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Flash Photolysis Study of the Spectra and Self-reactions of
Neopentylperoxy and t-Butylperoxy Radicals

Phillip D. Lightfoot,* Pascal Roussel, Bernard Veyret and Robert Lesglaux
Laboratoire de Photophysique et Photochimie Moléculaire, Université de Bordeaux I, 35 1 Cours de

la Libération, 33405 Talence Cedex, France

The self-reaction of neopentylperoxy radicals, neo-CgH,,0, (NPTO,):

NPTO, + NPTO, - 2t-C,HsCH,0 + O, (1a)
- t-C4HgCHO + t-C,HoCH,OH + O, (1b)
- t-C4HgCH,00CH,C Hg-t + O, (1c)

has been studied from 248 to 373 K and from 50 to 760 Torr total pressure. The neopentylperoxy radicals fromed
via channel (1a) react, under most experimental conditions, by unimolecular decomposition:

t-C,HoCH,0 + M — t-C,Hg + HCHO + M. @

The t-butyl radicals so formed are rapidly converted into t-butylperoxy radicals under the conditions employed
in this work; these radicals are unreactive on the timescale of the NPTO, decay and enable the branching ratio
for reaction (1) to be determined via their UV absorption. The overall rate constant for reaction (1) displays a
strong negative temperature dependence, being well described by k,/cm® molecule~' s=' = 3.02 x 10~"%(T/
298)°4¢ exp(4260/T) over the temperature range studied here. The non-terminating channel (1a) becomes
increasingly important with increasing temperature, with 8 = (197 + 67)exp[ — (1658 + 98)/7], where B is the
ratio of those radicals which react via the non-terminating channel (1a) to those which react via the terminating
channels (1b) and (1c). By measuring the reduction in the fraction of NPYO, radicals converted to t-butylperoxy
radicals with increasing oxygen concentration, rate constants for reaction (2) were determined, giving E,/kJ
mol-' = 42.7 + 2.1. The UV spectra of NPTO, and t-C,HyO, have been determined relative to that of CH;0, ;
both are similar in shape and magnitude to those of other alkylperoxy radicals, displaying maxima around 240

nm, with 6,40 W\m(NPTO,)/ cm? molecule~" = (6.2 + 1.1) x 107" and 06,40 am(t-C4Hs0,)/cm? molecule-' =
(4.7 + 0.8) x 10~ '8. The self-reaction of t-butylperoxy radicals:

2t-C,H,0, - 2-C,H,0 + O, (3)

was also briefly studied, resulting in k;/cm? molecule' s=' ~1.0 x 10~"" exp(—3894/T). Errors are 1o.

The importance of alkylperoxy radicals as intermediates in
the atmospheric oxidation and low-temperature combustion
of hydrocarbons is well established.! However, although the
reactions of the smaller alkylperoxy radicals have received a
considerable amount of interest [see, for example, ref. (2)],
very little is known of the gas-phase behaviour of alkylperoxy
radicals containing more than four carbon atoms. Despite the
fact that the combustion of petrol and diesel fuels must pass
via such large radicals and their central role in determining
autoignition phenomena,® no direct studies of their reactivity
are available.

The self-reactions of alkylperoxy radicals have proved to
be particularly interesting from a theoretical point of view:
they often display a weak and sometimes negative tem-
perature dependence of the overall rate constant, which is
nevertheless considerably below the collisional limit. At least
three product channels have been identified. This behaviour
can be rationalised by the formation of an intermediate tet-
roxide, which can either redissociate or go on to form pro-
ducts. For the general case:

2RO + O, (@)
RO, + RO,==RO,R——ROH + R'CHO + O, (b)
ROOR + O,. (©)

The fraction of alkylperoxy radicals which react via the non-
terminating channel (a), we define as a. Similarly, we define
the ratio of radicals reacting via channel (a) to those which
react via the terminating channels (b) and (c) as . In all cases
where channel (¢) has been observed, it has been shown to
make only a minor contribution and § thus often simply
reflects the relative importance of channels (a) and (b). In
studies of methylperoxy,* ethylperoxy® and isopropylperoxy®
radicals, # has been shown to increase with temperature, and
the non-terminating channel (a) is predicted to dominate at
cool flame temperatures (T > 600 K). This seemingly general
shift in mechanism with temperature underlines the inappli-
cability of using room-temperature branching ratios for
atmospheric and combustion modelling and the necessity of
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performing experiments over as wide a range of temperature
as possible.

In this paper, we present results on the UV absorption
spectrum and self-reaction of neopentylperoxy radicals,
(CH,);CCH,0, (NPTO,). According to the general mecha-
nism above, this reaction can proceed in three ways:
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(0.2-27.8) x 10'®; initial radical concentration (4.4-
11.9) x 10'3; balance nitrogen. No systematic dependence of
the experimental results on the concentrations of chlorine
and neopentane, the flash-lamp energy, the initial radical
concentration, the apparatus used or the time between flashes
was noticed. For most experiments, the flash repetition rate

2(CH,),CCH,0 + O, (1a)
2NPTO, = (CH;),CCH,J,CH,C(CH,), — (CH,);CCH,0H + t-C,H,CHO + O, (1b)
CH,),CCH,00CH,C(CH,), + O, (1¢)

In addition, we present resuits on the spectrum and self-
reaction of the t-butylperoxy radical, t-C,H,0,.

Experimental

The apparatus used in the present study has been described
in detail recently.* Two sets of flash photolysis/UV absorp-
tion apparatus were used: one covers the temperature range
248-413 K, the other the range 298-800 K. Peroxy radicals
are monitored via their time-resolved absorption between 200
and 300 nm, following the flash-lamp photolysis of suitable
precursor mixtures. The resulting decay profiles are averaged,
typically over 16 shots and stored on a microcomputer for
subsequent analysis via numerical integration/non-linear
least-squares analysis. Unless otherwise stated, errors are lo
and refer only to experimental uncertainty.

Oxygen (>99.5%), nitrogen (>99.995%), synthetic air,
methane (>99.5%) and chlorine (5% in nitrogen), all from
PAir Liquide, and neopentane (>99%, chief impurity
n-butane <1%), from Argo International Ltd and Phillips
Petroleum Ltd., were all used without further purification.

