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INTRODUCT ION

The reaction of & hydrocarbon with oxygen is a complex process
involving the formation of a large number of products which themselves
influence the oxidation, particularly as they are usually more reactive
than the parent material. As a consequence, the whole process is highly
autocatalytic under many conditions, and the nature and concentration of
the radicals vary sharply as the reaction proceeds. There are also
regions where cool flames and ignition occur. These conditions are
not suitable for the elucidation of the elementary reaction steps and
evaluation of rate constants, as is illustrated by the very limited
amount of quantitative information that has been obtained by direct studies

of hydrocarbon oxidation despite the large number of investigations that

have been made.

Over a number of years, the Hull group has been concermed with
Jlevising systems and conditions which permit the evaluation of the

elementary steps in hydrocarbon oxidation. Three main approaches have

been made.

1. The mechanism of the HZ + O2 reaction is well established in the
temperature range around 500°C, and rate constants for the reactions involved
have becn determined accurately. The reaction thus forms a controlled
environient in which to study the behaviour of an additive introduced in
concentrations sufficlently small to avoid significant disturbance of the
radical conce..trations. Information can be obtained, first on the rute
constants for the reaction of the radicals H and OH with the additive,

and secondly on the reactions by which the radical formed from the parent
material gives rise to the final products. The advantages of this approach
are that the radical environment is under control, that a wide variety

of additives .can be made to undergo reactions at the same temperature, and
that the intermediates believed to be important can be studied individually

with the confidence that the radical environment is unaltered.

2. The oxidation of aldehydes in the range 150-300°C is a complex process,
in which peracids play an important role. At temperatures above 400°C,
however, a much simpler mechanism operates, since the main products, an
alkene and carbon monoxide, are much less reactive than the parent aldehyde,

so that the complications inherent in the direct oxidation of alkanes do not
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occur. The reaction is slightly autocatalytic due to dissociation of

the reaction product, hydrogen peroxide, a fortunate situation that permits
evaluation of the initiation rate for aldehyde + oxygen, and also enubles
the rate constant for H02 + aldehyds to be determined. The carbonyl
radical RCO readily decomposes at these temperatures to R + CO, so that

reactions of alkyl radicals can be studied.

3. Because of the strain in the central C-C link, the compounds
2,2,3,3~tetramethylbutanc (TMB), and 2,2,3-trimethylbutane (TRIMB), decompose
by C-C homolysis at temperatures much lower than most alkanes, and the

rate of production of radicals by this process is faster by a factor oif

102 to 103 than by the reaction of the hydrocarbon with oxygen, even at
atmospheric pressure of oxygen. The decomposition is thus a source of
t-butyl radicals in the case of TMB, and of t-butyl and i-propyl radicals

in the case of TRIMB, thus enabling the reactions of these radicals to be
studied. In the presence of oxygen, both these radicals react predominantly
(99%) to give the H02 radical so that a convenient source of this radical

over the temperature range 420-560°C is available.

These three approaches are complementary and all can be used to
advantage in elucidating the complex processes involved in hydrocarbon
oxidation. In many cases, simultaneous use of these methods has

prevented wrong conclusions being drawn.

By use of these methods it has been shown that four main types of
reaction account for the majority of initial products in alkane oxidation
at 450-55¢°¢.

(a) Reaction of the alkyl radical with oxygen to form the
conjugate alkene.

(b) Decomposition of the alkyl radical to a lower alkene
and a smaller alkyl radical.

(c) TIsomerisation of the alkylperoxy radicel by internal
hydrogen abstraction to form a hydroperoxyalkyl radical,
which subsequently decomposes to give oxygenated ring
compounds.

(d) Reaction of the hydroperoxyalkyl radical with oxygen to

give lower aldehydes and ketones.

A body of rate constants for these four types of reaction is being built

up and the patterns involved are beginning to emerge. It should thus be
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possible to use these patterns to provide rate constaants for computer
modelling of the initial stages of hydrocarbon oxidation for hydrocarbons
which have not been studied experimentally. The possibility has

already been examined in the case of n-pentane.

As already pointed out, alkenes are an early product of alkane
oxidation, and a full computer modelling of hydrocarbon oxidation
requires an understanding of the mechanism of alkene oxidation. This
process is even more complex than alkane oxidation, since both radical
addition and radical abstraction reactions are possible, and the full
range of approaches already described will certainly be needed.
Significant progress in understanding the processes involved has been
made as a result of detailed studies of the addition of ethene and propenc
to slowly reacting mixtures of hydrogen and oxygen at about SOOOC, and as
a result of limitcd studies with the butenes and pentenes, made incidentally
during investigations with the .orresponding alkanes. Four main types of

reaction appear to acccunt for the main oxidation products from alkenes.

(a) OH addition to the alkene, which appears to be the cause of the
high aldehyde viclds in alkene oxidation, though the exact

mechanism remains uncertain.

(b) HO, addition te the alkene, which accounts for the high yields

of oxirans.

(c) H addition to form a vibrationallv-excited alkyl radical, which
then decomposes completely or partially to a lower ‘alkene and

a lower alkyl radical.

(d) H-abstraction from the alkene by the radicals H, OH and H02
to give an alkenyl radical. Virtually no information is

available on the oxidation reactions of these radicals.

betails of individual studies are given in the following pages.




1. The hydrogen + oxygen reaction

Previously published rate constants for the very important
elementary steps in the reaction between HZ and 02 have been evaluated
wvith increased accuracy by allowing for the effect of self-heating in
the system, the reaction of O atoms with hydrogen peroxide, and other
minor refinements in the mechanism. The results indicate that, in
most cases, the changes in the parameters due to the above effects are

less than 10Z, and the new values are summarised in Table 1 below.

Table 1
Rate Constant Ratios in H2 + 02 Beaction at 500°
ks/kzkm*& = 0.53 (dmz mol:is:i):i
RSa/kzk o = 0.081 (de” mol s )
k% - 0.0366  (dm> mo1 lg71)!
klé/k2 = 281
kl&a/kz = 34
le/kl = 4.5
OH + HZ = HZO + H (1)
B + 02 = OH + 0 (2)
H + H02 = 20H (8)
H + HO2 = H2 + 02 (8a)
Ho, + HO, = H,0, + 0, (10)
HOZ + HZ = H202 + H (11)
H + H202 = H20 + OH (14)
H + H202 = H2 + HO2 (14a)
OH + H,0, = H,0 + HO,  (15)

By use of the accurately known values of kl’ kz and klO’ and by combining
the present results with data at other temperatures, the Arrhenius
expressions in Table 2 are recommended. Information in the literature

on reactions (14) and (l4a) at lower temperatures is conflicting,

and the alternative interpretations are discussed in a recently published

1
paper.




Table 2

Recommended Arrhenius Parameters for R:actions in Hy + 02 System
E/kJ mol-1 A/(dm3mol_ls-1)
+ HO, = 20H 7.6 5.4 x 1011
H o +HO, =H, +0, 0 2.8 x 101°
+ O, =H,0 +0 7.6 5.5 x 1010
HO, + H, = H) 0, +H 90.0 2.0 x 10°
PO 9
(0); H202 = H20 + HO2 4.8 3.7 x 10

Studies of the addition of CO to slowly reacting mixtures of
H2 + 02 have enabled values to be obtained for the rate constants for

reactions of OH and H02 radicals with CO at 500°C. These reactions

are of particular interest in the problem of atmospheric chemistry and

automobile engine pollution, and conflicting values of k,, in particular

22
have been published. Two types of study have been made, first the yields
of 002 when small amounts (}17) of CO are added, and secondly, the effect
of large amounts of CO on the induction period and maximum rate of the

. : v, = * %;. +

slow reaction. Values of k21/k1 0.235 0.02, k22/k10 0.42 0.03

- — 1
(dm3 mol 1 s 1)5 have been obtained at 500°C, which combined with the

accurately known values of kl’ klO’ give k21 = 0.96 x 108 dm3 mol--1 s-l,
/, -— -
k)z = 1.9 x 10" Arrhenius parameters A22 = 5.8 x 1010 dm3 mol 1 s 1,
B,y = 96.0 kJ mol-1 are recommended. This work has been published.2
OH + CcO = CO2 + H (21)
HO + co = co + OH (22)

2 2,




2, Addition of alkanes to slowly reacting mixtures of hydrogen and oxygen

(a) Rate constants for reaction of H atoms and OH radicals with alkanes

Results previously reported3 for the rate constants for reaction of

H atoms and OH radicals with the hydrocarbons ethane, propane, n- and
i-butane, and n- and neo-pentane have been re-examined to allow for the
pressure changes due to the oxidation of the hydrocarbon, self-heating

of the reaction mixture, and removal of the hydrocarbon by attack of O
atoms and of H02 radicals, A computer treatment has enabled all these
complications to be analysed. Although no single factor has a major
effect, the combined effect is to reduce the rate constant for OH attack
by a factor of approximately 2, whereas the value for H attack is almost

unaltered.

OH + i, = H,0 + H (1)
H + 0, = OH + 0 (2)
OH + RH = H,0 + R (3)
H + RH = H, + R (4)

Examination of the results indicates that the total rat. constant
for radical attack on an alkane can be obtained by summing the contributions
from attack at the three different types of C-H bond, primary, secondary
and tertiary, in the molecule. Combination with data by Greiner“ at

lewer temperatures for OH attack enables the Arrhenius purameters A3/A1

and (E1 - F,) to be obtained for each type of bond. The data for C,-C

3
alkanes are self-consistent, and examination indicates that the overall

5

rate constant ratio k3/k1 can be expressed by equation (i).
k.’/k1 = 0.21&npexp(1070/T) + 0.173nqexp(1820/T) + 0.273ntexp(2060/T) (i)

where np, n_ and n_ are the number of primary, secondary and tertiary C-H
bonds in the molecule. Similar treatment of the data for H atoms gives

the expression (1i) for the ratio k4/k2 at 480°cC.

k[‘/k2 = 7.0np + 43ns + 16Ont (i1)

Absolute values of k3 and k4 can be obtained by substituting the known

values of kl and kz in expressions (i) and (ii). By fitting a slight curve

to the points obtained by Greiner,5 by Eberius et a].,6 and by Westenberg

and de Haas,7 Baldwin and Walker1 give k1 =1.28 x 105 Tl'5 exp(-1480/T)
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dm3 mo].—1 s_1 over the temperature range 300-900 K. The best value of

k2 at 480°C is obtained by combining the ratio ka/k2 = 44 for ethane from

addition studies with Camilleri, Marshall and Purnell's expression8

k& =1.32 x 1011 exp(-4715/T), giving k2 =5.7x 106 dm3 mol—1 s_l.
Data on rate constants at other temperatures are more limited for H
than for OH, but on the basis of the data available, the following

Arrhenius parameters are recommended.

