals.
The behavior of hydrogen peroxide is determined by the reactions:

C;H; + 0, = C;Hg + HO, (3)
C;H; + HO, — C;H; + H,0, (13)
H,0, + M = 20H + M (14)

The faster disappearance of hydrogen peroxide at the pic d'arrét can be
explained by the failure of Reaction 3, owing to the exhaustion of oxygen
while Reaction 14 continues.

Hydrocarbon Formation. Biradical or abstraction reactions such as:

R+ R —RR
R "+ AH—RH + A

lead to ethane and methane. The decrease in olefin formation is caused
by the complete oxygen consumption and consequently by the disappear-
ance of Reaction 3.

< *
\\9‘\% CHy0®— CH,0+hv
. .chs .
CH30" === CH0+H

'\
4&\\ .
CH3OH + A= -~

! vy CoHg
RH+A' L CHp0 + CH3
CoHg0" 2~ AN CH, + A — e
2Ms
|AH \~£2u5u e
R'+ RO — [ROOR]— 2RO’
R (HO2) _ - CHy0 +CoHs BB g+ A-oe
n-C3H, 0"
3t
R NGt OH + Ao
o3 CoHg

Figure 6. Mechanism of pic d’arrét

Conclusion

The mechanism of the pic darrét is shown in Figure 6. All under-
lined compounds have been found in the reaction products. The sug-
gested mechanism seems justified; it leads to alkoxy radicals, which are
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characterized by light emission, aldehydes, and alcohols. A secondary
outcome is the formation of methane and ethane (owing to oxygen de-
ficiency) as well as a more rapid disappearance of hydrogen peroxide
and olefin. For each zone, the reaction’s behavior is different. Hence,
each reaction should be analyzed after these zones have been studied
carefully.
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Discussion

Frank R. Mayo: Although Dr. Sochet and his co-workers have made
a persuasive case for associating the pic d’arrét with the nonterminating
interactions of alkyl and alkylperoxy radicals, I have some comments on
their scheme. First, the work of Knox (1, 2) also shows that the oxidation
of propane gives propylene as the principal primary product. That the
concentration of propylene goes through a maximum shows that it is
oxidized further, and preferentially, as the chain carrier changes. Acetal-
dehyde and formaldehyde are expected major products, but their high
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reactivities permit only very low steady state concentrations. These con-
siderations suggest that the alkyl radicals of Dr. Sochet may be coming
from decarbonylation of aldehydes and of acyl radicals and decarboxyla-
tion of acyloxy radicals as well as from alkoxy radicals. Even at the
pic darret, there are probably more alkylperoxy than alkoxy radicals
(from reactivity considerations), and thus aldehydes are more likely to
arise from interaction of one radical of each type than from two alkoxy
radicals.

The apparent absence of acetone is surprising. It should be an
important product of chain termination by two isopropylperoxy radicals
and it should survive further oxidation as well as isopropyl alcohol. I
wonder if the authors looked for acetone, and if they could find it if
they added it to the feed. Its changing concentration could clarify the
changing termination mechanisms.

An increase in rate of oxidation (at steady rate of initiation) as the
oxygen pressure approaches zero would be unprecedented in liquid-phase
oxidations at and below 100°C. However, Dr. Sochet’s work suggests
that a maximum in the steady rate of a liquid-phase oxidation might
appear at a low oxygen pressure at some temperature above 150°C.
This phenomenon might be investigated for its bearing on practical
oxidations.
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L. R. Sochet: The term used by Dr. Mayo—"the maximum rate of
pressure change”—leads to ambiguity. It is better to talk of the sudden
but temporary increase in the over-all rate of reaction which occurs at
the same time as an increase in light emission, after the maximum rate of
reaction (Figure 1).

Effectively, we must compare the symmetrical and crossed terminat-
ing or nonterminating reactions of alkyl radicals with alkylperoxy radicals.

R + R — RR (1)
RO, + RO, = 2RO’ + O, (2)
R’ + RO, = ROOR — 2 RO’ (3)

Reaction 1 is a terminating one, which accounts for the formation of
ethane and probably methane connected with the appearance of the pic
darrét (Figure 1).