Results and Discussion

This section is split up as follows: (i) The method of gener-
ating the radicals, general form of the decay traces and the
UV spectrum of the NPTO, radical; (ii) the proposed mecha-
nism of the reaction system,; (iii) the UV absorption spectrum
of the t-butylperoxy radical; (iv) the rate constant and
branching ratio for reaction (1); (v) the unimolecular decom-
position of neopentoxy radicals; (vi) the self-reaction of the
t-butylperoxy radical.

(i) Radical Generation and the NPTO, Absorption Spectrum
Neopenty peroxy radicals (NPTQ,) were produced by the
flash-lamp photolysis of Cl,/neopentane/O,/N, mixtures at
wavelengths above the Pyrex cut-off:

hv > 280 nm
Cl,-Cl+Cl 4)
Cl + (CH,),C — HCI + (CH,),;CCH,  (5)
(CH,);CCH, + O, + M - NPTO, + M. 6)

Reaction (5) is fast, with ks/cm® molecule™! s™! = 1.1 x
1071 at 296 K,” and a partial pressure of around 1 Torrt of
neopentane was sufficient to ensure complete removal of
chlorine atoms via reaction (5). Oxygen concentrations were
always maintained sufficiently high to ensure stoichiometric
conversion of neopentyl radicals to NPTO, . ®

Experiments were performed from 248 to 418 K. At room
temperature, the total pressure was varied from 50 to 760
Torr; at other temperatures, atmospheric pressure was used.
Reagent concentrations were, in units of molecule cm ™3 neo-
pentane (1.3-5.8) x 10'%; chlorine (3.2-6.8) x 10'®; oxygen

t 1 Torr ~ 101 325/760 Pa.

was such that the entire cell contents were replaced between
flashes. At temperatures at and below ambient, the effect of
systematically varying the oxygen partial pressure from a few
Torr up to 760 Torr was examined.

Experiments gave rise to striking absorption-time profiles:
a strong initial absorption, decaying over ca. 50 ms to a
residual absorption which was unchanging on the timescale
of the intial decay. At temperatures at and below ambient,
the lifetime of this residual absorption was longer than the
residence time (around 45 s) of the gas mixture in the cell.
With increasing temperature, its lifetime shortened, falling to
a few seconds at 418 K. In addition, the magnitude of the
residual absorption increased with temperature, from around
10% of the initial absorption at 248 K to around 50% at 373
K. Under all conditions, the initial decays were well fitted by
second-order kinetics with an absorbing product; typical
traces are shown in fig. 1.

The initial absorption, peaking at around 240 nm, is attrib-
uted to the NPTO, radical. Its spectrum, similar in shape to
those of other alkylperoxy radicals, was calibrated against the
methylperoxyl spectrum,” by replacing neopentane by
methane in the photolysis mixtures, under otherwise identical
conditions. The two spectra are compared in fig. 2 and table
1. The NPTO, spectrum is red-shifted by ca. 10 nm with
respect to the methylperoxyl spectrum and is somewhat more
intense at the peak. Using a 10% uncertainty in our relative
cross-section determination and a 15% uncertainty for the
absolute values of 6(CH;0,), we estimate an 18% absolute
uncertainty for the NPTO, cross-sections in table 1. No
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Fig. 1. NPTO, decay traces at different temperatures, 240 nm, 1 atm,
air diluent. The respective contributions of NPTO, and t-C,H,0,
are shown, together with the fitted total absorption. In each case, the
decay was fitted as a second-order decay with an absorbing product
[reaction (1), followed rapidly by reactions (2) and (7)]; the optimised
parameters were the initial NPTO, concentration, k; and the frac-
tion of reaction (1) which produces t-C,H,CH,O via channel (14), a.
(a) 248 K, full timescale 20.48 ms; (b) 288 K, full timescale 51.2 ms; (c)
373 K, full timescale 102.4 ms.
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Fig. 2. UV absorption spectra of CH;0, (11)° and NPTO, (). The
curves represent fourth-order polynomials fitted through the data
points.

Table 1. NPTO,, t-C,H,0, and CH;0, UV absorption spectra

¢/107 '8 cm? molecule !

wavelength/nm NPTO, t-C,H,0, CH,0, *
210 2.1 1.6 25
220 36 29 39
230 53 4.1 47
240 6.2 4.7 4.8
250 6.0 4.2 44
260 5.6 35 36
270 4.1 22 2.55
280 2.6 1.4 1.75
290 17 — —
a Ref. (9).

published data is available on the NPTO, spectrum,
although Dagaut and Kurylo, using a flash photolysis/ UV
absorption apparatus, have recently obtained a spectrum
similar to our own in form, but around 15% less intense on
average.!®

(ii) Mechanism

In this section, we discuss and provide evidence for the pro-
posed mechanism; the details of our results are described in
further sections below.

The wavelength dependence of the residual absorption fol-
lowed that of NPTO, closely, but not exactly, the ratio of
initial to residual absorption increasing systematically by ca.
40% from 210 to 270 nm. Possible molecular products of
reaction (1) do not absorb strongly enough in the region
200280 nm to explain the observed absorptions, suggesting
that the residual absorption is due to a second alkylperoxy
radical which reacts extremely slowly. A good candidate for
such a radical would be the t-butylperoxy radical, which has
a rate constant for its self reaction of around 1 x 107!7 cm?
molecule™ s™! at room temperature.!’"'? Experiments,
described in (vi) below, indeed showed that the residual
absorption decayed in a sensible second-order manner, with a
value of k/o and a temperature dependence similar to that
observed previously,!!+12

The origin of the t-butylperoxy radicals presumably lies in
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the unimolecular decomposition of neopentoxy radicals pro-
duced via channel (1a):

(CH,);CCH,0 + M > t-C,H, + HCHO+ M (2)
followed rapidly by reaction with molecular oxygen:
t-C,Hy + O, + M > t-C,H,0, + M )

Reaction (2) will be in competition with the reaction of neo-
pentoxy radicals with molecular oxygen:

(CH,),CCH,0 + O, - t-C,H,CHO + HO, ®)

It is known that the unimolecular decomposition of large
alkoxy radicals to form carbonyl compounds and relatively
stable alkyl radicals can compete effectively with the corre-
sponding reaction with oxygen under atmospheric condi-
tions.!3 It is shown below that, in the present study, reaction
(8) only becomes important at low temperatures and high
oxygen concentrations. The isomerisation:

(CH,);CCH,0 - CH,(CH,),CCH,0H )

involves a five-membered cyclic transition state with the
breaking of a primary C—H bond and so should be very
slow with respect to reactions (2) and (8) at room tem-
perature.?