Table 3

Arrhenius Parameters for H Abstraction by H Atoms from Alkane

AaperC4{bmm

Type of bond E,/kJ mol—1
4 3 -1 -1
dm mol “s
. 10
[ rimary 39.2 2.2 x 10
secondary 33.3 4.9 x 1010
tertiary 25.2 5.1 x 1010

To deduce the mechanism of product formation in alkane oxidation,
it is necessary to know the proportions of the various radicals formed
by H and OH attack on the alkane, and equations (i) and (ii) provide the
best available method. However, this procedure may be less reliable if
there is a high degree of branching in the molecule. This is shown by
some experimental studies recently made9 with 2,2,3,3-tetramethylbutane
as additive. The rate constant ratios k3/k1 and ka/k2 at 480°C are given
below for this hyvdrocarbon and for neopentane and ethane, which also contain

only primary C-H bonds.
Table 4

Rate Constant Ratios for H + RH and OH + RH at 480°C

Hydrocarbon k3/k1 k4/k2
e thane 5.7% 0.5 46 = 4
neopentane 10.0 1.0 52 %
te trame thy lbutane 8.0 1.0 112 2 8

On a simple additivity basis, these results should each be in the ratio
1:2:3.

Recent work with 2,2,3-trimethylbutane gives k3/k1 =12.2 ¥ 1.5 and

ka/k2 =257 2 10 at 480°cC. These may be compared with values of 17.5 and 265,
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calculated from expression (i) and (ii). Use of independent data for

9 3 1 -1

k1 and k, gives k3 = 4.5 x 109 and k4 = 1.48 x 10° dm” mol = s

Combination with Greiner's low temperature results gives A3 = (5.9 ¥ 0.5) x 10

dm3 mo1™Y s71 and E, = 1800 * 300 J mol L.
submitted for publication.lo

9

This work has now been

The results in Table 4 suggest that the method used to obtain the
values for the tertiary C-H bond in equations (i) and (ii) should be
slightly refined. The values for k;/kl, k:/k2 have thus been obtained
from k3/k1 = 12.2, kz‘/k2 = 257 by subtracting the contribution for fifteen
primary C-H bonds using the value per primary C-H bond obtained from k3/k1,
kh/k2 for tetramethylbutane. The values of k;/k1 = 5.5, kl:'/k2 = 164 are
in close agreement with values of 5.0, 184 respectively using the values of
k3/k1, ké/k2 for isobutane and allowing for the contribution of primary
1 k4/k2

By combining the present value of k3 (calculated from the known value of

C-H bonds using the values of k3/k given in Table 4 for neopentane.

kl) obtained from 2,2,3-trimethylbutane and 2,2,3,3-tetramethylbutane with

the values given by Creiner,4 treated in the same way, loglo(A;/dm3 mol_1 s—l) =
9.23 * 0.10, E; = -960 ¥ 800 J mol-l. Alternatively, use of the values

for isobutane and neopentane gives logm(AE/dm3 mol—1 s_l) =9.41 * 0.10,

E§ = 2250 ¥ 800 J mol—l. The reason for the difference in these two sets

-

of parameters, which has its origin in Greiner's results since the two sets

of values of k;/k1 are within 107 at ASOOC, is not clear. From the mean

line through the log kt, 1/T plots for i-butane and 2,2,3-trimethylbutane,
“ly _9.32 ¥ 0.10, E§
are recommended for general use with alkanes in the temperature range 300-1500 K.

t -
1Oglo(A3/dm3 mol 1 s = 460 ¥ 950, and these parameters




(b) Reactions of alkyl radicals

The second object of studies of the addition of small amounts of an
alkane to slowly reacting mixtures of H, + 0, is to obtain information on
the reactions of the radicals produced from the alkane, and the mechanism
of formation of the various products. The advantages of this approach
over direct studies of alkane oxidation have been discussed elsewhere, and
include the fact that the radical concentration is controlled by the
H2 + 02 system rather than the alkane, the fact that a wide range of

concentrations can be investigated under essentially identical conditions,

and that primary and secondary products can easily be distinguished.

Studies with a range of alkanes have clarified considerably the
mechanism of oxidation and suggested that the main initial products in alkane
. . o .
oxidation at temperatures around 500°C result from four major types of

reaction.

(1) Decomposition of the alkyl radical to a lower alkene and a
smaller alkyl radical.

(ii) Formation of conjugate alkenes by the reaction of the alkyl
radical with 02, for example:

n-(‘,3117 + 02 = C3H6 + HO,, (5p)

Although this reaction may occur through addition of 0, to the alkyvl

2

radical to form the R02 radical, followed by decomposition to give the

alkene + H02, this path is kinetically identical to reaction (5p), since
R and RO2 are almost always equilibrated, and the bimolecular form (5p)
is preferred.

(1i1) Addition of O2 to form the R02 radical followed by isomerisation to
give a peroxyalkyl radical (QOOH) and decomposition to give an oxygen-—
ring compound. This is illustrated by the formation of isobutene oxide

from isobutyl radicals.

CH CH CH CH

3 3 3 3
N A |
CH3f_CH2 + O2 = CH3f—?“2 = CH3C-(IIH2 = CH3§ifH2 + OH
H H 00 HOO 0o
(QOOH)

As shown in previous papers, the overall rate constant for this reaction
is giver by expression (iii)
k = Kk' (iii)

where K is the equilibrium constant for the R + 02 = ROZ equilibrium,
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(iv) Reaction of the peroxyalkyl radical (QOOH) with O, to give oxygenated

2
products, such as aldehydes and ketones.

11 with i-butane as

With the completion of studies, now published,
additive, rate constants for a number of specific radicals giving specific
alkenes have been obtained, and these are summarised in Table 5. The
studies with i-butane have been particularly important in two respects.
= 6.8 x 10’

First, a value of k has been obtained which, when combined

5 = 6.9 x 109 dm3 mol_1 s-l,
E5 = 29 kJ mol-l. No other determinations of the Arrhenius parameters for

conjugate alkene formation exist, From measurements of the relative yields

5
with a low temperature measurement gives A

of isobutene oxide and 3-methyloxetan, a value of k6/k7 = 4.1 2 0.4 is

obtained. Use of the rather uncertain value of the rate constant for

the decomposition of i-butyl radicals, together with the best thermochemical

data available for reaction (8), gives k6 = 1.83 x 105 s-l, k7 = 4.45 x 104
s_1 at 480°C. No other experimental value is availhble for k6 nor for
any similar reaction involving the transfer of a tertiary H atom. Rate
constants for the isomerisation of RO2 radicals to QOOH radicals are
summarised in Table 6.
CH3CH(CH3)CH2 + 02 = (CH3)2C=CH2 + Ho2 (5)
CH3CH(CH3)CH202 - CH3C(CH3)(CH200H) (6
CHBCH(CH3)CH202 - CHBCH(CH200H)CH2 (7
CHBCH(CH3)CH2 + 02 = CH3CH(CH3)CH202 (8)

A summary of all the rate constants obtained by the study of i-buta ¢

as additive 1s given in Appendix 1.

A complete analysis of the preducts when the highly branched alkane
2,2,3,3-tetramethylbutane (TMB) is the additive has been made at 480°C
over a wide range of mixture composition. Isobutene in about 957 yield
is the only major initial product, although small amounts (ca. 1%Z) of
propene, 2,3,3-trimethylbutene-1, isobutene oxide, formaldehyde and methane are
also formed. No evidence has been found for the presence of O-ring
compounds containing the same number of carbon atoms as TMB. Thus, even
at pressures of 02 approaching atmospheric, the TMB radical ((CH3)3C-C(Cd3)2CH2)
breaks down almost completely by the dissociation reaction (9) at 480°cC.
By measuring the yields of (propene + 2,3,3-trimethylbutenc-1) relative to
i-butene as a function of O2 concentration, the ratio k9/k10 has been

obtained. From a reasonable estimate of k based on analogous

10’

i it




Table 5

Rate Constants for Formation of Alkenes and Dienes

at 480°C
Type of CH . k/dmomo1 1s” AR
Radical Product TS| —
Bond dm mol s per C-H bond kJ mol
{H_CH Primary C.H 6.6 x 107 2.2 x 107 -45.0
\_,_9. 2 1 Y A . e
N 8 7 _
CECHC§3 Primary C3H6 1.3 x 10 2.1 x 10 39.8
. . _ 7 7 N
CE3CHCH2LH3 Primary C4H8 1 5.1 x 10 1.7 x 10 37.5
CH.,CH_CH Secondary  C.H 7.1 x 107 3.6 x 10’ -53.5
3T=2772 ) 36
— 8 7 e
CH3CH2CEZCH2 Secondary ('AHS 1 1.6 x 10 8.0 x 10 55.5
CH ,CHCH, CH, Secondary  C,Hg-2 (trans) 7.8 x 107 3.9 x 107 -49.0
CHg-2 (cis) 4.3 x 107 2.2 x 10’ ~45.0
(CH,) ,CHCH Terti i-C H 6.8 x 107 6.8 x 107 -61.5
3) ,CHCl, ertiary Hg . .
T dph 6 6
(,H7(,HCHCH2CH3 - CH2=CHCH=CHC}13 2.1 x 10 1.05 x 10 -14.0
The underlined H atom indicates the site of removal.
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Table 6

Rate Constants for the formation of QOOH Radicals

-1 .
C-H bond broken Type of H :t°m : k/s . E°/kJ mol
transfer at 480 °C
l,¢c

1,3p (1.3 x 107) 159

1,4p 2.2 x 10° 125

primary 1,5p 1.8 x 104 113

1,6p 6.0 x 10% 105

1,7p 9.3 x 10 103
i

1,3s (1.4 x 10%) 144
L 1,4s 2.4 x 10 111 |
secondary 5 ;
1,5s 3.0 x 10 95 i
1,6s (6.5 x 10°) 90 i

1,3t 1.5 x 10° 130 A

. 1,4t 1.8 x 10° g8 i
terticry 5 i

1,5t (2.2 x 10”) 8-

1,6t (7.1 x 10%) 75

a

In this tabic, p, s, t refer to abstraction from primary, secondary
and tertiary C~H bonds, and the adjacent numbers refer to the
position of the atom &astraction as illustrated below for z 1,5p
transition.

S — -y

CH2 CH2

) NS 1,5 7N
' 3 cH, ch, 2% CH, 2
! N\ A N

0-0"" 0-0-H

2 i
; . . 12,1 -1
H Calculated using A = 10 s ~, the value suggested by Benson for

a 1,5 transfer. It has been suggested, however, that the value
of A decreases as the ring size increases.

