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The kinetics of the reactions of selected peroxy radicals;JR@th CH;O, and with GHsO, have been
investigated using two techniques: excimer-laser photolysis and conventional flash photolysis, both coupled
with UV absorption spectrometry. Radicals were generated either by photolysis of molecular chlorine in the
presence of suitable hydrocarbons or by photolysis of the appropriate alkyl chloride. All such cross-reaction
kinetics were investigated at 760 Torr total pressure and room temperature except for the reaction of the
allylperoxy radical with CHO,, for which the rate constant was determined between 291 and 423 K, resulting

in the following rate expressionkys = (2.8 & 0.7) x 10713 exp[(515% 75)/T] cm® molecule® s™1. Values

of (2.0+ 0.5) x 10713, (1.54+ 0.5) x 107%2 (9.0+ 0.15) x 10714 <2.0 x 107*? (2.5+ 0.5) x 1072 and

(8.2 & 0.6) x 107*? (units of cn? molecule! s™1) have been obtained for the reactions of Oklradicals

with C;Hs0,, neaCsHy,0;,, ¢-CsH110,, CsHsCH,O,, CH,CIO,, and CHC(O)O,, respectively, and (1.&

0.3) x 10712 (5.6 £ 0.8) x 10713, (4.04 0.2) x 107%4, and (1.0£ 0.3) x 1071 (units of cn? molecule*

s 1) for the reactions of @450, with CH,=CHCH,O,, neo-CsH1,0,, c-CsH1,0,, and CHC(O)G, radicals,
respectively. These rate constants were obtained by numerical simulations of the complete reaction mechanisms,
which were deduced from the known mechanisms of the corresponding peroxy radical self-reactions. A
systematic analysis of propagation of errors was carried out for each reaction to quantify the sensitivity of the
cross-reaction rate constant to the parameters used in kinetic simulations. The rate constant for a given cross
reaction is generally found to be between the rate constants for the self-reactions ah@CHO, (or

C.Hs0,). However, when the Rself-reaction is fast, the cross reaction with 4 (or C;Hs0,) is also

fast, with similar rate constants for both reactions, suggesting that these particular peroxy radical cross reactions
can play a significant role in the chemistry of hydrocarbon oxidation processes in the troposphere and in
low-temperature combustion. Relationships between cross-reaction and self-reaction rate constants are
suggested.

Introduction RO, + HO, — ROOH (or other products) 3

The kinetics and mechanisms of peroxy radical §RO
reactions have received a great deal of attention during recent However, in hydrocarbon-rich remote atmospheres (marine
years as a result of their importance in the oxidation process of boundary layer, forest areas) or in low-temperature combustion,
hydrocarbons and halocarboh. Owing to the very large it has been shown that high concentrations of, Rflicals can
number of peroxy radicals that can be formed, either in build up so that R@self-reactions and cross reactions must be
tropospheric chemistry or in low-temperature combustion, taken into accourit!
modeling of hydrocarbon oxidation processes requires kinetic

and mechanistic data to be determined for model radicals, with RO, + RO, — products (4)
the objective of establishing relationships between structure and ,
reactivity. RO, + R'O,— products (5)

The tropospheric chemistry of peroxy radicals involves

several competing reactions, depending on the distribution of According to the established degradation processes of hy-

relevant trace atmospheric constituents. Under high, NO drocarbons, which involve successive-C bond splitting, the

concentrations, Rgradicals react principally with NO and NO smallest radicals reach the highest concentrations. As a result,
CH;30,, CoH50,, and CHC(O)O;, are the most abundant radicals

RO, + NO— RO+ NO, (1a) along with HQ. In particular, the CHO, radical may reach

concentrations as high as those of £10e., around 16—10°
molecule cm@ in the tropospheré. C,HsO, and CHRC(0)O,

M
— RONG, (1b) may also reach fairly high concentrations, though a factor of
5—-10 lower. Therefore, it is expected that cross reactions of
RO, + NO,+ M < RO,NO, + M 2 RO; radicals with these most abundant radicals play a significant

role in hydrocarbon oxidation processes, provided they are fast
On the other hand, it is widely accepted that the principal enough. A knowledge of the rate constants of such cross
loss process for peroxy radicals in the troposphere under low reactions is therefore of great interest.