The present system provides a sensitive method for detect-
ing the occurrence of reaction (8): neopentoxy radicals con-
verted into hydroperoxy radicals via reaction (8) will not go
on to form the quasi-stable t-butylperoxy product, which
absorbs strongly. If reaction (8) is important, then the steady-
state absorption at the end of the decay traces should dimin-
ish with increasing oxygen concentration. The ratio of the
residual to initial absorption was reduced by only a few per
cent on varying the oxygen concentration from 1.5 x 10'7 to
2.5 x 10'° molecule cm ™2 at room temperature, demonstrat-
ing that reaction (8) is unimportant under such conditions.
However, at lower temperatures, the reduction in the residual
absorption with increasing oxygen concentration was more
pronounced. This point will be returned to in detail later.

In the presence of t-C,H,0,, the cross-reaction:

NPTO, + t-C,H,0,
- (CH,),CCH,0 + t-C,H,O + O, (10a)
— t-C,H,CHO + t-C,H,OH + O, (10b)
- t-C,H,CH,00C, Hg-t + O, (10c)

might be expected to be important. However, at ambient
temperature, flashing the reaction mixture several times
just before each recorded flash, thus creating significant
quasi-stationary concentrations of t-butylperoxy radicals ([t-
C,H,0,] = [NPTO,] at ¢t = 0), had no discernible effect on
the NPTO, kinetics. Thus k, > 10 k,, at 295 K. Parkes'!
observed similar behaviour in molecular modulation experi-
ments involving t-butylperoxy and methylperoxy radicals,
where the cross-reaction:

CH,0, + t-C,H,0, » CH,0 + t-C,H,0 + 0,  (lla)
- HCHO + t-C,H,0OH + O, (11b)
- t-C,H,00CH, + O, (11¢)

although several orders of magnitude faster than the t-
butylperoxy self-reaction:

t-C,H,0, + t-C,H,0, - 2t-C,H,0 + O, (a)
- (t-C,H,0), + O,  (30)

[N.B. in this case, channel (b) is not possible], was shown to
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be significantly slower than the methylperoxy self-reaction:

CH,0, + CH,0, » 2CH,0 + O, (120)
- CH,OH + HCHO + O, (12b)
- CH,00CH, + O, (12¢)

Osbourne and Waddington, in an end-product analysis study
of the photo-oxidation of azoisobutane, likewise showed that
reaction (11) was much slower than reaction (12), in this case
by more than two orders of magnitude at room tem-
perature.!* These results suggest that in the present case, as
long as the rate constants for the two self-reactions are
separated by several orders of magnitude, then the faster reac-
tion can be studied without interference from the cross-
reaction. As is discussed below, the rate constant for the
self-reaction of t-butylperoxy radicals increases rapidly with
temperature and the effect of the cross-reaction did become
detectable at temperatures of around 373 K, effectively
imposing an upper temperature limit on the present study of
reaction (1).

To summarise the results of this section: the self-reaction
of NPTO, radicals proceeds by at least two channels, one
giving rise to neopentoxy radicals, the other(s) giving rise to
stable products. The neopentoxy radicals react exclusively by
unimolecular decomposition to t-butyl radicals and formal-
dehyde under typical experimental conditions. The t-butyl
radicals so produced form t-butylperoxy radicals by reaction
with oxygen; these t-butylperoxy radicals are inert on the
timescale of the NPTO, decay and give rise to a strong
residual absorption. Under these conditions, we can extract
both the absolute value of k, and the branching ratio for the
production of neopentoxy radicals, a, as is shown below.

(iii) t-C ,H,0, Absorption Spectrum

The stoichiometric conversion of neopentoxy radicals to t-
butylperoxy radicals provides a means of measuring the frac-
tion, a, of NPTO, radicals which react via channel (la), as
o = [t-C,H,0,)/[NPTO,],_,. Calculation of [t-C,H,O,]
requires a knowledge of its absolute absorption spectrum.
Parkes,!! using molecular modulation spectrometry, found a
spectrum which was very similar in shape to those of other
alkylperoxy radicals. The maximum of this spectrum was
considerably lower than those of other alkylperoxy radicals,
however, with 6,40 .m/ cm? molecule™! = 2.2 x 1078, more
than a factor of two weaker than the corresponding
maximum cross-section for CH;0,.° However, more exten-
sive but unpublished results by the same group'’ give
0340 am/ €M> molecule ™' = 4.0 x 1072 In a flash photolysis
study of methylperoxy and t-butylperoxy reactions, Anastasi
et al. found that the spectra of the two radicals were very
alike in form.!2 However, although the two spectra were col-
lected under very similar conditions and showed very similar
absorbances, they were not calibrated and it was not possible
to determine whether the similarity extended to absolute
values.

In view of this lack of information, we have independently
determined the t-butylperoxy absorption spectrum using the
flash photolysis of molecular chlorine in the presence of t-
butylhydroperoxide in an oxygen-free system. The chlorine
atoms created in the flash can abstract a hydrogen atom
either from the t-butyl or the hydroperoxide group:

Cl + t-C,H,00H — HCl + t-C,H,0, (13a)
— HCI + CH,(CH,),COOH. (13b)

Neither the total rate constant nor the branching ratio for

View Article Online

J. CHEM. SOC. FARADAY TRANS, 1990, VOL. 86

this reaction are known. Equating k,, to 3/4 k; and k5, to
1/2ky,: 16

Cl + H,0, - HCI + HO, (14)

gives I' (defined here as k,,,/k;;;) ~ 0.0025 at room tem-
perature. Thus, reaction (13) might be expected to proceed
almost exclusively via channel (13b) under our conditions.
Indeed, we hoped to use this reaction in the presence of
oxygen to generate O,CH,(CH,);COOH (=0,QOO0H). In
the absence of oxygen, however, the substituted alkyl radicals
produced in reaction (13b) will react with the molecular chlo-
rine present, regenerating chlorine atoms:

CH,(CH,),COOH + Cl, - CICH,(CH,),COOH + Cl (15)

which will in turn react with the hydroperoxide via reaction
(13). Thus, as alkyperoxy radicals are unreactive towards
molecular chlorine, at least at room temperature, the chlorine
atoms produced in the flash will be stoichiometrically con-
verted to t-butylperoxy radicals by successive cycles of reac-
tions (13) and (15), provided that these two steps are fast
enough to prevent radical-radical reactions; the number of
cycles required will, of course, depend on I'. The chlorinated
hydroperoxide formed in reaction (15) is not expected to
display an absorption spectrum significantly different from
the parent hydroperoxide over our experimental wavelength
range and no significant baseline shifts are anticipated. The
rate constant for reaction (15) has not been measured, but the
rate constants for all alkyl radicals measured to date are
greater than 1 x 107!'2 ¢cm? molecule™! s™! at room tem-
perature.'” Using this value as a lower limit for k,5, then
the first-order rate of removal of CH,(CH;)COOH via this
reaction would be >3 x 10* s™! for typical experimental
conditions of 1 Torr Cl,. Equating k, to 3/4 ks, then k, [t-
C,H,O0H]} ~ 5 x 10° s!', for a typical t-butylhydro-
peroxide concentration of ca. 5 x 10'% cm ™3, measured by
UV absorption spectroscopy at 210 nm using the absorption
coefficient for methylhydroperoxide (the absorption spectra
for hydrogen peroxide and methylhydroperoxide!® are very
similar in this region and differences between the spectra of
hydroperoxides are expected to be small). Reaction (15) is
thus the rate-limiting step in the production of t-butylperoxy
radicals.

Scattered light and resulting fluorescence from the flash-
lamp pulse prevents us from making absorption measure-
ments for approximately the first 250 ps following the flash.
In all cases, the production of t-butylperoxy radicals was
observed to be complete within the timescale of the flash. The
resulting absorption profile was flat on the timescale of
several seconds and the relative spectrum was identical to
that of the residual absorption in the experiments with
NPTO,, providing further evidence for the production of t-
butylperoxy radicals in the latter system. The t-butylperoxy
spectrum was calibrated against that of the methylperoxy
radical. No systematic dependence of the t-butylperoxy spec-
trum on either [t-C,H,O0H] [(2.5-14.5) x 10*> molecule
em™*] or [Cl,] [(2.6-7.6) x 10'® molecule cm™3] was
observed, demonstrating that reactions (13) and (15) were suf-
ficiently fast to ensure complete conversion of chlorine atoms
into t-butylperoxy radicals.

Our spectrum is compared with previous studies in fig. 3
and with the spectra of methylperoxy radicals and NPTO, in
table 1. The spectrum peaks at 240 nm, with ¢/ cm?
molecule ™! = 4.7 x 107 '8, more than a factor of two greater
than that quoted by Parkes,!! but much more in line with the
later values of Parkes and Kirsch.!® In fig. 3, the relative
spectrum of Anastasi et al.'? has been normalised to the
present cross-section at 240 nm. The three spectra are very
similar in form. The t-butylperoxy spectrum is very similar to
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Fig. 3. UV absorption spectra of t-C,H,O, . (ll) Present study, flash
photolysis of Cl,/t-C,H,O0H/N, mixtures; ([J) Anastasi et al,'?
flash photolysis of (t-C,H,),N,/N,/O, mixtures, relative spectrum
normalised to the present spectrum at 240 nm; (O) Parkes,'! molec-
ular modulation study of (t-C,H,),N,/O,/N, mixtures; (@) Kirsch
and Parkes,!®> molecular modulation study of (t-C,H,),N,/O,/N,
mixtures. The curves represent fourth-order polynomials fitted
through the data points.

that of the methylperoxy radical at wavelengths longer than
or equal to 240 nm, but is rather weaker at shorter wave-
lengths. As for the NPTO, spectrum, the absolute uncer-
tainties in our cross-section values are estimated to be 18%.

It is clear from the prompt production of t-butylperoxy
radicals that the ratio I' must be significantly greater than
that calculated above, as the cycle of reactions (13) and (15)
could only turn a few times during the duration of the flash.
We were able to estimate I' by observing the disappearance
of molecular chlorine at 330 nm, where o¢,/cm?
molecule ! = 25.6 x 1072%.1¢ For I" = 1.0, the amount of
molecular chlorine removed is equal to half the number of
t-butylperoxy radicals produced. For I" < 1.0, the ratio of the
amount of chlorine removed to t-butylperoxy radicals pro-
duced is given by:

[Cly)consumea/[t-CaHgO,] = 1/(1 — ') — 1/2. @

As for the production of t-buylperoxy radicals, the consump-
tion of chlorine was complete within the timescale of the
flash. A series of eight experiments gave [Cl,]  neumea/Lt-
C,Hy,O,] = 172 + 0.19, thus I = 0.55 + 0.05, over a factor
of 200 greater than that derived above. The C—H bond ener-
gies in t-butylhydroperoxide and neopentane should not be
very different, and in any case very little temperature depen-
dence (and hence barrier to reaction) has been observed in
the abstraction reactions of chlorine atoms with saturated
hydrocarbons with more than one carbon atom,’® so it might
be expected that the rate constant for chlorine atom attack at
the C—H bonds in the hydroperoxide would be comparable
to that in neopentane. This suggests that the hydroperoxyl
group of t-butythydroperoxide is much more reactive than
that in hydrogen peroxide. A comparable observation has
been made for ethylhydroperoxide, for which the rate con-
stant for chlorine-atom attack is significantly greater than
that for ethane.!® Similarly, the total rate constant for the
reaction of hydroxyl radicals with t-butylhydroperoxide!? is
a factor of 34 greater than that for reaction with
neopentane®® and the abstraction of the hydroperoxyl hydro-
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gen atom from methylhydroperoxide by hydroxyl is a factor
of four greater than that expected on the basis of the reaction
of hydroxyl with hydrogen peroxide at room temperature.>!
All these observations suggest that the O—H bond in alkyl-
hydroperoxides is more reactive than that in hydrogen per-
oxide, despite the fact that the O—H bond energy is thought
to remain constant.>?