-

!
!
!
i.
|
i
i
{
'5
' ‘
'
4
!
i

c . . .
Values in brackets are estimates, based on the experimental values.
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reactions, kg = 1.9 x 106 s ! at 480°C. This value is a factor of 10-100

times greater than the values of rate constants for the C-C homolysis of

n-L3H7, S-Caﬂg’ 1-C4H9 and neo—(,sH11 radicals, presumably because of

the considerable strain in the central C-C bond in the TMB radical.
(CH3)3C-C(CH3)2CH2 = t-C,H + 1-C H 9)

49 48
(CH3)3C-C(CH3)2CH2 + 02 -+ (CH3)3C—C(CH3)=CH2 + HCHO + OH (10)

From the yields of 2,3,3-trimethylbutene-1, the rate constant k11
has been obtained as 1.1 x 104 S—l, close to the expected value for loss
of a methyl radical by C-C homolysis. No rate constants for the

decomposition processes k9 and kll were previously available.

= (CHB)BC—C(CH3)=CH + CH )

(CH3)3C-C(CH3)2CH 2 3

2
1In the case of propylperoxy, neopentylperoxy and all four species

of butylperoxy radical, the hydroperoxyalkyl radicals (QOOH) formed by

internal H-atom transfer, either decompose by loss of OH and then cyclise

to give an O-ring compound, or add a further nilecuie of O2 before

decomposing. No evidence hus been found for either of these types of

reaction in the case of the QCOH radical formed from tetramethylbutylperoxy

radicals, and it appears to react uniquely by B- and y-scission to give lower

alkenes, as illustrated by the reaction below.

(UHS)%C—C(CHB)O(CH20OH) > i—CAHB + C3H6 + HCRO + OH

The shifi to (~C scission rcactions in the case of QUOH radicals formed
from T™B must thus be associated with the steric strain in the central

C-C bond.

This woerk has now been published 9 and the rate constants obtained

are summarised in lTable 7.

A detailed studylO has been made over a wide range of mixture composition
using 2,2,3~trimethylbutane (TRIMB) as additive; rate constants for H and
OH attack on this alkane have been discussed in section (a). The mechanism
of product formation is considerably more complex than that for TMB tecc~: <o

three different species, A, B, and C, are formed by radical attack on TRiMu.

*
Reaction (10), though represented kinetically by the equation given,

proceeds through formation of the peroxyradical, isomerisation to a

peroxyalkyl radical, and subsequent decomposition, as already discussed.
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(cu3)2$cn(cu3)2 (CH,) ;CCH(CH,) CH, (CH,) ,CC(CH,),
CH,
(A) (B) (©)

As a necessary pre-requisite to quantitative interpretation, by using

the additivity principle expressed by equations (i) and (ii), the proportions
of the three radicals formed may be calculated. For the standard mixture,
0, = 70, H, = 140, N, = 285, TRIMB = 5 Torr at 480°C, the initial yields
are A = 18.57, B = 12.57, and C = 697, with little change in the

propcrtions as the mixture composition is varied.

Product analysis shows that the major initial products are isobutene
and propene, formed in nearly equal amounts (about 807 of TRIMB consumed
for the above wmixture), and 2,3,3-trimethylbutene-1 (13%7), with lower
alkenes, formed by CH3 loss from radicals A, B, and C,as minor products.
The yield of 2,3,3-trimethylbutene~1 increases markedly with increase in
the pressure of 02. It is concluded from a detailed analysis of the results
that radicals A and B predominantly undergo homolysis of the strained

central C - C bend.

((JH}) 2(",('.H(CH,‘;)2 - (CH3)2C=CH‘2 + CH3CHCH3
CH.

p]
L

((TH3) 3(l(‘,l{((?l-l})(lH,‘, - L,'HBCH=CH2 + (CH3) 3C
Although previous studies have cstablished that 997 of t-butyl and
isopropyl radicals react with 02 to give 1scbutene and propene, respectivelv,
under the conditions used, it is clear that radical C must be a major source
of these alkenes. After allowance for formation from radicals A and B,
the relative rate of formation of isobutene (from C) and 2,3,3-trimethyl-~
butene-1 is inversely proportional to the pressure of 02. As radical C
cannot undergo a simple homolysis of the central C - C bond without H atom

transfer, which would be very slow, it is suggested that C decomposes inio

isobutene and isopropyl radicals in a concerted mechanism.

(CH ) ,CC(CHy), - (CH3)2f --- C(CHy), =+ i-CHg + CH,CHCH,

H,C ~== H

The oxygen dependence providos strong support for the formation of
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2,3,3-trimethylbutene-1 in the following reaction.

(CH3)3CC(CH3)2 + O2 + (CH3)3CC(CH3)=CH2 + HO2

Rate constants have been obtained for the concerted reaction of radical C
and for the various homolyses of radicals A and B, and the values are
summarised in Table 7, topether with values for the decomposition of related
radicals obtained in a similar manner. The values in Table 7 have not
previously been determined, and this is indicative of the general lack of
rate data for elementary combustion reactions involving alkyl radicals

containing more than five carbon atoms.

Mcasurcments at temperatures sipgnificantly different from 480°C were
aot possible, but activation energies may be calculated from estimates of the
factors for the homolyses. From transition state theory, A = \ekT/h)eAs*/R,
;¢ that A is effectively determined by the values of AS*. Various arguments

ay be advanced for a value of AS v 4 J K—l mol—1 for all the homolyses,

. 0.5 -
13.8 2 ! at 480°cC. Combination of this

so that A 1s estimated as 10
vialue with the rate constant of each homolvsis at 480°¢ gives the activation
cilergies shown in Table 7, the accuracy specified being due to the uncertainty
‘n the value of A.

A full analysis of the reaction products has also been made with
n-pentane as additive. NDetails of the product distribution have been ziven
in an ear.ier report and in published pnpcrs.lz’l3 At the time of the study,
no specitic rate constants, cxcept for H and OH attack on pentane, were
dvailable tor any of the elementary reactions involved in the system.

However, bv use (without modification) of rate constants obtained from

studies with CZ - CQ alkanes and ncopentane, it is possible to predict

the initial yields of the major products (accounting for 957 consumed)

from pentane to better than a factor of 2 over a wide range of mixture
composition. The possibility, applied here, of the general use of rate
constants determined for specific reactions is of great importance to computer
rodelling of complex systems, where it is extremely unlikely that a major

proportion of the rate constants is known accurately,

Although showing only minor changes from those used above, accurate
rate constants for the specific elementary reactions in the pentane system

may be obtained from a quantitative treatment of the results. Use of the

rate constants for attack of H, OH, and HO2 at specific C - H bonds in pentane
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wables the propoartions of l-pentyl, 2-pentyi, and 3-pentyl radicals to be

alen'Lied ter all the mixtures used. By use of a wide range of HZ’ and
vartteularly, of 02 (8 - 355 Torr) pressures it is possible to confirm
sugeested wmechanisms for the oxidation of each of the three species of
centyl radical. Rate constants have been obtained for the first time for
a4 durpe nunber of the elementary reactions involved, and the values form a
very consistent pattern with those determined from studies with the C2 - CA
alkanes and neopentane as additive. Rate constants for the pentane system

are summarised in Appendix I1.
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3. Addition of alkenes to slowly reacting mixtures of hydrogen and oxysen

Previous studies of the addition of alkanes to slowly reacting
mixtures of H2 + O2 have shown that conjugate and lower alkenes are the
mijer primary products, sometimes in yields of over 807, in the oxidation
RE CX_CS alkanes over the temperature range 400-500°cC. A full computer
wodelling of the oxidation process for alkanes thus requires an understanding
of the mechanism of alkene oxidation. This oxidation is more complex than
the initial stages of alkane oxidation since radical addition to the alkene
may occur as well as Lydrogen abstraction by the radical. It is not
surprising, therefore, that very few rate constants are available for the
elenentary processes involved. A number of different approaches will be
required if the clementary reaction steps are to be disentangled. One
such approach iavolves the addition of small amounts of alkenes to slowly
reacting mixtures of H2 + 02. As with alkane addition, two types of measure-
ment can be made. Study of the loss of hydrocarbon at very low concentrations
of additive provides information on radical attack of the alkene, whereas
examination of the rvaction products (for which a higher concentration of
alkene is necessary to peovide reasonable yields of products) gives

mformastion on the reactions of the radical produced by the primeory attack.




|

La) Addition of ethene

Results on the addition of C2H4 to slowly reacting mixtures of

, + 02 + N2 at 500°C have been re—examined. Two types of measurement

nave been made.

(1)  The pressure change AP__ corresponding to 507 loss of C_H

274
by reaction with

50
Although small corrections are necessary for removal of C2H4
O atoms, aund by reaction with HO, in a H-abstraction reaction, the predominant

reactions removing C are H and OH abstractioen, and H, OH and HO, addition.

H

274 2
The variation of APSO with mixture composition over a wide range provides
information on these reactions, though additional information is required

if rate constants for all five rcactions are to be evaluated.

(2) The yield of products in the early stages of reaction using three

mixtures of counsiderably different [qu/[ozj ratios as indicated below.

H2 O2 N2 CZHA
fixture T e e —
Torr
1 {440 70 285 5
11 140 355 0 5
I 405 70 5
Iie main fwitial prode ts, and their suggested mode of formation, are

indicated velow,

(i) Ethylene vxide (C,H 0) is tormed almost entirely by addition of HO,

radicals to C_H

24
CZHA + HO2 . CZHAO + OH (4)
HO2 + HOZ > H202 + O2 (5)

With the rate constants for H and OH addition and abstraction adjusted to
g#ive the best interpretation of the variation of AP
CZH 0 (32-40%) require the ratio ka/ksi =1.13 (dm3

k5 2 x 109 dm3 mole-1 s-l, k, =5.0 x 104 dm3

4
value is somewhat higher than the figure of 1.7 x 10& obtained by

, the yields of
50 -1 -1.4
mole s )*. With
-1 -1 o .
mole s at 500°C. This

poe

measuring the yield of CZHAO obtained when CZHA is added to slowly reacting

mixtures of HCHO + 02 at 60 Torr total pressure. The difference suggests

that kA may be pressure dependent, and studies of the reaction using the

ey g g —




cetramethylbutane + 0, svstem as a source of HO, radicals (see later) are

2 2
in progress.
(ii) Methane is formed by addition of OH radicals to C2H4’ the CH3
radicals formed predominantly reacting with H2 to give CHA‘
O-H
|
LH2 = LHZ + OH — CH2—CH2 + HCHO + CH3 (6)
CH, + H, + CH, + H (7
1t all CH3 radicals give CH&’ the computer treatment of this mechanism

predicts that the yield of CH, (experimentally 12-14%Z) should be almost

4
the same for mixtures I, 11 and II1, as found experimentally when allowance

is made for oxidation of the CH, radicals.