Heicklen (1) gives for the two last reactions k; = 10°4 mole™ 1. sec.™
and k; — 1088 mole 1. sec.”. The ratio of the corresponding rates will
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be W,/W3 — 10%¢ [RO>']/[R’]. As a first approximation if we assume
that the reaction R° + O, = RO, is an equilibrium, we have Wy/W3 —
10°¢ [O,] K. Benson (2) proposes K., — 103! mole™ 1 for the
isopropyl radical at 430°C. It is possible to calculate the ratio W,/W,
for different oxygen pressures.

Po,,mm. Hg: 150 15 1.5 0.15
Wy /W 55 55 05 005

This clearly shows that Reaction 3 becomes more important when the
oxygen concentration in the mixture is low. Our measurements (3) of
oxygen concentration, just before the pic d’arrét occurs, indicates that
this concentration is sufficiently low.

During the reaction, propylene concentration goes through a maxi-
mum followed by maxima in aldehyde concentration. However, with the
pic darrét there is simultaneously an increase of aldehydes and alcohols
(ethanol, n- and isopropyl alcohol). Consequently, alcohols are not
formed by aldehyde oxidation, and we must find a new source of alkoxy
radicals to explain the experimental facts. It is likely that Reaction 3
would be the right one. This reaction becomes important only when
oxygen concentration in the mixture is low and accounts for the sudden
increase in the rate of reaction. The subsequently decreasing rate is
caused by the complete consumption of oxygen (3, 4) [analogy with
oxygen cut-off (5) or oxygen drop (6) in liquid phase] and the disap-
pearance of Reaction 3 which is replaced by the terminating Reaction 1.

We also must remark that there is no increase in methanol concen-
tration with the pic d’arrét, and the mechanism proposed by Dr. Mayo
does not account for the formation of n- and isopropyl alcohol even if
we consider propionaldehyde.
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Reactions of Hydrocarbons in Slowly
Reacting Hydrogen—Oxygen Mixtures

R. R. BALDWIN, C. J. EVERETT,’ D. E. HOPKINS, and R. W. WALKER
The University, Hull, England

Traces of hydrocarbons have been added to slowly reacting
H, + O, mixtures in aged boric-acid-coated vessels at 480°—
500°C. Measurements of hydrocarbon loss and H;0O for-
mation have enabled relative velocity constants for the
attack of the radicals H, O, OH, and HO, on the additive
to be assessed for CH, and C,H,. With CH,, the results
also show that CH radicals react at almost equal rates with
H, and O, at 500 mm. Hg pressure, and that the reaction
with O, appears to have both second- and third-order com-
ponents. Detailed analyses of the reaction products obtained
with ethane and neopentane enable the reactions of the
radical produced in the primary attack to be elucidated, and
mechanisms to account for the various products are given.

Much valuable information, particularly of a qualitative nature, on
the mechanism of hydrocarbon oxidation has been obtained by
studying the reaction between the hydrocarbon and oxygen (17) directly.
This approach does have the disadvantage for quantitative studies, how-
ever, that both the nature and relative concentrations of the radicals
involved are controlled by the hydrocarbon and its oxidation products,
and these usually vary during the course of the reaction (13, 14); more-
over, reproducible results are not easy to obtain, presumably because the
surface often acts as an erratic source of chain initiation, chain termina-
tion, or both. This paper describes a useful and complementary tech-
nique, in which small amounts of hydrocarbons and related compounds
are added to slowly reacting H, + O, mixtures in aged boric-acid-coated
vessels at temperatures of about 500°C.; under these conditions the
reaction is highly reproducible.

’ Present address: National Research Council, Ottawa, Ontario, Canada.
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Two types of investigation can be made:

(a) By examining the relative rates of consumption of additive and
formation of water, the relative rates of attack of H, O, OH, and HO,
on the additive can be obtained.

(b) By analyzing the products at various stages in the reaction, the
fate of the radicals produced in the primary attack can be examined.