(iv) The NPTO, Self-reaction

The experiments reported below were performed between 248
and 373 K. At higher temperatures, the timescales of the
decays of the NPTO, radicals and the t-butylperoxy radicals
were not sufficiently different to enable the two kinetics to be
treated separately. Experiments were performed at higher
temperatures, where all the peroxy radicals react on similar
timescales, but these experiments did not enable us to extract
unambiguously the individual rate constants and we do not
report on them here. The decay traces collected at all tem-
peratures were analysed initially as second-order decays with
t-butylperoxy as an inert absorbing product. The variation of
the apparent values of k, and o with the concentration of
oxygen at 298, 273 and 248 K is shown in fig. 4 and 5. Above
273 K, the apparent value of k; did not depend on the
oxygen concentration and an average of all experiments was
taken. At lower temperatures, the apparent value of k,
increased slightly with [O,] and the production of HO, via
reaction (8) had to be taken into account, as is discussed in
the next section. The maximum change in the apparent value
of k, was of the order of 10%. The branching ratio, «, varied
more strongly with [O,] than k,, decreasing with increasing
[O,] owing to the removal of neopentoxy radicals in reaction
(8) and the consequent reduction in the t-butylperoxy radical
yield. As for k,, the effect of changing the oxygen concentra-
tion decreased with increasing temperature, being almost
insignigicant at 298 K. At 248, 273 and 298 K, « was
obtained by extrapolating the results to zero oxygen concen-
tration, as described in section (v) below. At 373, 333 and 288
K, simple averages were taken, as the experiments were per-
formed in air at 1 atm,} where the correction to zero oxygen
concentration was negligible at these temperatures.
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Fig. 4. Apparent k, values from second-order fits, with an absorbing
product, to the present data vs. [O,] at 298 ((J), 273 (A) and 248 K
(O). The lines are simple linear-regression fits to indicate how the
apparent value of k, increases slightly with [O,] at low tem-
peratures.

T 1 atm = 101 325 Pa.
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Fig. 5. 1/a (=[NPTO,],_,/[t-C,H,0,],-,) vs. [O,] at 298 ([7), 273
(A) and 248 K (O). The lines represent linear-regression fits, used to
extrapolate to the values of a at zero oxygen concentration. See text
for details and table 3 for the values of a.

At room temperature, experiments were performed as a
function of wavelength from 210 to 270 nm, although poor
signal-to-noise ratios at wavelenghs below 230 nm allowed
only the branching ratio to be extracted; no systematic
dependence of either the total rate constant or the branching
ratio on wavelength was noticed, confirming the validity of
our relative spectra of the two radicals. At other tem-
peratures, experiments were mostly performed close to the
NPTO, absorption maximum at 240 nm, although a few
experiments were usually performed at other wavelengths; no
dependence of the kinetic parameters on wavelength was
observed.

The importance of the cross-reaction (10) was checked by
rapidly flashing the reaction mixture several times to build up
a stationary concentration of t-butylperoxy radicals of the
order of 1 x 10'* molecule cm~3 just before the recorded
flash. Below 373 K, no difference in the kinetics between the
experiments with and without initial t-C,H,0O, was observed.
At 373 K, the presence of the initial t-C,H,0O, caused a sig-
nificant (20%) reduction in the apparent value of «. Including
reaction (10) and the subsequent chemistry (see table 2) in the
reaction mechanism enabled experiments with and without
initial t-C,H,O, to be well-simulated with k,, cm?
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Table 2. Reactions and rate constants used in simulations

ﬁg; NPTO, + NPTO, - 2(C(11-I3)3CCH20 +0, a
— products
(2) (CH,),CCH,O -t-C,Hy + HCHO b
(7 tCHy+0,+M -tCH,0,+M c
(8) (CH,);CCH,0 + O, - HO, + t-C.H,CHO d
(10a) NPTO, + Bu'O, —(CH,),CCH,0 +t-C,LH,O + O, ¢
(10b) — products
8};; CH,0, + t-C,H,0, — cxgéo +t-C,H,0 + O, f
— products
(3a) 2t-C,H,0, - 2t-C,H,O + O, g
(3b) - t-C,LH,O0C H,-t + O,
(12a) 2CH,0, -2CH,;0 + O, h
(12b) — products
(16) NPTO, + HO, - (CH,),CCH,00H + O, i
(17 t+CH,0,+ HO, -t-C,H,OOH + O, j
(9 CHito,+M  ScHO eM M
3+ 0+ - (50, +
(200 CH;0 + O, - HO, + HCHO m
(21) CH,0, + HO, -+ CH,00H + O, n
(22) HO, + HO, —-H,0,+0, 0

“ This study. See text and table 3. ® This study. See text. ¢ Assumed
to occur rapidly on the timescale of our experiments, ref. (8). 4 k8 =

5.26 x 10714 exp(—689/T). Calculated, see text for details. © This
study. k,o = (3 £ 1) x 10™'* at 373 K. A branching ratio of « = 0.5
was assumed at this temperature in line with branching ratios for
other alkylperoxy radical self-reactions. See text for details.
Tkya=23x10712 exp(—2558/T), ki =10x 10713
exp(— 1067/T), ref. (14). ¢ This study. k; = 1.0 x 10~ ! exp(— 3894/
T). Channel (3b) was assumed to be of negligible importance, as
found in ref. (14). "k, =13x10""% exp(365/T); In
B =3.80 — 1470/T, ref. (4). | k,¢ was set to 10k,. See ref (29) and
text for details. / k,, was assumed to be equal to kyy. % kg =650
s™! at 298 K and 1 atm pressure, ref. (35). At higher temperatures,
k4 is significantly greater and it was assumed that reaction (18)
occurs rapidly on the timescale of our t-C,H,0O, decays. ' Assumed
to occur instantaneously on the timescale of our experiments, ref.
(16). ™ Rapid with respect to our experimental timescale and other
possible reactions of CH,O, ref. (16). " k,, = 4.4 x 10~*'2 exp(780/
T), ref. ). ° kz =38 x 10713 exp(580/T) + 1.2 x

10’33[M]exp(1150/T) ref. (9). All rate constants are in units of
cm? molecule ™! s ™1, unless otherwise stated.

molecule ™! s™! = (3 + 1) x 107 ** at 373 K. The effect of the
inclusion of reaction (10) was to increase the values of k, and
o by 13 and 4%, respectively; it is these corrected values
which are included in table 3. Thus, at 373 K, k,/k,o = 19
+ 7; at higher temperatures, reaction (10) would be even
more important and it was not possible to extract precise
values for k;.