3
(ii1) Ethane is formed by H-addition to CZHA' to give CZHS. The
predominant reaction of CZHS will be to reform CZHA by reaction (1), so
that ne net consumption of CZHA occurs, but a competing reaction (8) is
also possible.
C2H5 + 02 -+ C2H4 + H02 (1)
CZHS + H2 -+ C2H6 + H 8)

The rat.o of the rates of reactions (1) and (8) is kltozjlkg:ﬂzl, so that
the vield of CZ”b should vary markedly with [HZJ/[OZJ' This 1s confirmed
experimentally, the initial yields varying from 167 for mixture III to 0.57
for mixture IT. From these yields and the known value of kl/k8’ obtained
from earlier studies of the oxidatinn of C2HSCHO in the presence of HZ’

the value of the rate constant for addition of H atoms to ethylene can be
obtained. Allowance is necessary for the fact that, as indicated by
previous studies, this addition proceeds through the reaction sequence

given below.

. *
H + i LZHA > C2H5
. LZHS -+ LZH +
Lhﬂs + M -+ C2H5 + M

(iv) Formaldehyde and Carbon Monoxide. CHQ, C2H6 and CZHAO account for

about 557 of the products for mixture I, 407 for mixture 11, 707 for

mixture II1. The only other primary products arc CO and HCHO and although

3

some HCHO is formed in reaction (6) and to a small extent from the CH




radicals formed in reaction (6), the main route for formation of both

these products is almost certainly from C H, radicals formed by H-abstraction

23
from LZHA'
0
H2C=CH + 02 -+ Hzc—CH -+ HZCO + HCO

02

> €O+ HO,

‘1though the reactivity of HCHO makes determination of its initial yield
difficult, the proposed mechanism is supported by the fact that the
initial yields of CO and of HCHO (after correction for its formation

in reaction (6)) are effectively equal.

Computer treatment of the results obtained with C2H is in progress

4
to allow a more detailed interpretation and to cvaluate rate constants
for the reactions involved. In an attempt to reduce the number of

unknown rate constants involved, a separate study is being made of the
reactions of C_H with HO

274 2
system as a source of these radicals.

radicals, using the tetramethylbutane + 02

Ethylene oxide appears to be a fairly reactive intermediate both
in ethane and ethene oxidation, and its role is being examined by studies
both of its thermal decomposition and of its oxidation in a radical

environment .




(b)  Addition of propene

Results obtained by the addition of propene have been re-examined
by computer modelling. The formation of the major initial products,
ethylene oxide, acetaldehyde, methane, and ethene may be explained by
radical addition reactions similar to those discussed in section 3(a)
for ethene addition. The products likely te arise from H abstraction
(allylic position) from propene, namely acrolein, formaldehyde, and CO
represent only about 15-257, depending on mixture composition, of the

propene consumed. A Diels-Alder type of O, addition to the allyl radicals

2
is suggested for the formation of these products.
H, -~ 0 CH, - 0
//(‘ 2 // 2
CH, CHCH., — CH ‘ — CH " - CH,=CHCHO + OH
CH CHCH, + 0,— ¢ ~ '/H 2
CH, - O c. - 0
i \u
0,
\/ CH, - 0
CH_, “'7 -— 2HCO + HCHO + OH
\ '\cu 0
o §° )
DR
o- - 260+ 2HO

ro

The mechanism i1s consistent with the observed effect of variation in the

pressure of O, on the relative vields of acrolein, €O and formaldehyde.

From kinetic studies with profene there is no doubt that the rate
constants for abstraction by H and OH (to {orm the rescnance~stabilised
allyl radical) are at least a factor of 10 lower than expected on energetic
grounds by comparison with those for abstraction from alkanes. This marked
fall in the rate censtants almost certainly arises mainly from low pre-
exponential A factors. Strong kinetic and thermodynamic evidence supports
this view. For example, the delocalisation of the pi bond in the transition
state of the allyl radical reduces the value of AS* for H abstraction from
propenc by about 20 J K—l mol.-1 compared with that for H + propane.

Application of transition state theory then givesan A factor for abstraction

from propene about one-tenth of that for abstraction from propane.
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(c) Addition of pentene-1 and pentene-2

Results obtained on the addition of pentene-1 and pentene-2 to
slowly reacting mixtures of H2 + 02 + N2 at 480°C are being interpreted.
The initial products can be conveniently divided into four groups according

to their mechanism of formation.

(i) By H~abstraction. One difficulty in assessing the importance of

these reactions relative to radical-addition reactions is the problem of
identifying the products resulting from H-abstraction. With CZ-C5 alkyl
radicals, a reaction of major importance is the formation of the conjugate

alkene by a reaction with O, involving H atom abstraction from the carbon

2
atom adjacent to the free valency, as for n—C3H7 radicals below.
CHBCHZCHZ + O2 = CH3CH=CH2 + H02

However, when such abstraction would have to occur from a doubly bound
carbon atom, no evidence has been found for the corresponding reaction
with alkenyl radicals. Thus no trace of pentadiene-1,2 or pentadiene-2,3

is obtained from pentene-l1 or pentene-2. With pentene-1, the resonance-

stabilised radical CHZCHCHCHZCH3

and the most probable reactions of this radical are either to react with O2

will be formed predominantly by H-abstractiom,

to give pentadiene-1,3 (yield 15%Z) or to decompose to give butadiene-1,3
(yield 127).

CH2=CHCH2CH2CH3 + X -+ CHZCHCHCH2CH3 + HX ()]
CHZCHC???ZE?Q + O2 - CH2=CH-CH=CHCH3 + H02 (10)
CHZCHCHCHZCHa' ad CH2=CH-CH=CH2 + CH3 (11)

This mechanism would give the ratio [pentadiene-l,3]/[butadiene-l,3] =
k10[02]/k11' The ratio does increase from 1.25 to 5.5 as the pressure
of 02

This increase in the ratio is not exactly proportional to [02] since some

is increased from 70 Torr (mixture I) to 355 Torr (mixture II).

pentadiene-1,3 is formed from the radical CH2=CH-CH2CH2CH2 which reacts

uniqueiy with 02 to give about 207 of the total pentadiene-1,3. From a

reasonable estimate of k is obtained as 2.1 x 106 dm3 mol_1 s-1

2 11’ %10
at 480°C. This is the first value of a rate constant for the formation

of a conjugated diene by reaction of an alkenyl radical with 02, and, as
Table 5 shows, it is considerably below the values for the analogous

reaction of alkyl radicals. However, the alkenes are formed in reactions

that are 24 to 48 kJ mol"1 more exothermic than reaction (10), and there is




a clear trend in Table 5 for the rate constant to increase with increase
in exothermicity. A plot of 1og10k against AH (kJ mol—l) indicates that
expression (i) predicts the values of the rate constant k at 480°C to

better than a factor of 1.4.
1°g10k = 5,50 - 0.0411AH (i)

The values of AH for the formation of the non-conjugated pentadiene with

adjacent double bonds is about 55 kJ mol_l, and use of equation (i) gives
an estimated rate constant of about 2 x 103 dm3 mol—1 s-1 at 480°C, which

is a factor of 103 lower than k1 The absence of pentadiene-1,2 and

0"
pentadiene-2,3 in pentene addition is thus to be expected.

(ii) By H-addition

2,4-dimethyloxetan, 2-methyltetrahydrofuran, tetrahydropyran, pentene-2
(from pentene~1) and pentene-l and trans-pentene-2 (from cis-pentene-2)
almost certainly arise solely from pentyl radicals formed by H-addition to
the pentenes, and the detailed mechanism has been given in a paper submitted
for publication, With propene, the results suggest that nearly all the
n—C3H7 radicals, formed in a vibrationally excited state by the exothermic
addition (ca. 150 kJ mol—l) of H atoms to propene, decompose to CZHA and CH3.
With the butenes, the results suggest that a significant fraction (30-50%)
of the excited butyl radicals is stabilised, and then reacts. On addition
of cis—-pentene-2, the products propene and pentene-1 are only formed from the

2-pentyl radical, by decomposition and by reaction with O,, respectively.

2
CH3CHCH2CH2CH3 -+ CH3CH=CH2 + C2H5 (12)
CHBCHCHZCHZCH3 + 0& - CH2=CHCH2CH2CH3 + HO2 (13)
The initial value of the ratio [propene]/[pentene-l] is 4.0, compared with
the calculated value of 3.1 using the rate constants k12’ k13, obtained
for the 2-pentyl radical produced by H-abstraction from pentane (Mixture I).
Similarly, the ratio [trans-pentene-ZJ/fbutene-l] formed from the 3-pentyl
radicals is 3.0 when the radical is produced by H-addition to is-pentene-2,
compared to 2.5 when produced from pentane. There is thus little evidence for
an enhanced rate of decomposition of the pentyl radicals formed from the

pentene by H addition.

CH3CH2CHCH2CH3 -+ CH3CH2CH=CH2 + CH

CH3CH2CHCH2CH3 + O2 > CH3CH=CHCH2CH3 + H02

[P
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Examination of the yields of products for pentene~1 addition indicates

that the ratio of non-terminal to terminal H-addition, k /k = 0.65 ¥ 0.2.
lént’ 14t
H + CH2=CHCHZCH2CH3 -+ CHZCHZC“ZCHZCH3 (l4nt)
H + CH2=CHCH2CH2CH3 -+ CHBCHCHZCHZCH3 (1l4t)

This is much higher than the ratio 0.06 found for C3H6 at 298 K and, taken
with other evidence, suggests that the discrimination in favour of terminal

addition is much reduced as the temperature increases to 500°C.

(iii) By OH addition

The significant yields of CH3CHO (10Z) and CZHSCHO (77) obtained
from pentene-2 almost certainly result from OH addition, either by the
single step (15a) or (15b) or by the Waddington mechanism involving the

addition of O, to the initial adduct as in reaction (16).

2
0~-H [
| 1
CH3CH=CHCH2CH3 + OH -» CH3CH - CHCHZCH3 -+ CH3CH0 + C3H7 (15a)
H-0 '
|
CH3CH=CHCH2CH3 + OH -+ CHSCH - CHCHZCH3 -+ C2H5 + CZHSCHO (15b)
HO
[
OH 0 0 ?
| 2 |
CH3CH=CHCH2CH3 + OH -» CHSCH - CHCH20H3 - CH3CH-CHCH2CH3(16)

CH3CH0 + C2H5CH0 + OH b
In the case of butene-2, the corresponding reaction (15¢) would produce

CZHA’ which is not detected as a primary product

0 -H

| 0
= = - 2
CH3CH CHCH3 + OH CH3CH CHCH3 > CH3CH0 + CZHS-‘“* Czl'l‘0 + H02 (15¢)

However, careful analysis of the products suggests that in the case of

pentene-2 both mechanisms may be occurring. Further work is thus necessary

to establish the relative importance of these two mechanisms,




(iv) By HOZ addition

The significant yields of 2-propyloxiran (197) from pentene-1
undoubtedly arise from HO2 addition, though small amounts will be formed

| from l1-pentyl and 2-pentyl radicals formed by H-addition to the alkenes.