NOy concentrations is by reaction with HO At the present time, very few cross reactions of peroxy
radicals have been studiéd. As far as RQ + CHzO; reactions
® Abstract published ifAdvance ACS Abstractguly 15, 1996. are concerned, only a few rate constants have been estimated
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as part of the studies of some R€klf-reactions in which the This method was used in the particular cases of benzylperoxy,
CH30; radical is produced by secondary chemistry. This was cyclohexylperoxy, and acetylperoxy radicals. The concentration
the case for the reactions of @E(0)0,,> CH3C(O)CHO,,° of molecular chlorine was measured by its absorption at 330
andt-C4HoO,"8 radicals. More recently, a kinetic study of the nm (¢ = 2.56 x 1071° cn? molecule )15 and maintained in
cross reaction C@D, + CH3O, has been carried out in our the range 1.5x 10% to 4.5 x 10'® molecule cm3. The
laboratory as part of a study of chloromethylperoxy radical concentrations of the precursor RH, methane (or ethane), and
reactions. No other studies of cross reactions involvigidsO, oxygen were chosen such that the conversion of chlorine atoms
or CHsC(0)O, have been reported so far. into radicals was very rapid< us) compared to the time scale
We have investigated in the present work the kinetics of a of the reactions of interestQ0 ms) and dominated all other
series of peroxy radical cross reactions with4Obifor various loss processes of Cl atoms. In addition, relative concentrations
typical RG radicals: CH=CHCH,O,, C;H50,, nea-CsH110, of RH and CH (or G:Hg) were such that comparable concentra-
¢-CeH110,, CsHsCH,0,, CH,CIO;,, and CHC(O)Q,. The cross tions of RQ and CHO; (or C;Hs0,) were generated simulta-
reactions of GHsO, with a few of these radicals have also been neously. The total concentration of radicals was determined
investigated. These radicals have been chosen, since theyy producing CHO; alone using its well-known UV absorption
represent typical classes of peroxy radicals, with the aim of cross section? The relative concentrations of R@nd CHO,
establishing structurereactivity relationships. In addition, the  (or G;HsO,) were determined from the relative concentrations
mechanism and rate constants of the self-reactions, which musbof precursors and from the rate constants of their reactions with
be known in cross reaction studies, have been already deterchlorine atoms. However, in the case of the acetylperoxy
mined for all these radical®1%-12 The investigation of cross  radical, relative concentrations could be determined by monitor-
reactions involving the acetylperoxy radical is in progress and ing its typical absorption at 207 nm, while that of the methyl-
will be reported separately. (or ethyl-) peroxy radical was monitored at 240 nm. The gas
Experiments were performed using two techniques: pulsed mixtures were prepared by diluting £IRH, methane (or
excimer-laser photolysis and conventional argon-lamp flash ethane), and oxygen into a large flow of nitrogen using calibrated
photolysis, both using UV absorption spectrometry for real- flow controllers at a total pressure of 760 Torr. Under these
time monitoring of radical concentrations. In the case of the experimental conditions, initial radical concentrations were in
reaction of the allylperoxy radical with GJ,, the temperature  the range 1.5« 103 to 7.0 x 10'3 molecule cm?3. The total
dependence of the rate constant was measured from 291 to 423low rate was sufficiently high to ensure that the reaction mixture
K and compared to temperature dependences of other primaryin the cell was completely replenished between each flash, thus

peroxy radical self-reactiois All other experiments were
carried out at room temperature and atmospheric pressure.

Experimental Section

preventing complications arising from reaction products.
Laser-Flash Photolysis/lUV Absorption Apparatus The
apparatus consisted of a cylindrical Pyrex reaction cell (80 cm

Both experimental techniques employed in this study have in length) bearing a Suprasil-grade quartz window at each end.

been already described in the literatité%1%nd only the main
features are given below.