Provided that the concentration of the additive is kept sufficiently
low, both types of investigation have the advantage that the concentra-
tions of the radicals H, O, OH, and HO, do not alter significantly from
their values in the absence of hydrocarbon and remain relatively un-
altered as the hydrocarbon is consumed. Although quantitative informa-
tion can also be obtained by studying the inhibition of the second limit
by hydrocarbons (2), the present studies are complementary since the
relative concentrations of H, O, and OH differ considerably from those
present at the second limit. Compared with second-limit inhibition
studies, quantitative investigation (a) above has the following advantages:

(a) The results are simpler to obtain.

(b) The interpretation depends much less on knowing the subse-
quent reactions of the radical produced in the primary attack.

(¢) The method can be applied to a much wider range of com-
pounds.

With second-limit studies, product analysis normally serves little
purpose since there is little detectable reaction outside the boundary,
and reaction is effectively complete if explosion occurs. With the slow
reaction this limitation does not arise, and the second aspect of the addi-
tion studies has involved analyzing the oxidation products to obtain
detailed information on subsequent reactions of the radicals formed in
the primary process which removes the hydrocarbon.

A program involving a wide range of additives is planned, and this
paper aims to illustrate the scope of the method rather than to present
full and final details of the results obtained with individual additives.

Experimental

The general procedure has already been described (3). As in previ-
ous studies, a standard mixture was selected containing 0.28, 0.14 mole
fractions of H,, O., respectively, the remainder being N,. Independent
variation of the H, and O, mole fractions could thus be achieved by
interchange with N.. To avoid explosion on entry, one gas (normally H,)
was placed in the reaction vessel, and the remaining premixed gases were
admitted from the mixing bulb. The pressure change was followed 2
seconds after admission of the gases by using a pressure transducer. The
induction period of about 60 seconds which exists at 500°C. proved con-
venient in enabling the base line of the transducer record to be estab-
lished accurately. A Langham-Thomson UP-4 pressure transducer gave
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full-scale recorder deflections for about 30 mm. Hg, while using the S.E.
Laboratories SE 1150 permitted full-scale deflection with 4 mm. Hg or
less. After a suitable time or pressure change, a sample was analyzed.
All carbon-containing compounds were estimated by gas chromatographic
methods, except for HCHO, which was estimated colorimetrically with
chromotropic acid. The concentrations of the major products are prob-
ably accurate to about 2% of their concentration. Greater accuracy was
possible in measuring hydrocarbon consumption by using a sample taken
from the mixing bulb to calibrate the gas chromatographic equipment
immediately before running the test sample. A temperature of 500°C.
was used for CH,, C.H,, and C,H,, while neopentane was studied at
480°C.

Quantitative Kinetic Results

The full mechanism for the Hy 4+ O, reaction in aged boric-acid-
coated vessels involves Reactions 1-4, 7, 8, 10, 11, 14, 14a, and 15, given
below:

OH + H, = H,0 + H (1)
H + 0, = OH + O (2)
O + H, = OH + H (3)
H+ 0, + M=HO, + M (4)
H,0, + M’ = 20H + M’ (7)
H + HO, = 20H (8)
2HO, = H,0, + O, (10)
HO, + H, = H,0, + H (11)
H + H,0, = H,0 + OH (14)
H + H,0, = H, + HO, (14a)
OH + H,0, = H,0 + HO, (15)

Although this scheme can be treated analytically (4) by making
reasonable approximations, it is more satisfactory to use computer pro-
grams. By suitably selecting the velocity constant ratios involved, the
second limit, the induction period preceding slow reaction, and the maxi-
mum rate of the slow reaction can be predicted over a wide range of
mixture composition with root mean square deviations of 1.5, 4, and 4%,
respectively (5). These programs can be modified to include the Reac-
tions 21-24 given below:

OH + RH = H,0 + R (21)
H + RH H, + R (22)
O+RH =OH+R (23)
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HO, + RH = H,0, + R (24)

Although the subsequent reactions of the radical R should be known,
this is not essential if the concentration of added RH is kept sufficiently
low so that the concentrations of the radicals H, O, OH, and HO, are
hardly altered from their values in the uninhibited reaction. This can be
checked easily by measuring the reaction rate in the presence and ab-
sence of the additive, and Table I gives typical results for adding methane
and ethane to the standard mixture (0.28, 0.14 mole fractions of H,, O,
respectively) at 500 mm. Hg and 500°C. Similar results have been ob-
tained for other Hy + O, mixtures.