0 - OH 0
/

!
CH2=CHCHZCH2CH3 + HO2 CHZCHCHZCHZCH3 CH2 - CHCHZCHZCH3

With pentene-2, most of the 2-methyl-3-ethyloxiran appears to come from
pentyl radicals, and very little by HO2 addition. It is planned to
measure these rate constants directly by addition of alkenes to the

tetramethylbutane + O2 system discussed later.
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4. The oxidation of aldehydes

(a) The oxidation of propionaldehyde

The oxidation of propionaldehyde at 440°C in aged boric~acid-coated
vessels14 has been re—examined with a view to establishing the mechanism of
formation of two important products, carbon dioxide and acetaldehyde, which

are foruedlb in 5-15%7 yield, depending on mixture composition,

The main products, ethylene, carbon monoxide and hydrogen peroxide

are accounted for by the basic mechanism given below.

CZHSCHO + 02 = CZHSCO + H02 (1)
CZHSCO + M = CZHS + CO + M (2)
C2H5 + 02 = C2H4 + HO2 (3)
HO2 + CZHSCHO = CZHSCO + H202 (4)
HO, + HO,, = H,0, + 0, (5)
H202 + M = 20 + M (6)
OH + CZHSCHO = C,H,CcO ¢+ H,0 (N

The autocatalysis observed in thereaction is attributeJA to the decomposition
of hydrogen peroxide by reaction (6), followed by reaction (7) of the OH

radical.

Only a trace of acetaldehyde is formed from CZHS radicals produced

by addition of ethane to slowly reacting 82 + 0, mixtures, so that the

2
reaction CZH5 + 02 = CH3CH0 + OH, often used in mechanisms of hydrocarbon
oxidation, is not the cause of acetaldehyde formation. It is almost
certain that acetaldehyde is formed by radical attack at the secondary

CH2 position, followed by reaction of the radical with O

2°

HO2 + CH3CH2CHO = H202 + CH3CHCH0 (8)

CH3CHCH0 + 02 -+ CH3?H-§9 -+ CH3CH0 + CO + OH )
0‘0

This sequence is similar to the peroxyradical isomerisation and decomposition

(PRID) mechanism given in section (2b).

The ratio [002]/[C0] in the products increases with increase in O,
concentration, and decreases with increasing addition of inert gas,
consistent with a competition between reactions (10) and (2), which

gives expression (i) below.

dco,]/d c0] - k[0, 1/, [¥] (i)

czusco + O2 ] CZHSCO3 - Czﬂk + 002 + OH (10)

CZHSCO + M = Czﬂs + CO + M (2)
Detailed studies of the variation of [COZ}IECDJ ratio were made over a
wide range of mixture composition, since the system appeared to offer a

method of studying the interesting problem of the relative efficiency of

—— L A0y
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different molecules in reaction (2). However, the ratio [COZJ/ECO] was
found to decrease sharply in the early stages of reaction, to an approximately
constant value, and then to rise slowly after about 507 consumption of
propionaldehyde. This decrease in the ratio was attributed to the
simultaneous occurrence of a surface process forming carbon dioxide,

which becomes less important as the chain reaction accelerates. The

rise in the later stages of reaction is attributed to the oxidation of

carbon monoxide by the radicalsOH and H02, and computer treatment confirms

the importance of these reactions in the later stages. Confirmation of

the existence of a surface formation of carbon dioxide is provided by the

increased [C07]/[COJ ratio in smaller diameter vessels, whereas the rate

of formation of carbon monoxide is unaffected.

A Jetailed interpretation of the results for a wide range of mixture
composition gives the rate constants at 440°C listed in Table 8.
Table 8

Rate Constants aE_ﬁAOOC in Propionaldehyde Oxidation

Ky - 0.077 dm> mol ! & 1

k = 1.59 x 106 dm3 mol_1 s_1
4 5 .3 -1 -1

k8 = 1.1 x 107 dm™ mol s

kig/k, = 0.108 (M = N,)

The value of k4 is significantly hipher, by a factor of about 4, than
preliminary estimates for the rate constant of HO2 with the secondary
CH2 group in propane, and this suggests that the secondary CH bond is

weaker in propionaldehyde than in propane by about 8 kJ mol—1 because
of the adjacent aldehydic group.

This work has been published.15
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(b) The oxidation of isobutyraldehyde at 440°C

The major products are propene, carbon monoxide and hydrogen peroxide,
although small amounts of carbon dioxide (47), propene oxide (17), and acctone
(in yields of 6-127 depending on mixture composition) are also found. The

following scheme accounts for the main reaction products.

1-C3H7CHO + 02 = 1‘C3H7CO + HOZ (1b)
i-C,H,CO 4 ™ = i-CQH, + CO o+ M (2b)
I_CBH7 - O2 = L3H6 - h02 (3b)
HO., + i-C,H.CHO = i-C_E.CO + H,0, (4b)
9 = 3
_ﬂoz H202 + Y, (5)
H. O, - M = 204 + - (¢)
[ + 1=C. = Chd = =C.E.C0 - H.O {7
T 379 2

Tre Cernation of accrone ls attributed to reactions (4t;, (7:) aac

(11) beion. The increase in the percentage yield of acetone as the
reactiorn procecds may he used to obtiin both k&t znd k7t, since the rise
ra

I aceione yielcd 1s due to the ineveoze in the coucentrawion of theo iese

LUl Cll v Jadicll, & a resuat ol éa lrercusing contriburicn from ire
JLiS00. wllih L Lhl L SOGEC D 0T e DeTOX Ul (fcaction ). Tne Lnofcize

in wvetone colventrevion waih ircreacing 02 concentration is cttritutec

o conge L llon petween recvoicis (11) and (:2).

[ + {Ch.) CrCiO = (CK.),C-CHC + 1.0, (st

z 372 372 iz
£ - (cH,) , CHCES - {Cd,),C-C80 + i, G Ve

2 372 A

\'; N A‘.( LT v, = (\;..3)2(:0 s CC' h Ql» (11)
G, lUnG N = C.L, +~ Cho + b (125

A = V) :
[ - \’),‘ = CO + }n',‘ (l:)

Altheut Tae o Caetaon of acetone can re represented Rincilcaliy by

reaction (1i,, [t :s undouwdtedly {oruazc by « peroxyradical isomerisation
and decomposition (PRID) mecrhanisn analogous to that responsible for rthe
formation of aceraldzhyde from propicaaldehyde.

4;0

~

= (CH3)2CC + 0 + OF
B

w 0 + = : -C
(th)zc CHO O2 (LH3)2?
0-0

Tre T0ll meonoaisn hes bouen treated by 2 computer progran using
a Kutta-Runge integration process to examine the variation of the extent
of reaction with tim2, which givc§ ch? rate constants klb =0.12 £ 0.01 dm3
nnl_l s-l, kéb = (1.8 20.1) x 10° <i:njtxmol-.]‘s-l at 440°C. From the yic¢lds
(i.6 %0.2) x 10° da’ bl Ky fkp =
0.002 (M = NZ) have been obtained. The

n

of acetone, the values k mol
+
0.7 = 0.4, k12/k11

value of kat is significantly higher than an upper limit of 4 x IOA found

Lt
= 0.014

1+

for HO, attack at the tertiary C-H bond in butane. This confirms the
sugpestion made in section (3a) that C-H bonds adjacent to an aldehydic

group are noticeably weaker than the corresponding bond in an alkane.
B . N wN N
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Propene oxide is formed both from i—C3H7 radicals by reaction (14)

and from the radicals formed by OH and HO, attack at the primary CH bonds.

i~C3H7 + 02 = C3H6O + OH (14)
CH3\\ 79
(CH3)(CH2)CHCHO + O2 = CHZ‘//CH-C\H = CH3QETFH2 + CO + OH (15)
o - 0 0

Allowance for the relatively small amount of propene oxide formed by
reaction (15) is included in the computer treatment, which gives the best
value of kla/ka as 0.007. This 1s consistent with a value for 0.010

for the corresponding ratio for t-C,H_ radicals.

479

As found with propionaldehyde, the [COZJ/[CO] ratio falls sharply
as the reaction proceeds, and then rises later due to secondary formation
of carbon dioxide from carbon monoxide. This fall has been interpreted
in terms of a heterogeneous formation of carbon dioxide in parallel with
a homogenvous formation by isomerisation and decomposition of the
(CH3)2CHC03 radical. However, the yield of carbon dioxide is much 5
lower than in the case of propionaldehyde, and varies rather erratically,
so that a detailed study of the mechanism of formation is not considered

worthwhile.

16

This work has been published.
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(¢)  Summary of rate constants

Rate constants for the initiation reaction (1) and for the reaction (4)

of H02 radicals with aldehydes are summarised below.
Table 9
Rate Constants in Aldehyde Oxidation
k1 Position of ka Temp.

Aldehyde  =3=""777 o, attack 3 -1.-1 o
dm"mol s 2 dm"mol s C
HCHO 0,022 aldehydic (5.6 i0.5) b 105 440
¢, H Clio 0.081 aldehydic (1.52%0.15) x 10? 440
secondary CH, (1.5 %0.2) x 107 440
0=C 1 CHO total (2.4 *0.5) x 10% 450
i-C H_CHO 0.120 aldehydic (1.83%0.1) x 10® 440
tertiary (1.4 ¥0.2) x 10° 440

As formaldenyde has two aldehydic C-H bonds, the much lower values both
for k1 ana k‘g imply that the activation energy is 8-12 kJ mol'-1 higher
for reactions of H02 and of 02 with formaldehyde compared with higher
aldehydes, and a similar difference probably applies to the aldehyde

(-H bond dissociation energies.