Flash Photolysis/UV Absorption Apparatus The apparatus
consisted of a 70 cm long cylindrical Pyrex cell through which

The cell could be heated to about 500/K.The beam of an
excimer laser (Lambda Physik Model EMG 200) was directed
lengthwise through the cell to photolyze the radical precursors.
RO, and CHO; (or C;Hs0,) were generated by photolysis at

the gas mixture was in continuous flow. Flashes were generated:93 nm of the corresponding alkyl chloride, either RCI 9r3€H
by discharging two capacitors through external argon flash Cl: in the presence of CHor CHe) or RH, respectively:

lamps.

Radical concentrations were monitored using time-

resolved UV absorption spectrometry at various wavelengths RCI+hw (4 =193 nm)— R + Cl 11)
between 200 and 300 nm. The analysis beam from a deuterium Cl 4+ CH, (C,Hg) — HCI + CH, (C,H.) (8)

lamp passed twice through the cell and was focused onto the

slit of a monochromaterphotomultiplier unit. The signal was

stored in a digital oscilloscope and transferred to a microcom-

puter for signal averaging and further data analysis.
Peroxy radicals R@and CHO, (or C;HsO,) were generated
using the near-UV photolysis of £lat wavelengths longer than

followed by reactions 9 and 10. This method was used for the
studies of the reactions of GHCHCH,O, and CHCIO, with
CH30, and of CH=CHCH,0O, with CoH50..

However, in studies of 450, andnecCsH1,0; reactions,
the rate of reaction of Cl atoms with the appropriate precursor

the Pyrex cutoff, in the presence of gas mixtures containing RC| was too fast and could not be avoided completely, so the
the appropriate concentrations of the corresponding precursorphotolysis of CHCI was preferred to that of RCI.

RH, methane (or ethane), and oxygen according to the following

reaction sequence:

Cl,+ hv (1 > 280 nm)— 2Cl (6)
Cl+ RH—HCI+R @)

Cl + CH, (C,Hg) — HCI + CH, (C,H,) (8)
R+0,+M—RO,+ M 9)

CH, (C,Hg) + O, + M — CH,0, (C,H.0,) + M (10)

CH.Cl+hv (A =193 nm)—~CH, + Cl (12

O

followed by reactions 9 and 10. Note that in both methods,
equal concentrations of R@Gnd CHO, were generated, thus
providing the best conditions for investigating the cross-reaction
kinetics.

The detection system was the same as described above for
the argon-lamp flash photolysis apparatus. Concentrations of
precursors were adjusted so that the absorption of the laser beam
at 193 nm was always in the range-240%. Larger absorptions
would have resulted in unsuitable longitudinal radical concentra-

Cl+RH—HCI+R

followed by the corresponding self-reactions, cross reactions, tion gradients and associated complicati&hs.
and subsequent secondary reactions of peroxy and alkoxy Radical concentrations were typically monitored at 235 nm,

radicals.

which corresponds to the maximum of the UV absorption
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spectrum of most peroxy radicals. In addition to the radical Optical Density
absorption, two other effects had to be taken into account, which | bitrery Units)
resulted in an additional absorption signal at this wavelength: |
(i) a slight decrease in the transmission of optical elements
(dichroic mirrors and windows) when impinged upon by the 1
193 nm laser pulse, resulting in an almost constant transient |
absorption of about 0:51%; (ii) the formation of ozone due to
the photolysis of oxygen at 193 nm:

0, + hv (193 nm)— 20(P) (13) 1

WYY WU

Time

T T T T T T T T T

oCP)+0,+M—0,+M (14) _ P looms
Figure 1. Experimental decay trace recorded at 235 nm and best-fit
. simulation (solid line) for the cross reaction of -CHCH,O, with
The amount of ozone formed in the system was generally on cH,0, at room temperature. Dashed line represents simulations with
the order of (2-5) x 10% molecule cm?, i.e, an order of kis changed by+40%.

magnitude lower than the total initial radical concentration. Such

a concentration was too low to perturb significantly the reaction complete reaction mechanism and simulated by adjusting
system. Other possible reactions of oxygen atoms leading toselected parameters (rate constant and initial concentration) using
the formation of radical species were also negligible under our nonlinear least-squares fitting.

experimental conditions. As an example, the reaction mechanism is detailed in the