Table I. Effect of Adding Hydrocarbon on Reaction Rate

Induction Period
Maximum Rate, dP /dt to Half Max. Rate

Hydrocarbon Added (mm. Hg/min.) (sec.)
none 6.10 47
1% CH, 6.20 47
3% CH, 6.40 45
0.1% C,Hg 6.25 50
1.0% C,Hg 8.5 67

Methane loss was usually small (5-20% ) for reasonable amounts of
water formation (AP = 5-20 mm. Hg), so that the initial ratio —d[RH]/
d[H,0] could be taken as A[RH]/A[H,0] with sufficient accuracy for
the analytical treatment discussed below. With computer interpretation,
increased accuracy is possible if the initial concentrations of the various
reactants are replaced by their mean concentrations during the reaction
period. Because it was not considered sufficiently accurate to measure
small differences by gas chromatography, the extent of oxidation was
determined by oxidizing all the products to carbon dioxide, which was
then measured (6). Because of the absence of any significant effect of
methane on the rate, concentrations of methane up to 3% were some-
times used instead of the normal 1%.

As Table I shows, adding 1% ethane has a marked effect on the rate,
so that 0.1% was used for the kinetic studies. With ethane, the rate of
hydrocarbon consumption is much greater, as shown in Figure 1, which
gives the percentage of ethane remaining in the reaction vessel as a func-
tion of AP for three mixtures. For a preliminary interpretation, initial
ratios can be obtained either by taking the initial tangent, or, more
accurately, by using the tangent to the log [C:Hg],/[C2H¢] vs. AP plot,
which is more nearly linear. For more accurate interpretation, numerical
integration can be used to allow for changes in reactant concentration,
while allowance for pressure changes owing to RH oxidation and H;0.
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formation, marginally necessary with methane, become more important
with ethane. Since ethane is significantly consumed before maximum
rate, allowance for the changing H2O. and radical concentration is also
necessary.

H o

. > )
010 AA = 028 014
om = 028 0-71

0-85 0-14

006

0-02

0 ' 8 16 24

Figure 1. Plot of C,H, concentration as a function of pressure change;
51-mm. vessel, 500 mm. Hg, 500°C. The open and closed symbols
represent experiments separated by an interval of 3 months

Although computer treatment is ultimately the most convenient way
to interpret the results accurately, a preliminary analytical treatment is
useful in defining both the reactions involved and the approximate
velocity constant ratios to use in the computer treatment. The analytical
treatment also emphasizes the essential simplicity of the method—i.e.,
despite the apparent complexity of the H, + O: mechanism, the pre-
dominant reactions of the radicals H, O, OH, and HO, are Reactions 4,
3, 1, and 10, respectively. The relative rates of additive consumption and
water formation are determined effectively by the competition between
these reactions and the reactions of the corresponding radical with the
additive, the remaining reactions of the H, + O, system merely affecting
slightly the relative radical concentrations and the rate of water forma-
tion. Thus, with suitable approximations, relatively simple expressions
for —d[RH]/d[H-0O] can be obtained for attack of H, O, and OH on
the hydrocarbon, and the expression for HO, attack is more complex
only because the competition between Reactions 10 and 24 depends on
the HO. concentration.