The present values of k; are shown in Arrhenius form in
fig. 6. A direct, non-linear, weighted fit?® to the data gave
k,/cm® molecule™ s™!' = (1.6 +0.6) x 1075 exp[(1961 +

Table 3. Experimental values of k; and «

T/K P/Torr [O,}F wavelength/nm no. expt k, b a
248 760 1.98-27.8 240 28 4.58 + 046 0.15 + 0.01¢
273 760 0.53-26.7 220-280 26 211 £0.32 0.25 + 0.02¢
210 6 — 043 + 0.03
220 6 — 041 + 0.03
230 5 1.51 £ 0.18 0.38 + 0.02
288 760 5.05 240 10 1.50 £ 0.13 0.36 + 0.04
250 21 142 + 0.19 0.37 £ 0.03
260 11 1.65 + 0.20 0.40 + 0.08
270 5 1.60 + 0.20 043 + 0.04
50-760 0.2-5.05 240 8 1.29 + 0.10 0.36 + 0.01
average at 288 K 72 1.46 +0.21 0.38 + 0.05
298 760 3.23-242 240 16 1.04 + 0.09 0.40 + 0.01°
333 760 4.26 240 10 0.76 + 0.06 0.56 + 0.02
373 760 3.80 210-270 10 0.56 + 0.10 0.72 £ 0.04

Errors are 16 and refer only to experimental uncertainty. ¢ Units of 10*® molecule cm 3. ® Units of 10712

to [O,] = 0.0. See text for details.

cm? molecule ! s~ !. ¢ Extrapolated
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Fig. 6. Arrhenius plot for k,. Error bars refer to experimental scatter.
(—~—-) Weighted fit to k= A4 exp(—E/RT); ) weighted fit to
k = A(T/298)"exp{ — E/RT), see text for values.

100) K/T1], but it is apparent that there is some curvature in
the plot and a better representation of the data is given by
k,/cm® molecule ™! s~ = 3.02 x 107 19(T/298)°*% exp(4260/
T); both fits are shown in fig. 6.

Thus, at room temperature, k, is considerably larger than
the rate constants for other alkylperoxy radicals, the fastest of
which (for CH;0,) is at least a factor of three slower. The
negative temperature dependence is very strong, k, decreas-
ing by around a factor of 8 from 248 to 373 K. Marked nega-
tive temperature dependences for the rate constant
of the self-reaction have also been observed for the halo-
genated peroxy radicals CH,CICH,0,, CH,ClO, and
CH,FO,.2*2% This strong negative temperature dependence
demonstrates clearly that the reaction passes through the
reversible formation of an association complex. In each case
where a rapid decrease in the self-reaction rate constant with
temperature has been observed, the absolute value of the rate
constant is rather elevated with respect to that for CH;0, :
the rate constants for the self-reactions of the three halo-
genated radicals above at room temperature are, in units of
cm® molecule™ s7', 357 x 1072, 378 x 10712 and
3.07 x 107 '2, respectively, compared with 4.3 x 107'3 for
CH, 0, .* Dagaut et al.2* have suggested that such behaviour
is consistent with a strong binding energy in the tetroxide
intermediate, leading to a high activation energy for the
redissociation and hence a strong negative temperature
dependence. With such a mechanism, it is by no means neces-
sary for the rate constant to behave according to the Arrhe-
nius law. The rate constant for the self-reaction of
hydroperoxy radicals, shows a similar upward curvature at
high temperatures.?® RRKM calculations on the decomposi-
tion of the HOOOOH intermediate predicted a strong
upward curvature of the forward rate constant.?” although in
this case there is a possibility of a direct abstraction pathway
at high temperature.?®

The corresponding values of « are listed in table 3 and a
plot of the non-terminating/terminating branching ratio 8
[=a/(1 — «)] is shown in Arrhenius form in fig. 7. A weighted
fit gave f=(197+67) exp[—(1658 + 98/T]. Over our
experimental temperature range, o passes from 0.15 to 0.72
with increasing temperature, i.e. the reaction changes from
being essentially a termination reaction to being largely a
propagation reaction. Also shown in fig. 7 are Arrhenius
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Fig. 7. Arrhenius plot for f, the non-terminating/terminating ratio
for several peroxy radical self-reactions, # = a/(1 — o). () NPTO,,
this study, (——) weighted fit to f= A exp(—E/RT); (--—-—)
CH;0,;*(--1)) C,H0, ;% (---) i-C;H;0,.¢

plots of 8 adapted from earlier work on CH,0,,* C,H,0,,°
and i-C3H,0, . ¢ In each case, the values of § observed cover
the same range over approximately the same range of tem-
perature, despite the fact that the actual rate constants for the
self-reactions differ by several orders of magnitude, pointing
to a common intermediate for the two pathways.*

(v) The Unimolecular Decomposition of Neopentoxy Radicals

As discussed above, the values of k, and « were not sensitive
to the oxygen concentration under most experimental condi-
tions, indicating that, for the majority of experiments, the
unimolecular decomposition of neopentoxy radicals [reaction
(2)] was rapid with respect to their reaction with oxygen
[reaction (8)]. However, a slight diminution of the t-C,H,0,
yield was noticed at high (ca. 1 atm) partial pressures of
oxygen at room temperature; this diminution, together with a
corresponding slight increase in k,, became more pronounced
with decreasing temperature.

Hydroperoxy radicals produced via reaction (8) can react
either with NPTO, or t-butylperoxy radicals:

NPTO, + HO, — (CH,),CCH,00H + O, (16)
t-C,H,0, + HO, - -C,;H,O0H + O,. 17

However, as significant quantities of hydroperoxy radicals
are produced only at low temperatures where a and hence
[t-C,H,0,] are low, reaction (16) will be by far the most
important loss process for HO, .

The hydroperoxy radicals produced in reaction (8) would
result in a distortion of the observed traces at short wave-
lengths (4 < 230 nm), where the hydroperoxy radical absorp-
tion spectrum is stronger than those of NPTO, and the
t-butylperoxy radicals, if they were produced in significant
quantities and were sufficiently long-lived. Such an effect was
observed in the self-reaction of methylperoxy radicals at ele-
vated temperatures.* However, in the present case, the
kinetics of the system was independent of wavelength at all
oxygen concentrations, suggesting that reaction (16) is signifi-
cantly faster than reaction (1).2%

+ Preliminary work in this laboratory indicates that k. is con-
siderably greater than k, at room temperature, where k,¢/cm>
molecule ' s™' ~ 20 x 107
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The dependence of our experimental results on the oxygen
concentration was analysed as follows. Assuming that all
hydroperoxy radicals react with NPTO, and that k¢ > k,,
then the value of « observed in the second-order fits is related
to the real value by:

Vetgp, = 1/ + (1 + a)kg[O21/(aks). (I

Full numerical simulations showed that this linear depen-
dence on [O,] holds as long as k,, is not much bigger than
kis- At 298, 273 and 248 K, « was obtained from the inter-
cepts of such plots, as shown in fig. 5. These values of « were
used in a reanalysis of the decay traces, including reactions
(16) and (17) in the system. The optimised parameters
were the initial concentration, k, and the fraction of
(CH;);CCH,0O radicals which do not react with oxygen,
d [=kg[O,]/k, + kg[O,])]. In each case, the slight de-
pendence of k, on [O,] was removed; the values shown in
table 3 are averages at all oxygen concentrations. Plots of 1/6
(=1 + kg[O,]/k,) against [O,] were sensibly linear (fig. 8);
the slopes, equal to kg/k, from the analysis above, are given
in table 4. Using our values of kg/k,, the importance of reac-
tion (8) can be gauged: at our lowest temperature and highest
oxygen partial pressure (248 K, 1 atm), ca. 40% of neopen-
toxy radicals react with oxygen. At the same temperature, but
with an air bath gas, only 8% of the neopentoxy radicals
react in this way; at ambient temperature, this figure is
reduced to under 3%, justifying our assumption that
unimolecular decomposition was the sole fate for neopentoxy
radicals in the experiments at 288 K in 1 atm air.

In order to extract information about the decomposition
reaction (2) from our data, we need the rate constant for reac-
tion (8). No published information is available on this reac-
tion. However, Balla et al.,>° from an analysis of the available
data for a number of alkoxy radicals, derived log(A/cm?
molecule ™! s™1) = —13.58 + log(n) (where n is the number of
abstractable hydrogen atoms) and E/kJ mol ™! = 47.9 + 0.30
AH, for all alkoxy plus O, reactions; the errors in this pro-
cedure were estimated to be +50%. Using group additivity
methods,3! we estimate the heat of formation of the neopen-
toxy radical to be —94.6 +84 kJ mol™!, assuming E,
(O—H)/kJ mol ™! = 435. Similarly, we calculate —248 + 8.4
kJ mol~! for the heat of formation of pivaldehyde. We use
this value, rather than the published value of —243 kJ
mol~!,3? in the hope of cancelling errors in the group addi-
vity method. Thus, kg/cm® molecule™ s™! =526 x 107*
exp{—689 K/T). Assuming an uncertainty of +8.4 kJ mol™!
in our calculation of AHg, the estimated errors in log kg are
+0.51, including the 50% uncertainty estimated by Balla et
al. The calculated values of kg and hence k, for our experi-
mental temperatures are listed in table 4.

The very limited temperature range for our values of k,
preclude an Arrhenius fit to the data. Choo and Benson*?
estimate log(A/s ') = 13.7 + 0.3 for alkoxy radical decompo-
sitions giving formaldehyde and an alkyl radical. Using this
value, and fitting to our values of k,, we obtain E,/kJ
mol~! =427 + 2.1. Choo and Benson have analysed the
available data on alkoxy radical decomposition reactions and
conclude that the activation energies for alkoxy radical
decompositions giving rise to t-butyl radicals should be rep-
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Fig. 8. Plot of 1/§ (=1 + kg[O,1/k,), the inverse of the fraction of
neopentoxy radicals which react with O, rather than by
unimolecular decomposition; ([J) 298 K, (A) 273 K, (O) 248 K. For
reasons of clarity, the data and fits for 273 and 248 K have been
displaced upwards by 1 and 2 units, respectively. The straight lines
represent linear fits with slopes kgq/k,. See table 4 for the values of
kg/k,.

resented to ca. +0.8 kJ mol™! by E/kJ mol™! = 30.5 + 0.42
AH,. We calculate AH,/kJ mol ! =343 + 8.6,3!3* thus
E,/kJ mol~! = 44.8 + 3.8. This estimate is in excellent agree-
ment with our experimentally derived value, demonstrating
that the observed experimental dependence of a« on [O,] is
entirely consistent with the proposed mechanism.

(vi) The t-C H,0, Self-reaction

The self-reaction of t-butylperoxy radicals [reaction (3)] was
studied by observing the disappearance of the residual
absorption at the end of the NPTO, decay. As the t-
butylperoxy radical decay was always very slow (over a few
seconds at fastest), a large time constant (RC = 22 ms) could
be used for the detection electronics. In this way, the fast
NPTO, kinetics were effectively removed from the decay and
single-shot experiments could be performed. At room tem-
perature, the t-butylperoxy decay was too slow to be cap-
tured on the digital storage oscilloscope and a chart recorder
was used instead. In contrast to the study of reaction (1),
reaction (3) could be studied at temperatures where the time-
scales of the two reactions interact, as long as the first 100
ms, where the two radicals coexisted, are ignored in the
analysis. A brief series of experiments was performed at three
temperatures: 293, 373 and 423 K. In each case, the radical
decay was sensibly second-order. At room temperature, the
absorption did not return to the baseline and indeed showed
a tendency to increase again after several minutes. Problems
with residual absorptions have been noted in previous
studies, where it was thought that it might be due to a poly-
oxide intermediate!! or a photolysis or reaction product.'?

Table 4. Rate constants for the t-C,HyCH,O decomposition reaction

T/K (kg/k2)/107 2! cm® molecule ™! kg/107'% cm® molecule™* s~ ! k,/10%s7* @
2438 22.8 +3.1 324 1.41
273 21.1 £32 4.16 2.00
298 50+ 05 5.25 10.5

< Estimated uncertainties in log k are +0.51. ° Calculated, see text for details.
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Table 5. Rate constants for the t-butylperoxy self-reaction

comparison of room-temperature measurements of k

(kope/0)/cm s~ 1 T/K ref.
6.4 295 11
6.4 298 12
52 300 15°
50 293 this study
comparison of k., and k, ® values:
kohs/cm3 k3/cm3
T/K molecule™ s™!  molecule™! s~* koyelks
293 24 x 10717 1.7 x 10717 1.4
373 58 x 107'¢ 3.1 x107'® 1.9
418 1.7 x 10713 89 x 10716 19

¢ Calculated from the Arrhenius expression in ref. (15). ®* Obtained
using the full kinetic model: reactions (3) and (11)+21). See table 2
and text for details.