17 ..
A paper summarising these results and other rate constants for

reactions of HO, radicals was presented at the Seventeenth International

(ombustion Symposium at Leeds in August 1978.
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5. The oxidation of 2,.,3,3~tetramethylbutane
(a) The oxidation in KCl-coated vessels
Because of the considerable strain caused by the six CH3 groOups
around the central C-C bond, the decomposition of 2,2,3,3-tetramethylbutan:
(TMB) occurs at temperatures 100-150°C lower than needed for straight
chain alkanes. The thermolysis of a hydrocarbon is normally a chain
reaction, sensitive to surface effects, but these difficulties can be
avoided in the case of TMB by carrving out the decomposition in
the presence of O, Previous studies have shown that 997 of L—CAH9
radicals teact with Oy to form isobutene according to reaction (2).
If the rcaslicn 1s carried out in & KCl-coated vessel, known to be ‘
effective tor the destruction of H02 radicals, the basic mechanism thus
;
involves reactions (1)-(3).
: ML) LC-C(CH, = -C H 1
; (CH ) jLmClety) 4 2e7C,Hg (1
: t-(éug + 02 = i—C4H8 + HO2 (2)
surface .
HO SUYLace  noo + 20, (3)
, 2 2

This mechanism gives the stoichiometric equation (s) and the relationships |

and (11), which have been confirmed ¢xperimentally.

* ~C(CH Lo - 2i-C 5)

| (LHB)E( (((}13)3 + ‘(3 i (AHB + HzO (s)

! “p - 1o s] = o0.73[i-c Mg (i)
5 B

3 -d_T™B/dt : kI[TMle[OZJO (ii)

However, the oxperimental rate constant Kk ., based on expression (1’
o

bs
lncreases slightly (ca.10-20%) with TMB concentration over the ranpe

0.25-4 Torr, and with addition of inert gas. This is attributed to a
slight contribution from attack of OH and HO2 radicals on TMB as the result

of the additional reactions (4)-(9) below.

HO2 + ™B = (CH3)3C—C(CH3)2CH2 + H202 (&)
HO2 + HO2 = H202 + 02 (5)
HZOZ + M = 20H + M (6)
Hzoz sugface “20 + %02 (7
OH + T™B = (CH3)3C—C(CH3)2CH2 + H2O (8)
(CHB)JC—C(CH3)2CH2 = i—C(‘H8 + t—CaH9 (9)
Studies9 of the addition of TMB to the H2 + 02 reaction, discussed in scctien (7
have shown that reaction (9) is the predominant reaction of the TMB radical.




Use o1 = computer program, based on a stationary state treatment of

the radival cencentrations and a Runge-Kutta integration of the differontis:
cquarions for the molecular species, has allowed the evaluation of the

1
rate constants k1 and ka/kS: from studies over a range of TMB concentration
and total pressvre. The chain contribution from reactions (4) and (8)
is only abont 15% or the total reaction rate and is almost independent

. o
of temprrature between L20-5407C.

The corrected values of kobs give a good straigh: line plot of

loy kl against 1/7 over the range 320-5&00C, with Arrhenius parameters

T P ol st B, = 295.4 % 1.5 kJ mol Y, which may be ccmpared with

Al =20~ Eulh ﬁl, El = 286.5 kJ mol.l over the range 713—8680C,

cbtained by Tsang ~ using a shock tube. Combinacion of Tsang's data,
wultably corvected, with the present data gives A1 = 6.0 x 1016 s~1,

Yoo 29004 sk mo]“I over the range 420-868°C. Combingtion of

:Ec velve of E] with that for Lhe reverse reaction and with other thermodyvi .o
datr gives ihe enthalpy of formation AfH§98 = 44.0 T 4.0 kJ mol_1 for the
l—&‘QH9 radical, which is at least 10 kJ mol ° higher than previously accepte:
e, The value of Afnggg leads to a bond dissociation energy DI, _(t-Bu

298
) -1 . . . . [P . .
b b kD o mol T, which again 1s significantly higher than the previously

cotedd valae of 382 kJ mol-l. Recommended values for the bond dissociat:

vries 1u the C,-C, alkanes are given later.

1o

Vite et hes beew published.




(b Mhe reaction of HO, radicals with 2,2,3,3-tetramethylbutane

The increase in the observed value of the rate constant kobs'
obtained from expression (i), with increase in TMB concentration and

on addition of inert gas is due to a small chain contribution (chain

length less than unity) from reactions (4) and (8). At the lower
temperatures (420 and 440°C) this is predominantly due to reaction (4),

but as the temperature rises, the increased dissociation of H202 causes

an increasing contributicn from reaction (8); at the same time the
contribution trom HO, attack decreases because reaction (5) becomes
increasingly dominant as the concentration of radicals increases.

Computer interpretation ot the mechanism iuvolving reactions (1)-(9) pives
a preliminary value of ka = 1.7 x 104 at 440°¢. However, although the
individual values of the surface termination constant k3 and the homogencous
termination constant kS are known, the total termination rate is not the
sum ot the two individual termination rates because of interaction between
the hemepencous termination, which pives a uniform concentration of
1.dicais acress the reaction vessel, and the surface costruction, which
Fives a diffusion—controlled profile. The occurrence of homogencous
termination increases the concentration gradient near the vessel surface,
S0 that the rate ol surtdce termmination is gareater than when homogencous
termination s chsent. Fhere pas been no previous study of the cxtent

of this foteraciion, Catculations with linear homogeneous termination,
where the ditdorential cquativns ¢ he integrated, shows that the total

termination rate mav be incereased by oas much as 207, Since this means

that the coocentration of HOL radicals mav be about 207 below that calcuiated

using conventionai treatments, appreciation of this interaction is essential
if accurate rate constants are to be obtained using the oxidation of TMB in

KCl-coated vessels as a source of H02 radicals.

With mutual termination, there is no explicit solution of the simultancous

differential equations involved and numerical methods of solution have to be
adopted. In collaboration with the Department of Applied Mathematics, a

suitable propram has been written to solve the second order differential

equation in the case where chain initiation results only from the decomposition

of TMB. Since the concentration of TMB is uniform across the reaction vesscl,
the rate of initiation is also uniferm. Solution of the problem using the

T e i e e
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computer program requires an intelligent guess as to the radical

concentration at the centre of the vessel, and expericence has enabled this

to be achieved. The results show that again the total termination rate

may be some 207 higher than if interaction is ignored. ' ;

However, the real situation is more complex since H can dissociate

202
by reaction (6) and thus also produce chain centres. Moreover, since
H202 is produced from H02, its concentration is not uniform across the
vessel, and 1ts diffusion to the surface has also to be considered. This
creates a pair of simultaneous differential equations which have to be

numerically integrated, and to obtain a solution, starting values of the

concentrations of HO,) and H,0, at the centre of the vessel have to be
provided. If the guesses are not sufficiently accurate, the program finds

erroneous solutions, This difficulty, arising from the stiffness of the

equations, has slowed down progress, particularly at the higher temperatures 3

when assessment of the starting values is more critical.

From the results so far obtained for the extent of interaction,
. o, .
the observations at 440 C have been re-examined. The value of kl
! effectively unaltered, but the revised value of k4 is 2.07 x 10" dm

The increase of about 207 on the previous figure is entirely due to the

is
3 -1

mol_ls .

interaction phenomena. With an accurate value for k. now available, the
G
T™B oxidation can now be used as a source of HO, radicals so as to obtain

i . i c.
: rate constants for HO + some additive,
3 L

| This vajue tor k, represents the first direct determination of a
“

; rate const ot for the HO, radical with an alkane. The uncorrected value
+ “
17 . . . . .
. was Tepor ied at the Scventeenth Ilnternational Combustion Symposium at
V' ., N
) Leeds 1n 1978,
!
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() The molecular decomposition of 2,2,3,3~tetramethylbutane

A small amount (ca. 17%) of i-butane is found in the decomposition of

T™MB in the presence of O The rate of production of i-butane is first

2+
order in TMB, and is independent of the concentration of 02, of inert

gas addition, and of vessel diameter. These observations leave as the

only possibility a molecular mechanism for i-butane formation.

. g - f_e P~ N
(LH3)3L (,((,HB)3 i LAHIO + i C4H8 (1M)

Study of the molecular decoupositions between 420-540°C gives the

. 13 -1 -1
Arrhenius parvameters Al% = 7.8 x 10 s 0, El“ =275 % 1.5 kJ mol .
l ol
The A factor is consistent with that expected for a four-centre
transition state. These parameters appear to be the first reported for

the non-chain, molecular decomposition of an alkane. This work has

. 2(
been published.




(d)

Reaction of CZH

5

radicals with O

2

———H‘

In a previous report, the rate constant for reactions of HO,
radicals with C,H was determined by measuring the relative yields of isobutene

26 .
and C,H, formed when C_,H, is added to TMB + O, mixtures. With the

274 26 2
simplest mechanism involving reactions (1)-(3), (10) and (11), the

relative yields are given by equation (iii)

HO,, + czué -+ C2H5 + H202 (10)
czu + 0 - CZHA + H02 (11)

5 2
dlc,m,3/dfi-c ng)

In an accurate evaluation of klO’

of reactions (4)~(9), as well as reaction (12), and detailed computer

klo[czH ]/k3 (iii)

allowance must be made for the occurrence

interpretation is in progress.

OH + C2H6 -+ CZHS + H20 (12)

Mo is C,H,,
ethylene oxide (CvHAO) is formed and the ratio [C2H4]/[C2HQO] can be

Although the predominant product formed from C a trace of

accurately measured as a result of the increased sensitivity and reproducibili
possible with a recently acquired Perkin-Elmer Sigma I gas chromatograph.
tt is found that at small extents of reaction, the ratio [CQH,j/rC7H,U] is
247204
0. . . .
constant at 95 at 500°C, but that the ratio decreascs as the reaction procecdr,

almost certainly because of reaction (13),

(‘211,q + Hoz . (izHAO + OH (13)
Since the initis io [¢ ; = iati 3
ince the initial ratio [CZH&]/[(ZH&O] klllklé’ the variation of the
initial ratio with temperature over the range 400-540°C has been used to
. . + +
‘he =13.6 * 2. -E,, =12.5 ¥ 1.0
Obtaln—;he Arrhenius parameter Au/A14 13.6 2.1, El& hll 12.5 1.0
kJ mol .
C2H5 + O2 > L2H&O + OH (14)

From measurements of the trace amounts of butane formed by reaction (15),
the concentration of 02H5 radi eals can be calculated from the known value of
k15'

C2H5 + C2H5

Since d[CZHA]/dt

CAHlO (15)

= kll[CZHSJEOZJ’ the measurement of the rate of formation




of C,,H4 can be used to obtain k11 = 7.7 x 107 dm3 mol_1 s_1 at SAOOC.

Combination of this value with an independent estimate at 440°C gives

8.93 dm3 o -1 -1

A . =10 ol " s , Ell = 16.2 kJ mol_l, which are considered

11
to be the most reliable parameters available for this reaction.

From these parameters for All’ Ell’ values of Al&

Elé = 28.7 kJ mol_1 are obtained. However, the overall reaction (14) 1is
considered to proceed by a peroxy radical isomerisation and decomposition

process, represented by equations (16)-(18).