An analytical treatment is possible if Reactions 8 and 14a, which
are of minor importance, and Reactions 11 and 15 are neglected. Reaction
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11 increases the stationary H.O, concentration, particularly at high H.
concentrations, while Reaction 15 reduces the H,O, concentration, par-
ticularly at low H, concentrations. However, computer calculations show
that the relative concentrations of H, O, and OH are almost unaffected
by the occurrence of these reactions, the absolute concentrations increas-
ing almost proportionally to the H;O, concentration. The HO, concen-
tration increases almost with the half-power of the H;O, concentration
since the main reaction of HO, is Reaction 10. Thus, unless the reaction
HO, + RH plays a major role, the simple analysis given below is valid.

Adding each of the Reactions 21-24 in turn to the simplified H; 4- O
mechanism gives, after reasonable approximations which have been dis-
cussed elsewhere (6), the following expressions:

—d[RH] _ ky[RH]
d[H:0] ki [H]

Since Reaction 1 is the main source of H;O, this simplified expression can
be derived directly from

d[H,0]/dt = k,[OH][Hg]
—d[RH]/dt = ky,[OH] [RH]

~d[RH] _ kgky,[RH]
O+ hu aHO] ~ KE[HIM ®

—d[RH] ks> [RH]

OH + RH

(a)

o R 0] ~ KIOIM “
—d[RH] _ k., [RH]
HO, + RH aH01 = @bk o /Ege @

All these derivations assume that radical R is converted to oxidation
products and that it does not reform the hydrocarbon. The relations are
summarized in Table II, which also includes the experimental results for
methane and ethane.

Table I allows for the increase in M and M’ with increasing Hs mole
fraction, which is equivalent to an apparent order of 0.3 with respect
to H2.

With methane, the marked dependence of —d[RH]/d[H:0] on H,
concentration suggests that O or OH is the dominant attacking radical.
The small effect of total pressure, as well as other evidence (6), rules out
attack by O. The marked positive power in O, cannot, however, be
explained by the existing reactions since introducing either Reaction 22
or 24 would create a negative power in Q.. The only feasible explanation
is competition between the reactions:

CH; + H, = CH, + H (26)
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CH; + O, = Oxidation Products (27)

This competition was omitted from the initial analysis since second-limit
inhibition studies with higher hydrocarbons had suggested that reaction
of the alkyl radical with O,, to give an olefin and HO,, is much faster
than reaction with H,. The importance of Reaction 26 with methane
suggests that the reaction of CH3 with O, is more difficult than for higher
alkyl radicals.

Table II. Summary of Analytical Treatment

Order With Respect To

Assumed Inhibition Reaction H, (oR RH Piotar
OH + RH (21) -1 0 +1 0
H + RH (22) -0.3 -1 +1 -1
O + RH (23) -1.3 0 +1 -1
HO, + RH (24) -0.1 -0.5 +1 0
Exp., RH=CH, -1.3 +0.4 +1 small
Exp., RH=C,H, -0.8 -0.3 +1 small

Introducing Reactions 26 and 27 with 21 gives the relation:

_d[RH] — ko, [CH4] X k27[012]
d[H,0] ki [H,] kog[He] + ko7[Op]

This can be re-arranged to:

y/x + kog/kyr = (kg1/ky) (iy/Ra?) (f)
where x, y, i, are the mole fractions of H,, O, and CHj respectively. For
most mixtures, the plot of y/x vs. iy/Ra2 is a good straight line, but the
points at low y/x lie systematically above the line (Figure 2). Under
these conditions, Reaction 22 becomes important, and assuming that the
presence of methane does not alter the relative concentrations of H and
OH significantly, the corresponding equation becomes:

y/x = (kao/ky) (i/RxM) + kog/ko7 = (ka1 /k1) (iy/Rx?) (g)
With three unknown parameters, simple graphical solution is no longer
possible, but a computer treatment enables the optimum values of kso/ks,
koe/kor, and ksy/k, to be obtained. Table II shows that the occurrence
of Reaction 22 introduces a pressure dependence, and the value of kzo/ks
required to explain the effect of pressure is much lower than that required
to explain the behavior at low O, concentration where Reaction 22 be-
comes important. An alternative method of introducing a pressure

dependence is to write Reaction 27 in the termolecular form (Reaction
27a):

R= (e)