However, in the present study it was observed that, if the
analysis beam was blocked for most of the time, only being
allowed to pass through the cell briefly every minute or so to
allow the absorption to be measured, then the decay did
indeed return to the baseline. This suggests that, in this and
the previous studies, the residual absorption can be
accounted for by the slow photolysis of the precursor by the
analysis beam. At higher temperatures, where the radical
decay is much faster, this problem does not arise. Of course,
for reactions as slow as this, the existence of heterogeneous
effects must be possible, at least at temperatures around
ambient, where the radicals would have time to come into
contact with the reactor walls on the timescale of their decay.
At our highest temperature, however, the timescale of the
radical decay is only of the order of a few seconds and diffu-
sion to the reactor walls should not be significant at 1 atm
total pressure; the linear Arrhenius plot obtained would then
suggest that heterogeneous reactions were not important
under our conditions.

The kinetics of reaction (3) have been studied by two
groups. Their results, together with those of the present
study, are summarised in table 5. The agreement between
the observed values of (k/o) is excellent. An Arrhenius plot
of the various values of k., normalised to our values of
a(t-C,H,0,), is shown in fig. 9. A fit to the present values
gives log(k,,/cm® molecule™' s7')= —(10.34 + 0.17) —
(4233 + 108)/2.3037T, rather different from the expression of
Kirsch and Parkes,!® although the actual values of k, are in
good agreement.

The observation of a second-order decay does not,
however, neccessarily mean that a simple second-order reac-
tion is being followed. The t-butoxy radicals produced in
reaction (3) do not contain an a-hydrogen atom and so,
unlike neopentoxy, cannot react with oxygen, reacting rapidly
by unimolecular decomposition under our conditions to form
acetone and methyl radicals:3*

t-C,H,O + M - CH,COCH, + CH, + M.  (18)

The methyl radicals thus produced react rapidly with oxygen
to form methylperoxy radicals:*¢

CH, + 0, + M>CH,0, + M (19)

which react in turn, both with t-butylperoxy radicals and
with themselves [reactions (11) and (12)]. The methoxy rad-
icals produced in these reactions are converted rapidly, under
our conditions of high oxygen concentration, to hydroperoxy
radicals:'¢

CH,0 + O, » HO, + HCHO (20)
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Fig. 9. Arrhenius plot of the apparent second-order rate constant for
the self-reaction of t-butylperoxy radicals: () this study; (») ref. (11);
(D) ref. (12); (-—-) ref. 15. The solid line represents an unweighted fit
toln k =In A — E/RT for the present data.

thus introducing a further species which may react with all
the other peroxy radicals present. The t-butoxy radicals pro-
duced in reaction (11) reform methylperoxy radicals via reac-
tions (18) and (19) and so reaction (l1la) acts as a chain
propagating step, converting t-butylperoxy radicals into the
more reactive hydroperoxy radicals. A complete list of all the
reactions involved is given in table 2. There have been three
product analysis studies of reaction (3). Thomas and
Calvert,*® measuring product concentrations by FTIR spec-
troscopy, proposed a mechanism in which alkoxy radicals
played a major role. No account was taken of the important
reaction (20). Kirsch and Parkes,” using gas chromato-
graphic detection of the products found rather different rela-
tive product yields and proposed a mechanism similar to that
shown in table 2, in which peroxy radical reactions play a
dominant role. Osbourne and Waddington,'* using gas chro-
matographic detection, with colorimetric analysis of formal-
dehyde, found similar product ratios to Kirsch and Parkes
and proposed a similar mechanism. However, there are
serious discrepancies between the latter two studies. In par-
ticular, the absolute rate constants for reaction (11) used by
Kirsch and Parkes and derived from the molecular modula-
tion study of Parkes, were incompatible with the product
yields of Osbourne and Waddington, who needed to use rate
constants more than an order of magnitude lower. In addi-
tion, the branching ratios for this reaction obtained from the
two latter studies are in serious disagreement. Moreover,
Osbourne and Waddington did not observe the di-t-butyl-
peroxide product of reaction (3c), whereas Kirsch and Parkes
observed the product with a 14% yield at 298 K, decreasing
rapidly with temperature. In the present study, we have pre-
ferred the results of the more extensive study of Osbourne
and Waddington.

It is clear that the mechanism of t-butylperoxy removal is
complex and that a simple measurement of the pseudo-
second-order removal rate constant does not constitute a
measurement of k. This problem has been discussed by
Parkes,!! who used a steady-state analysis of his reaction
scheme to estimate that, at room temperature, k, was
around a factor of four greater than the true rate constant.
We reanalysed the present decay traces using the full scheme
in table 2; the results are summarised in table 5. At each
temperature, the derived k; was significantly less than k

obs *
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The fact that no significant deviation from second-order
behaviour was noticed is attributed to the rapidity of sub-
sequent reactions of CH;0, and HO, relative to reaction (3),
resulting in very low, pseudo-stationary values for their con-
centrations. An unweighted fit to the present values of k,
gives log(ks/cm® molecule™® s7!) = —11.0 — 3894/2.030T.
the values of k, obtained depend sensitively on the rate con-
stant and branching ratios for reaction (11), as has already
been pointed out.!! Replacing Osbourne and Waddington’s
values at room temperature with those of Parkes reduced &,
by a factor of two. Thus, the present values of k; should be
considered as rough estimates only. However, it is clear that
k, displays a positive temperature dependence greater than
that for the rate constants for the equivalent reactions of
other alkylperoxy radicals, which display weak and some-
times negative temperature dependences. We have previously
discussed* the possibility that, at least at temperatures
around ambient, both channels (@) and (b) for alkylperoxy
self-reactions proceed via the six-membered cyclic Russell
intermediate. In the case of the t-butylperoxy radical, there is
no hydrogen atom « to the carbon centre and the formation
of such an intermediate is not possible; the tetroxide interme-
diate must thus decompose directly, which could explain the
high activation energy for reaction (3).

One interesting aspect of the overall mechanism is its
dependence on temperature. At temperatures below ambient,
the reactions between alkyperoxy radicals are largely termi-
nating and neopentylperoxy radicals are mostly converted
into pivaldehyde and neopentyl alcohol via channel (a) of
reaction (1). At cool flame temperatures (ca. 700 K), all these
reactions serve largely to convert alkylperoxy radicals into
the corresponding alkoxy radicals, which in turn either react
with oxygen to form hydroperoxy radicals or decompose to
smaller alkyl radicals (and thus alkylperoxy radicals) and car-
bonyl compounds. Thus, at high temperatures, the larger
peroxy radicals are rapidly converted into smaller radicals,
notably the methylperoxy and hydroperoxy radicals, under-
lining the importance of these latter species in combustion
kinetics.

We thank the Commission of the European Communities
for an Environment Programme research grant.
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