CZHS + 02 = 02H502 (16)
CZHSOZ > C2H400H (17)
CZHAOOH > CZHAO + OH {18)

On the assumption that (18) is the sole reaction of CzHAOOH radicals, and

that reaction (16) is effectively equilibrated, the rate constant kl& =
K k. .. Using Benson's additivity rules to evaluate K __, the experimental

16 17 16
13.29 sl
b4

+
517 = 144.0 - 10

values Sf Alé’ El4 given above lead to A17 = 10
kJ mole °. The values are the first experimental determinations of the
Arrhenius factors for such reactions. This value of A17 is a factor of ten
higher than the figure suggested by Benson for similar isomerisations of
alkylperoxy radicals to the hydroperoxyalkyl radical which give oxetans

on decomposition. Since these involve a 6-membered ring in the transition
state, compared to a 5-meabered ring of reaction (17), this is

consistent with transition state theory which indicates that the A factor

for such isomerisation reactions should increase significantly as the ring

size decreases.

This work has been accepted for publication.

= 6.3 x 107 dm> mo1”!
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(e) Reactions of t-butyl radicals

The basic mechanism involving

reactions (1)-(3) indicates that

the decomposition of TMB in the presence of 02 offers a controlled

source of t-butyl radicals.

expression (iv).

t- b4h9 + 0

t- C4H9 + H

dli-c, i, 1/dlc He ]

In using equation {(iv)

(5]

o

is added, i- CAHIO

reaction (19), and the competition between reactions (2) and (19) gives

i- C4H8 +
i- LQHIO +
klg[H2]/k2[02]

is formed by

allowance must be made for the

(2)
(19)

(iv)

occurrence of

reactions (9) and (1M) in which i-butene is formed but not via the

L-Cqu radical, and for reaction (IM) which forms i-butane by a molecular
process. Because of the small yields of i-butane, high ratios (100-300)
The ratio d[1-C4H10]/d[1—C4H83 is found to

be proportional to [sz/[ozj as predicted by equation (iv),

of [sz/[OZJ must be used.

and the ratio

kz/k19 varies from 11,950 to 3,180 over the temperature range 4&0-5600C

corresponding to values of A /A
kJ mol-l. Use of the known value of k -19 and of thermochemlcal data for

reaction (19) gives the va]ues A = 2 30 x 10

kd mol™l, A = 8.0 x 10

subject to some uncertainty,

reactions of alkyl radicals with O,

low activation energy.

=0.35 ¥ o0.10, (Eq

9

L

the low value for E

to give the conjugate alkenc

dm” mol

, E. =9.1 %10 kJ mal

“19

=61.9 -

Although
confirms the view that

have

The data are mostly self-consistent with a value of A H(t—CQHQ)

16.1 kJ at 480°cC. This corresponds to a value of ne

1

kJ mol . This value 1s some 10 kJ mol -1

298
higher than earlxer estimates

(t- C H )of 392.7

by other workers, but is consistent with values recommended for other

alkyl radicals which are listed in section 6.

21

This work has been published.
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(f) Reactions of HO, radicals with alkanes, alkenes and carbon monoxide

There is considerable difficulty in finding a suitable source of HO2
radicals in the temperature range AOO-SSOOC, since with most methods of
production of this radical, it is accompanied by more reactive radicals.
However, the decomposition of TMB in the presence of 02 offers a source
of HO, radicals since, as already indicated, the mechanism is described

with recasonable accuracy by reactions (1)-(3) and (5) below.

(cnj)Bc—c(u{3)3 = 2t~LaH9
-( = i~ 2
t LAHQ + O2 1 CAHS + HO2 2)
HO, sugface 1,0 + l0, (3)
uo2 + H02 = H202 + 02 (5)

An added alkane, such as ethane, will be removed by reaction (10), the

predominant reaction of the CZHS radicals produced being to form C7HA by
reaction (11).
H()2 + CZH6 = C2H5 + H202 (10)
(,'2115 + 02 = HOZ + CZHQ (1)

If H02 radicals are predominantly destroyed by reaction (3), the above

scheme gives the rate expression (v), wherecas if reaction (5) predominates

over (3), the rate expression (vi)is obtained.
dfc,h, Jrali-c mg] A S Vi ()

dc,n, Jdfi-c u] = 0.5k [0 8, 1/ Gk [TB ] (vi)

Expression (v) is found to be approximately correct at low temperatures
and pressures, where the HO, concentration is low, whereas expression (vi)
is approached as the temperature and pressure increase. For accurate
treatment, allowance must be made for the dissociation of hydrogen

peroxide, reaction of HO2 radicals with TMB, reaction of OH radicals both

with ethane and TMB, reactions of CZHS and t—CAH9 radicals with 0, to

2
give products other than the conjugate alkene, formation of i-butene by

the molecular reaction (IM) and by the decomposition reaction (9) of

the TMB radical. All these effects are allowed for in a suitable

computer treatment of the mechanism. Allowance is also made for a small

amount of ethylene formed by a surface reaction, this process being most

important at low TMB concentrations and low ethane concentrations.
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Preliminary interpretation gives a value of klo =1.27 x 104 dm3 mol-l s-1

but a more precise value has awaited the examination of the interaction between
homogeneous and heterogeneous termination, discussed in section (5b), which
affect the stationary concentration of HO, radicals in the oxidation

of TMB. The detailed examination now proceeding suggests a value of k

4 1 -1

R _ 10
am” mol s

close to 1.5 x 10
The above studies with ethane have shown that the decomposition of
TMB in the presence of O2 provides a very convenient source of HO2 radicals
and a detailed study of their reactions with a wide range of alkanes and
alkenes is planned. Very few rate constants for these reactions are

avallable.

Isobutene 1s the major initial product (997 yield) when TMB is
decomposed in the presence of O2 in KCl-coated vessels over the temperature
range 420-540°C. Later in the reaction, secondary products are formed
from isobutene and affect the overall kinetics. Studies have, therefore,
been made of the addition of isobutene to slowly reacting mixtures of

T™B + 02 with two major objectives.

(i) A determination of the Arrhenius paramaters for the reaction of

HO2 radicals with 1sobutene.

H02 + (LH3)2C=CH > (CH

’ C-CH, + OH

)
3 2\1 2
o

Very little information is available on the addition reactions of HO2

radicals with alkenes.
(i1) A genecral study of the chemistry of isobutene oxidation in the
T™B + 02 system, which will also permit the interpretation of the parent
system to be carried out further into reaction than is possible at present.
Analytical studies at A?OOC, using a mixture containing 2, 1, 30,
and 27 Torr of TMB, isobutene, 02, and N2’ show that the major initial
products are acetone (207 yield), isobutene oxide (20%), propene (15%),
methane (117), 2-methylprop-2-en-1-al (117), isobutyraldehyde (5%7),
ethylene (57), 2-methylbutene-1 (57), and allene (4Z). Analyses are
currently being carried out for HCHO, CO, and COZ' Variation in the
mixture composition does not greatly affect the procduct distribution,
The concentration of isobutene oxide reaches a maximum early in the
reaction since it is rapidly removed by isomerisation processes; this

has been confirmed by direct studies of the isomerisation of isobutene




~<

- —-—

e cer W
- A L 8 e " i A - 0 WU e

-

-

- 39 -

AT, AN a—

oxide, Plausible mechanisms for the formation of the products can be

suggested and from further analysis in the very early stages of reaction,
by the use of magnetic valves to obtain precise reaction times, rate
constants for several of the important elementary reactions should be

determined for the first time.

Studies are also being made with the addition of ethylene, to |
examine the possibility that the reaction HO2 + C2H4 is pressure dependent. :
i
Although the reaction between HO, radicals and CO is an important

step in various combustion processes, its rate constant and Arrhenius

parameters are still uncertain.

HO2 + co - CO2 + OH (20)

Attempts have been made to study reaction (20) by the addition of CO

to mixtures of tetramethylbutane + 02 in KCl-coated vessels. Although
reproducible results can be achieved b careful conditioning of the
reaction vessel, it is clear that a significant proportion of the CO2 3
is formed at the vessel surface, and thus a reliable rate constant cannot.

be determined.

Recently, however, aged boric-acid-coated vessels have been used
with considerable success and surface effects appear to be absent.
Although the radical ratio [OH]/[HOZJ is considerably higher than in the
KCl-coated vessels, the formation of C02 through the reaction of OH

radicals with CO may be accurately calculated and does not exceed about

3 -1

107 of the total yield. A preliminary value ofl§O = 9.6 x 10° dm> mole.1 3
at 470°C has been obtained. The study is currently being extended to
cover the temperature range 420~500°C and by combination with independent

data, reliable Arrhenius parameters for reaction (20) should be obtained.




!!f""""""' | o - """“*"'"'”"""“""'""""""""""";’!

- 4 - ‘
:

(g) The oxidation of 2,2,3,3-tetramethylbutane in boric-acid-coated vessels

o — ¢ —————

Although the efficient destruction of Ho, radicals and of H202 at
! a KCl-~coated surface minimises the role of OH radicals produced by the

dissociaticn reaction (6) of H202, use of this surface has two disadvantages.

: H207 + M > 204 + M (6)

(1) As the temperature, and hence the concentration of H02, increase,

H,0, is formed increasingly by reaction (5) and its dissociation becomes

2
more important. Allowance for this is complicated by the interaction between

f { homogeneous and heterogeneous termination, discussed in section (5b).
|

(i1) The KCl-coated surface deteriorates with use, so that weekly re-coating

1s necessary, thus slowing down the experimental work.

As a consequence, the reaction has been re-examined in aged boric-acid-
: , coated vessels, where surface destruction of HO2 and H202 is effectively
negligible. A detailed study has now been carried out between 400 and 470°%¢;
this range will be extended to at least 500°C by the use of precision
solenoid valves for the accurate control of reaction time. Wide variations

in the concentrations of 0 TMB, and total pressure have been used in order

f ¢ 2°
to confirm the mechanism and to maximise the information derived from the

system,

The reaction is markedly autocatalytic due to the occurrence of q

reaction (6) and the extent of autocatalysis increases markedly with increase

e a——

l. in total pressure. As the HZOZ does not rapidly reach a stationary i

concentration as in KCl-ccated vessels, but continues to build up for at
least 307 of the reaction, the partial differential equations for reactants
and for H,0, have to be solved by numerical integration using a computer

2
treatment.

of HO, and of OH radicals. By use of an optimisation procedure, preliminary
values of k = 2.2 x 1072 7L, kl‘/ksi = 0.48 (dmd mo1"l s™H} ar 440° :

) are obtained, which compare with k1 = 2.6 x 10—5 s_1 and kl‘/ksi = 0.48 (dm3 §
i mo1”} s-l) for the KCl-coated vessels. At present the semsitivity of the 1

]
3
!
1
H
! , Computer intepretation confirms that the system is a promising source
)
i
J

!