CH; + O, + M = Oxidation Products (27a)
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If Reaction 27a alone is used, the predicted effect of total pressure on
—d[RH]/d[H.0] is now in the wrong direction if parameters are used
which give the best interpretation of the effect of mixture composition
at constant pressure. Since Reaction 27 alone gives too great an effect
of pressure but in the right direction, a combination of Reactions 27 and
27a obviously will improve the agreement, and with the full computer
treatment the root mean square deviation between observed and
calculated values of —d[RH]/d[H.O] can be reduced to 4% for a
wide range of mixture composition. Evidence is thus obtained either for
the bimolecular and termolecular forms of CH; + O, or for the occur-
rence of Reaction 27a in the range between second and third order. A
more elaborate computer treatment, which makes some allowance for
reactant consumption as the reaction proceeds, is being developed, but
preliminary values for the parameters at 500°C. are given below:

k21/k1 =11 = 0.1, k22/k2 == 7.0 * 3.0°

k26/k27 =170 £ 3.0, k27a/k27 = 0.008 = 0.004
mm. Hg? (M = H,)

¢ Using k,/ks = 18.5 mm. Hg (M = H,)

The values for ks;/ki, ko2/ks, have been used elsewhere (6, 7, 19) to
obtain Arrhenius parameters for Reactions 21 and 22. Using the value of

kog = 3.2 X 108 ¢710.000/RT Jijter mole? sec.™
given by Whittle and Steacie (18), we obtain
k27 =14 X 105 and k27a =26 X 107

A recent review by McMillen and Calvert (16) quotes values of ko
ranging from 4.8 X 10° to 1.3 X 10° liter mole™? sec.™ near room tem-
perature; the high values are quite inconsistent with the present estimate.
Using acetone as third body, several workers (16) give

koza = 3 X 1010 liter? mole™2 sec.™!

near 200°C. Comparison with the present work is confused by uncer-
tainty as to the relative efficiencies of acetone and H,, but unless the value
is much greater than 100, Reaction 27a would appear to have a significant
negative activation energy.

The above analysis indicates clearly that contrary to views expressed
by many workers on methane oxidation, the termolecular reaction of CH;
+ O must be of major importance at these temperatures. Benson (10)
has expressed the view that the bimolecular reaction is unimportant even
at high temperature and has suggested that the CH;0, radical forms
CH;0:H by hydrogen abstraction from HO., H>O., or possibly H,. Pre-
liminary analysis suggests that even if this were the case, a second-order
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contribution cannot necessarily be eliminated, but detailed analysis is in
progress.

With ethane, the absence of any positive power in O, (Table II)
suggests that reactions of C,H; with O, predominate over the reaction:

CH; + Hy=C,H, + H (26e)

Independent studies, including the addition of ethane to D, + O, mix-
tures, are planned to evaluate any small occurrence of Reaction 26e, but
in the meantime the results for ethane have been interpreted using Equa-
tion h which can be derived from Equation g by assuming all C.Hs
radicals are converted to oxidation products.

R [02] M/ [C2H6] = kyo/ky + (kZI/kl) [O.IM/H, (h)

x|~

Figure 2. Plot of y/x vs. iy/Rx* for CH,
addition; 51 -mm.5 Ovoessel, 500 mm. Hg,
°C.

Figure 3 shows the plot of R[0-]M/[CsHg] vs. [0.1M/[H.], in which
Ha, O,, and C,H; have each been varied by a factor of 10, the total pres-
sure by a factor of 2.5. From the gradient and intercept of the straight
line, preliminary values of ksj/k; — 8.5, ksse/ks — 30 are obtained.
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These ratios are reasonably consistent with those obtained from second-
limit inhibition studies (2), but detailed comparison is premature because
(a) the present analysis needs refinement as indicated earlier, and (b) the
values from second-limit studies are based on the assumption that all
C.H; radicals give chain termination and also give the combined effect
of OH + RH and O 4+ RH.