To prevent too high a concentration of ozone being formed particular case of the GiCHCH,O, + CHsO, reaction in
and to ensure a stochiometric conversion of radicals (R and CH Table 1. For all the Reradicals investigated, the corresponding
(or GHs)) into peroxy radicals, the concentrations of oxygen mechanism included the following reactions: self and cross
had to be adjusted within a fairly narrow range (typically from reactions of R@ and CHO, (or CHs0,), including the
2.5 x 10* to 7.0 x 10'” molecule cm?). terminating and nonterminating channels; the reactions of alkoxy

The combination of both the above effects resulted in a radicals,.e., reaction with @ (forming HOy) and/or decomposi-
slightly decreasing transient signal, which generally representedtion; the reactions of R9and CHO, (or C;Hs0,) with HO;,
20—30% of the total initial absorption. It was calibrated before assumed to produce the corresponding hydroperoxides; the
and after each experiment in the absence of any radical precursofeactions of peroxy radicals produced by the decomposition of
and taken into account in simulations as previously descfibed. the alkoxy radicals; the self-reaction of HO
It was confirmed before each experiment that the conditions |, addition to the UV absorption of peroxy radicals and O
were appropriate and the technique viable by photolyzing-CH the absorption of all products (carbonyls,®4, and hydroper-

Cl in concentrations that gave roughly the same fractional oxjdes) was included in simulations of decay traces despite their
absorption of the laser beam as above (in the presence ofsmall contribution (Figure 1). Where UV absorption spectra
methane and oxygen) to generateOkiradicals alone. The  were unavailable, the spectra of structurally similar compounds
rate constant for the Gi®, self-reaction was then measured ere used instead, and the unknown absorption cross sections
and verified to compare favorably with the well-known value sed in simulations were assumed to be identical with those
reported in the Iiteraturé? known for th|s surrogate.

The laser was operated at repetition rates of 6280 Hz A particular concern with these experiments was the sensitiv-
to ensure that the gas mixture was replenished between eachy of the system to the various parameters used in simulations.
pulse. A typical experiment required between 80 and 160 laser | shoyid be pointed out that the experimental conditions were
shots to obtain a satisfactory signal-to-noise ratio. _such that the kinetic simulations were particularly sensitive to

Gas mixtures were introduced via a glass vacuum line using the rate constant of the fastest R® RO, reaction and to that

calibrated gas-flow controllers. Liquid radical precursors, such ¢ e RQ + CHsO; (or CHsO») reaction, provided the latter
as CH=CHCH,CI, ¢-CeH1p, CH,Clp, CHCHO, or GHsCHs, was not too small (generally not less than a factor of about 5

were introduced into the gas mixture by passing a slow flow of gaiier than the highest RGF RO; reaction rate constant).
nitrogen through a bubbler containing the appropriate precursor this was the case for most reactions investigated in this work,
cooled in a waterice bath. . except for the benzyl peroxy radical, for which only an upper
Oxygen, nitrogen, synthetic air, methane (AGA Gazsex, limit of the cross-reaction rate constant could be determined.
>99.995%), ethane (AGA Gaz Spaux, 99.4%), chlorine (AGA  The yncertainty of the rate constants of cross reactions is
G_az_spelaux, 5% in nitrogen;> 99.9%), chloromethane (IT Alr strongly dependent on the parameters used in simulations and
Liquide, >99.5%), chloroethane (Aldrich, 99.7%), dichlo- o the knowledge of the reaction mechanism. This is the main

romethane (Aldrich, 99.9%), allyl chloride (Aldrich, 99%), ea50n that has led us to study R@dicals whose self-reaction
acetaldehyde (Aldrich, 99%), toluene (Aldrich, 99.5%), neo- 44 already been investigated in detail.