3
Y optimised parameters to changes in the other rate constants used in the
: computer treatment is being examined. When the studies are complete,

| Arrhenius parameters for reactions (1) and (4) will be obtained, together




[

- -————_

p — -
Ptk = A . = e ————— * ks T W o g

i Ve

with a valuce for the second body coefficient of TMB in reaction (6). This
latter value is of particular importance to the successful interpretation
of the boric-acid-coated results, and experiments specificially designed

for the determination have been carried out.

(CH3)3CC(CH3)3 > 2:-04H9 (1)
HO,, + (CH3)3CC(CH3)3 - (CH3)3CC(CH3)2CH2 (&)
HO,) + KO, > H202 + 02 (5)
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6. The decomposition of 2,2,3-trimethylbutane in the presence of oxywen

Although the strain in the central C-C bond in 2,2,3-trimethylbutane
(TRIMB) is less than in 2,2,3,3-tetramethylbutane (TMB), it i1s still
sufficient for the homolysis of the bond to be reasonably fast at about
500°C.  As the t-CAH9 and i—C3H7 radicals produced predominantly react
with O2 to give the conjugate alkene and HOZ’ the following simple
scheme forms the basis of the mechanism in KCl-coated vessels where HO2

radicals are efficiently destroyed at the surface.

(CH3)3C—CH(CH3)2 > t—C[‘H9 + i—C3H7 1)
t—c4ng + 0, > i-C4H8 + Ho, (2)
i—C3H7 + 02 > C3H6 + 1{02 @2

HO, surface 14,0 + 20, (3)

This simple mechanism gives the rate expression (vii) exactly analogous

to expression (i) obtained with TMB.

"

[ TRIMB]/dt ky; [TR1M8] [0, 7° (vii)

Experimentally the rate is found to be zero order in 02, but the observed
rate constant kobs increases with the concentration of TRIMB because of
the significant chain contribution from HO, and OH attack on TRIMB. By

a double extrapolation of the observed rats constant kobs to zero extent
of reaction for a given initial concentration of TRIMB and to zero initial
concentration of TRIMB, accurate values of k21 are obtained at 480°C and
5009C. Combination with Tsang's results at higher temperatures then
gives log, (A 2fs 1) =16.46 2 0.12 and E ,; = 305 ¥ 1.5 kJ mol ! over the
temperature range 480°-925°¢, Combination of thes. parameters with those
for reaction (- 21) gives further information on the thermochemistry of
t-C,H, and i-C_H_ radicals, which has been the subject of considerable

49 377
recent discussion. Table 10 gives the enthalpies of formation of t—CaH9

and i—C3H7 radicals together with the recommended values for CH3 and

C2H5 radicals.
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Table 10

Thermochemical values of alkyl radicals

0 -1 o -1

R AfH298/kJ mol D298(R H) /kJ mol
CH3 145.6+1.0 438.4+1.0

C2H5 118.0+4.0 420.5+4.0

i-C3H7 80.8%4.0 402.544.0

t-C H 37.612.0 390.2+2.0

49
From the variation of k with the concentration of 1RIMB, a

obs
37 (3.

5 3 1

prelininary estimate of k., 1 ¥0.6) x 10° dm mol_1 s * at 500°C has

been obtained.

HoO, + (CH) ,C-CH(CH,)), = (CH,),CC(CHy), +  H,0, (23)
Although i-butene and propene arc the major initial products
(ca., &% initial yield), as predicted by the mechanism, 2,3,3-trimethyl-
but-l-ene is formed in asbout 157 yield together with smaller amounts of
2,3-dimethylbut-2-ene. From the variation in the relative yields of the
two products with mixture composition, it has been established that they

are formed in recactions (24) and (25).

((H3)3CC(CH3)2 + 02 - (CHB)BC—C(CH3)=CH2 + Hﬂz (2.

Ho) L CC(C - (C =C(CH '3

(¢ 3)3(((CH3)2 (CH3)2C (((,h3)2 + CH3 (23)
A value of kyo = 1.4 x 103 at 500°C has been obtained, which is

consistont with the rate constants for other 'strained' alkyl radical

decomposition as shown in Table 7.

2
This work has now been published.“3




7. The reaction between hydrogen and nitrous oxide

The reaction between hydrogen and nitrous oxide has been studied
mass spectrometrically at 500°C in a Pyrex vessel to confirm the mechanism
below suggested by a study of the reaction at 600°C, and to obtain the

activation energies of some of the reactions involved.

NZO + M = N2 + 0 + M (1)

0 + H, = OH + H (2)

H + N,0 = OH + N, (3

OH + H2 = H20 + H (4)

H + NZO = NH + NO 7N

NH + NZO = HNO + N2 (8)

H + HNO = H2 + NO 9)

OH + HNO = H,0 + NO (10)

H + NO + M' = HNO + M! (11)

HNO + HXNO = HZO + NZO (12)

HNO + M! = H + NO + M (13

HNO + NO = OH + N20 (14)
The behaviour of the reaction at 500°C is very similar to that at
600°C. Nitric oxtde is formed as a minor product, reaching a maximum
concentration and then decreasing as the reaction proceeds. The self-

inhibition characteristics of the reaction are due to the marked retarding
effect of nitric oxide on the reaction. Attention has been concentrated
on the [NO], time profile for the mixture [NZO] = [sz = [Ar] = 100 Terr
and on the initial rates of nitrogen formation when small amounts of
nitric oxide (0.1-5 Torr) are added to this mixture. This avoids the
difficulties caused by uncertain coefficients for H2 and Ar relative to

N2 as M in reaction (1) when the concentrations of the main reactunts are
varied.

Use of a computer treatment already developed to interpret the
results at 600°C shows that, as at 600°C, several combinations of rate
constants will give a satisfactory interpretation of the results. Work
is continuing to establish the best combination of rate constants and to
use the computer program to examine what experiments might provide further

information on this system,

Some studies have been made involving the additior of ethane to slowly
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reacting mixtures of H2 + NZO at 550°C with the intention of using the
system as a source of H and OH radicals in the absence of 0. The
major product initially is ethylene, but it rapidly reaches a steady

concentration, probably due mainly to the cquilibrium (15).
274

H + C,H = CZH5 (15)

Once equilibrium has been established, methane becomes the major product
and the kinetic features of the reaction suggest that it is produced by

reactions (16) an’ (17).

H = 2¢ 3
H + (215 (H3 (16)
CHy o+ H, = CH, + H (17)

It was hoped that alkoxy radicals might be produced by reaction (18),
su that their behavicur could be investigated, but no evidence for this

reaction has been found.

)

CoH, o+ NLO CHO o+ N (18)
b < <

5 2
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chromatographic equipment, and to provide for a Research Assistant.

Informal discussions have taken place with Professor Barnard of
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Appendix I
Rate Constants for the i-C[‘H9 Radical System at 480°C
Reaction k/dm3,mol,s note
_ 4
CH3CH(CH3)CH2 = C3H6 + CH3 8.8 x 107
CH3CH(CH3)CH2 + 02 = 1_C4H8 + H02 6.8 x 109
CH3CH(CH3)CH2 + 02 = CH3CH(CH3)CH202 1.0 x 106 a g
CH3CH(CH3)CH202 = CH3CH(CH3)CH2 + O2 2.6 x 104 b ;
CH3CH(CH3)CH202 = CHBCH(CHZOOH)CH2 4.45 x 10 b
. _ 6
CH3CH(CHZOOH)LH2 = CH3CH(CH3)CH202 1.35 x 105 b
CH3CH(CH3)CH202 = CH3C(CH3)(CH200H) 1.83 x 10 b
CH.,C(CH.,) (CH.,00H) = CH,CH(CH,)CH.0 8.3 x 10° b
3 3 2 3 3 272 6
' CHBCH(CHZOOH)CH2 = 3-methyloxetan + OH (1-2) x 10 c
‘ CH3C(CH3)(CH200H) = isobutene oxide + OH 1.8 x 106 c
B ~ 9
CH3CH(CH200H)CH2 + O2 = CH3CH(CH200H)CH202 1.0 x 106 a
' CH3CH(CH200H)CH202 = CH3CH(CHZOOH)CH2 + 02 2.6 x 109 b
5 CHBC(CHB)(CHZOOH) + 02 = CH3C(CH3)(CH200H)02 1.0 x 106 a
4 CH ,C(CH ;) (CH,00H)0, = CH,C(CH,) (CH,00H) + 0, 7.5 x 10 b
CH3CH(CH200H)CH202 = CH3CHO + 2HCHO + OH (1-2) x 106 c
CH3C(CH3)(CH,,OOH)O2 = CH3C0CH3 + HCHO + H02 3.0 x 106 c
i CH.,C (CH ) (CH00H) = CH,=C(CH,)CH,OH + OH 1.3 x 10° c
i! CHJC(CH3)(CH700H) = CH2=C(CH3)CH0 + OH + H2 1.3 x 10S c
; < 5
i CH3C(CH3)(CH200H) (CH3)2CHCH0 + OH 4.2 x 10 c
|
v
i{ Assumed value.
> b The values are dependent on the calculated value of K(R + 02).
i € fThe values are determined from maximum and minimum limits.
;
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Appendix I1

Rate Constants for the Oxidation of Pentane at 480°C

CH CHCH,,CH

3
3
3
3
3
3
3
3
3
3
CH3

273

CHCHZCHZCH3

H.,CH(O )CHZCHZCH
CH(O )CH LH CH
CH(OOH)CH CHCH

Reaction

3
3
3

CH(OOH)LH CH(O )LH

2CH29H CH
2 2 2
2 ')
2 2
2

Units,

b

272

CH CH 0
CH CH202
CHCH CH,00H

+ O2

2

CH(O )CH CH,OOR

2

dm3 mol

CH3CH2CH CH2 + CH3

CH3CH CH + CZHS

CH3CH(OOH)CHCH2CH3

CH3CH(00H)CH2CHCH3
2,4-dimethyloxetan + OH
2CH,_,CHO + HCHO + OH

3

CH3CHZLH2LH CH2 + H02

CHBCHCHZCHZCH200H

CHZCHZCH (H c¥ 2OOH

2- eLhyloxetan + OH

CZHSCHO + 2HCHO + OH

-1
s .

1.6 x
.3 x
7 x
0 x
1.0

2

4.

3

o = WwW O N

k/s

O w o W
S

-1

10

e e o e e
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o

Values determined from maximum and minimum limits.
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