R0 JM]

x1073
8t [CoHy]

0 4 8

Figure 3. Plot of R[O,]M /[C,H,]
vs. [0, 1M/ [H,il for C,H,, 1-mm.
vessel, 500°C

Analytical Studies

Except for methane, the kinetic studies have been carried out using
0.1% mole of hydrocarbon, so that the relative concentrations of H, O,
OH, and HO, were not disturbed. However, in the analytical work 1%
of the additive has been used to allow accurate measurement of the
minor products. By presenting the concentration of product as a function
of either hydrocarbon loss or pressure change, it is possible to distinguish
primary, secondary, and tertiary products.

Addition of Ethane. Figure 4 shows the product concentrations as
a function of ethane loss for the mixture x — 0.28, y = 0.14. The carbon
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balance is 100 == 2% over the entire range and is largely accounted for
by C.H,, CH; and CO, with smaller amounts of C.H,O, CH;CHO,
HCHO, and CO.. It is apparent that at least 90% of the C,H; radicals
are oxidized to C,H,, and thus Reaction 28e is the main process removing
C,H; radicals at 500°C.

C2H5 + 02 = C2H4 + HO2 (283)

The kinetic studies with ethane have established that reaction of C.H;
radicals with H. can occur only to a minor extent; the only other possible
reactions of C,H; are with O, to form either ethylene oxide or acetalde-
hyde, and these can occur only to a small extent.

C,H; + 0, = CH,CHO + OH (27e)
C,H; + 0, = C,H,0 + OH (29€)
0-1
o0—6 O— 40,
‘)%)/—/&T -k
- X X » x
1-0 0

©=CoHy

o= C2H4O

X = CH3CHO x 10
A= CH4

== HCHO

o =CO
A= CO2

0-6f

0-2

,.

Figure 4. Variation of products with pressure change for
C,H,;; 51-mm. vessel, 500°C., H, = 140 mm. Hg, O, =
70 mm. Hg, total pressure = 500 mm. Hg
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It seems likely that the major proportion of C.H,O is formed from C.H,
rather than C.H; radicals, and this view is confirmed from studies where
C.H, has been used as the additive and from analysis data for propion-
aldehyde oxidation at 440°C. where C,H,; and CH;CHO are primary
products, but the concentration profile for C.H,O is distinctly autocata-
lytic in character (8). The same conclusion has been reached by Knox
and Wells (15).

Products arising from mutual reactions between radicals are unlikely
because of the low level of concentrations involved and the rapid alterna-
tive reactions with H, and O,. CH,, CO, HCHO, and CO; are undoubt-
edly secondary products and are probably formed by the following
reactions.

H,
X CqHg C.Hj C,H, (unlikely)
/ 0,
CH,CHO C,H, C,H,0
CH,,CO CH, HCHO CH,, HCHO
HCHO. 1 ‘
HCHO (00}
CO,

Addition of C.H, and C.H,0. Evidence for the formation of CH,
from C,H,O and C.H,, as indicated above, has been obtained by adding
C.H,O and C.H, to reacting H, + O. mixtures. The CH; from C.H,
is probably formed in the following way:

H,
OH + CH,—— Cc—C H — HCHO + CH; —CH, + H
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Similar reactions have been observed with isobutene and propylene and
will be discussed later.

Addition of Neopentane. With neopentane, the primary products
are 2-butene, 3,3-dimethyloxetane, HCHO, and CH,. (Recent studies
using mixtures of high O, content suggest that acetone may also be a
primary product.) No pivalaldehyde, (CH3)3;CCHO, was found even in
trace amounts. Adding pivalaldehyde to the H, + O reaction showed
that although it was removed rapidly, detection would have been easy
if it had been formed in significant amounts in neopentane studies. The
secondary products are propylene, acetone, CO, and isobutyraldehyde,
and at an even later stage C,H, and CO; are formed. In addition acetal-
dehyde, C;HsCHO, C;Hs and 2-butanol have been detected in trace
amounts. Figure 5, which gives concentration profiles for some of the
products, shows how it is possible to distinguish clearly between primary,
secondary, and tertiary products. Thus, d[product]/d[neopentane] is a
maximum initially for the primary products, 3,3-dimethyloxetane and
2-butene, but the other curves show a definite autocatalytic character.
Further, the secondary products, acetone and propylene, are formed at
a maximum rate when the primary products are at maximum concentra-
tion. A similar relationship also exists between the concentrations of the
tertiary product, CoH,, and the secondary product, propylene. A reaction
scheme accounting for the major products can be written as shown
opposite.