pentane (ARGO int.Ltd., 99.0%), and cyclohexane (SDS,

99.5%) were all used without further purification. Synthetic Results

air was employed as the main carrier gas in flash photolysis  Studies of the cross reactions of the S#€CHCH,O,, C;Hs05,
experiments. However, nitrogen was used instead in laser-flashnec-CsH110;, ¢-CgH110,, CeHsCH,0,, CH,CIO,, and CHC-
photolysis experiments in which oxygen had to be limited to (O)O, radicals with CHO, and of the CH=CHCH,O,, nec
low concentrations to minimize the previously discussed forma- CsH110,, c-CgH110,, and CHC(O)0; radicals with GHsO, are

tion of ozone. reported below. The reaction of the allylperoxy radical
Data Analysis. A typical decay trace is shown in Figure 1 CH,=CHCH,O, with CH3O; has been selected as a typical case
for the case of the reaction of GRCHCH,O, (allylperoxy) for a detailed presentation of the results and for a study of the

with CH3O,. Decay traces were analyzed by numerical integra- temperature dependence of the rate constant. The results for
tion of a set of differential equations that took into account the other reactions are only briefly reported, since experiments and
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TABLE 1: Reaction Mechanism Used in Simulations of the CH=CHCH 0, + CH3;0, Cross Reaction

reaction rate constah298 K) ref
CH;=CHCH,CI + hv — CH,=CHCH, + CI
CH4 + Cl— CHs + HCI 1.0x 10713 16
CH,=CHCH; + O, + M — CH,=CHCH,O; + M 6.0 x 10713 17
CHz+ O, + M — CHyO, + M 1.21x 10712 16
CH,;=CHCH,O; + CH30, — CH,;=CHCH,O + CH30 + O,
CH;=CHCH;O, + CH30, — CH,=CHCH,OH + CH;0 + O, 1.7x 10712 this work
CH;=CHCH;O, + CH30, — CH,=CHCHO+ CH30H + O,
CHz=CHCH,0; + CH;=CHCH,0; — 2CH,=CHCH,0 + O3 43x 10713 10, 18
CH,;=CHCH,0O; + CH,;=CHCH,O; — CH;=CHCH,0H + CH,=CHCHO+ O, 2.7x 10713 10, 18
CH3z0; + CH30, — 2CH30 + O, 1.22x 10713 1,2
CH30; + CH30, — CH3zOH + CH0 + Oy 2.48x 10713 1,2
CH30 + O, — HO; + CH,0 2.0x 10715 16
CH;=CHCH;0O + O, —~ HO;, + CH;=CHCHO 2.0x 10715b
CH;=CHCH,0O; + HO, — CH;=CHCH,O0H + O, 1.0x 1012 10
CH3z0; + HO; — CH300H + O, 5.8x 10712 1,2
HO,; + HO; — H,0; + Oz 3.0x 10712 1,2

aUnits of cn? molecule! s71. PAssumed equal to methyl analogue.

data analysis were conducted in a similar way. Only the temperatures between 291 and 423 K at 760 Torr and monitored
particular features of each of the other cross reactions areat 235 nm, which corresponds to the maximum of both the
emphasized. allylperoxy and methylperoxy spectt&18 The decay time was

For most systems investigated, the reaction mechanism isalways 200 ms, which was the most appropriate for kinetic
known, or at least can be reasonably assumed from the knownanalysis.

mechanism of the ROand CHO; (or C;Hs0,) self-reactions. The concentration of methane was high enough (3.8)
The main uncertainty is the branching ratio for the terminating x 10'® molecule cm®) to ensure that all chlorine atoms were
and nonterminating channels of the cross reaction RCHz0, stochiometrically converted into methyl radicals:

(or CHs0O;) (1-ac anday, respectively), which have not been  CH,=CHCH,CI + hv (A = 193 nm)— CH,=CHCH, + ClI
determined. For R+ CH30,, the possible reaction channels (16)

are
Cl + CH,— HCI + CH, ®)

with ks = 1.0 x 10713 cm® molecule’® s at 298 K16
1 The principal possible secondary reaction for chlorine atoms
(1o was the reaction with allyl chloride:

Cl + CH,=CHCH,CI — products a7

where RO is a carbonyl compound (aldehyde, ketone, or acid). \yith k; = 1.87 x 10710 cm?® molecule? s at 298 K19
Following Madronichet al.2 we have found it reasonable to Thus, the loss of chlorine atoms through reaction 17 was

assume that, in all systems, can be taken as the arithmetic oyer |arger than 10%. The allyl chloride concentration was
average of theo values that have been determined for the cqonigjled in the cell by its absorption at 193 nm. Cross sections
corresponding self-reactions (wheueis the ratio of the rate ¢ allyl chloride have been measured using a UV CARY 2000

constant for the qlkoxy chgnnel to thg total self-reaction rate spectrophotometer, and the value obtained was(5.4 + 0.5)
constant). There is no particular chemical property that can be ., 10-18 cn2 molecule® at 193 nm. The concentration was

put forward to justify this assumption, but it should normally | sintained in the range 3.2 10* to 10.2 x 10 molecule
minimize the errors due to the use of an erroneous valwe.of ¢ 1-3(0,01-0.03 Torr) so that the absorption of the laser beam
It should also be emphasized that for most systems, the a5 |imited to less than 30%, thus ensuring relatively small
branching ratios for the |nd_|V|_duaI self-reactions are close t0 yncentration gradients along the cell. The photolysis produced
each other and, therefore, it is reasonable to assume that theberoxy radical concentrations between &910'3 and 7.0x

branching ratio for the cross reaction has a similar value. The 1413 molecule cm for a laser pulse energy varying between 5
uncertainty introduced by this assumption is discussed below 5,4 30 mJ cm2.

for each individual system. _ _ The stochiometric conversion of radicals into peroxy radicals
Reactions of the Allylperoxy Radical with CHzO, and was ensured by adding an excess of oxygen:
C;Hs0,. The following reaction channels are expected for the

reaction with CHO,:
ROz CH,=CHCH, + O, + M — CH,=CHCH,O, + M (18)

RO, + CH,0,—~ RO+ CH,0 + O, (@)
—ROH+ CH,0+ 0,
—R_,,0+ CH,OH+ 0O,

CH,=CHCH,0, + with kg = 6 x 10 **cm®molecule*s * at 760 Torr"’
CH,0, —~ CH,=CHCH,0 + CH,0+ 0,  (15a)

— CH,=CHCH,0OH + CH,0 + O, (15b) CH;+ 0O, +M —CH;O,+ M (20)

. CH2=CHCHO+ CH3OH + 02 (15C) with klO =1.8x 10712 Cm3 m0|eculél 571 at 760 T0rr15

The kinetics of the reaction of the allylperoxy radical with The low allyl-0, bond dissociation energfmeans that there
CH30, were investigated simultaneously as part of a study of exists the possibility that reaction 18 becomes equilibrated at
the CH=CHCH,O; radical self-reaction and of its reaction with  the highest temperatures explored in this study. As a conse-
HO,.1% The radicals were generated by laser photolysis of allyl quence, experiments had to be limited to about 420 K where
chloride at 193 nm in the presence of excess methane andthe concentration ratio [C44CHCH,O,]/[CH,=CHCH,] was
oxygen. The determination of;5 was carried out at six  equal to or greater than 50 for the highest oxygen concentrations
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101 TABLE 4: Sensitivity Parameters S; for the Rate Constant
- of the CH,=CHCH 0, + CH30, Cross Reaction
]
o Aala;  Akigkis
3 a % % 5
% 1012 M o(CH~CHCH,0) 115 48 0.53
J 0(CH40y) +10 +9 0.90
g | k(CHs0, + HOy) +15 +2 -0.13
= k(CH;=CHCH,0O, + HO,) +25 +2 —0.08
& k(CH3O; + CH;05) +10 +2 —-0.20
1013 T T T T ] k(CH;=CHCH,0, + CH,=CHCH;O,) +20 +5 —0.25
225 250 275 300 325 3.50 e +30 48 —0.27

) ) 1000 K/T ] a5 = (Ak/K)/(Aala), whereg refers to the analysis parameter.
Figure 2. Arrhenius plot for the rate constakys of the cross reaction  Fractional change ikysis given by the fractional change in the analysis

of CH;=CHCH,O, with CH5O;. parameter multiplied by the appropriate sensitivity coefficient.