The reaction paths can be confirmed simply by adding intermediates
to reacting mixtures of H, + O,. Thus, when 2-butene is added, the pri-
mary products are propylene, acetone, isobutyraldehyde, CH;,and HCHO.
Propylene gives C.H,, CoH;CHO, HCHO, CH3CHO, and CHj, as primary
products. 3,3-Dimethyloxetane has not been added to date, and its oxida-
tion products are thus not clear. Its structure would be consistent with
acetone and isobutyraldehyde as major oxidation fragments.

Discussion

In a number of cases, an addition reaction of OH radicals to olefins
has been required to explain several of the major products. Although OH
abstracting from olefins and HO, reactions with olefins can also explain
some of the products, only the addition reaction is uniquely satisfactory.
Thus, it is difficult to see how CHj; radicals, required to explain the
presence of methane, can be obtained from C,Hj radicals which would
be formed in an abstraction reaction of OH with C,H,. Similarly, while
acetone and propylene can be plausibly formed if HO, attack is mainly
responsible for the removal of 2-butene, it is not easy to see how the
large quantities of methane are produced. It is not possible, of course,
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PRIMARY PRODUCTS
C(CH;), (not important)

CH,

(CH,),CCH, >c=CH2 + CH,

CHs / \
H
02/ \ CH, HCHO

(CH;)3CCHO (CH;),C —CH, (CH,),C— CH,
+ OH
CH.—O

(not detected) CH; O

/

o

SECONDARY PRODUCTS l
— co
B HTO
CH3\ i | l CH,
2
/C—CH2 — HCHO + CH —— CH;CH=CH,
CH,3 -

|
CH
OH | ?

— -

CH,
™ c=cH, ~

CH. ~ CHH\
3 OLH — CH, + /C=0
OH CHa\ | I CHj;
? C—CH

2
cy,” |

| _J CH,
(CH,),CHCHO °— ?

?
\ (CHx)zT—CTz

CH,—0

TERTIARY PRODUCTS

CH,;CH=CH,
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to rule out OH abstraction and HO. reactions completely. Indeed, OH
abstraction reactions are probably sufficiently fast to play a major part
in the product sequence. Further, it is likely that C;H,O is formed by
HO, attack on C.H,, perhaps as follows.

O—OH o

g | H
~c—c

/ \

HO2 + C2H4 —

It is interesting to compare the reactions of the different species of
alkyl radical in the H, + O. environment at 480°-500°C. CHj radicals
react at almost the same rates with H, and O at pressures of 500 mm. Hg.
The only detectable oxidation product is HCHO but the molecularity of
the reaction is uncertain as discussed earlier. CoHj radicals appear to
react almost uniquely with O, to give C:H, and HO,. Small quantities
of CH3;CHO are formed, either directly or possibly through the inter-
mediate formation of C;HsO0, which may then give CH3;CHO at the
surface.

Neopentyl radicals either decompose to give 2-butene and CHj radi-
cals or react with O, to form 3,3-dimethyloxetane. No pivalaldehyde is
detected, and the variation of A(neopentane)/A(H:0) with mixture
composition rules out any significant reaction of neopentyl radicals with
H,. The formation of the dioxetane in large quantities suggests that RO,
radicals have a definite existence at 500°C. and are stable enough to allow
ring closure and elimination of the OH radical. The absence of pival-
aldehyde even in trace amounts indicates that aldehydes are not easily
formed from reactions of alkyl radicals with O, and suggests that the
reactions of CH; and C.Hj with O, to give HCHO and CH;CHO respec-
tively are probably complex.

A further type of reaction of alkyl radicals has been found by study-
ing the addition of tetraeth<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>