TABLE 2: Absorption Cross Sections at 235 nm (1&¢/cm? absorption cross sections employed in the analysis (see Tables

molecule™?) 1-3). They were analyzed in the same manner as the
TIK HO»2 CHz02 CH;=CHCH,O, H,0.° experimental traces except for varying the most important
201 1.79 4.60 6.17 0.15 analysis parameters of those in Tables31by 10-30%
310 1.80 4.56 6.197 0.158' (depending on the uncertainty on the parameter) and noting the
333 1.81 451 6.17 0.1%8 change in the value of the cross-reaction rate constant returned
373 1.82 4.40 6.17 0.18' by the data analysis program. The results for the allylperoxy
403 1.84 4.32 6.197 0.19

radical are presented in Table 4. Itis clear that the cross-reaction
423 1.85 421 6.7 0.15 rate constant is particularly sensitive in this case a0
aTaken from ref 20°Taken from ref 18°Taken from ref 21. (CHz=CHCH;0Oy), 6(CH30y), the branching ratia, and, to a

¢ Assumed independent of temperature. lesser extent, the corresponding self-reaction rate constants.

TABLE 3: Experimental Values of the Rate Constant for Allowing for errors of approximately 15% ia(CH;=CHCH.0y)

the CH,=CHCH ,0, + CH30, Reaction and 10% ino(CHzOy) resulted in a variation of 8% and 9%,
TIK no. of determinations  kys¥10-22cn moleculel s respectively, irkis(CH;=CHCH,0, + CH;0,). This relative

sensitivity can be explained by the fact that most of the

291 15 1.71:£0.20 experiments were performed at 235 nm, a wavelength that
gég % i:gi 8:%8 corresponds to the maximum of the UV absorption of the allyl-
373 2 1.23+ 0.15 and methylperoxy radicals and where the signal-to-noise ratio
403 2 1.10+ 0.10 was maximum. Hence, the error ifHO,) has less influence
423 2 0.91+ 0.09 on the shape of the decay traces, since it absorbs more at lower

wavelengths:? Reasonable variations of 15% in the rate
constant of the reaction of GB, with HO, and of 25% in that
that could be used without producing significant ozone con- ©f the corresponding reaction of GHCHCH;O, result respec-
centrationsij.e., ~7 x 10" molecule cm3. tively in only <5% in kis. The sensitivity of the fit td_<(_HOz
Figure 1 shows a typical decay trace obtained at room + HO2) was negligible under all experimental conditions. A
temperature along with the results of numerical simulations Variation of 30% in the branching ratig results in a variation
(smooth lines). All the parameters used in simulations were Of 8% in the cross-reaction rate constant. Lastly, allowing for
well established in the literature and are presented in Tables 1€r7ors of approximately 10% k(CH;O, + CH;O,) and of 20%

aErrors are based only on experimental scatter. See text for details.

and 2, with the exception of the branching ratip= kys:/ks. in K(CH;=CHCH,O, + CH;=CHCH;O;) resulted in a variation
As mentioned abovay. was taken as the average of the self- ©f 2% and 5%, respectively, ikis, which was comparatively
reaction branching ratiosj.e., a(CHz0,) = 0.3312 q- small, since in this case the cross reaction 15 was faster than

(CH,=CHCH,0;) = 0.6118 giving oc = 0.47 at room temper-  the respective peroxy radicals self-reactiokg;= 1.70x 1072
ature and assumed to increase with temperature (up to 0.66 afompared to the self-reaction rate constants>3.10"% and
420 K), assuming a temperature dependence similar to that of /-4 107 cm® molecule s7* for CH;O, and CH=CHCH,O,
0(CH30y) .12 respectively, at 298 K210 In most cases, where the cross-
The average optimized values ki obtained are presented ~'€action rate constant is between those of the self-reactions, the
as a function of temperature in Table 3. Figure 2 shows the effects of such uncertainties are higher, at around 1556
variation ofk;s with temperature in Arrhenius form, yielding All the uncertainties described above are combined in a global
the following rate expression: systematic uncertainty of 180% on the cross-reaction rate
constant, yielding an overall uncertainty of-3®0% (according
— —13 to the temperature) on inclusion of the experimental statistical
Kis=(2.8+0.7)x 10~ x errors (b). Atypical decay showing the sensitivity of the cross-
exp[(515=+ 75)/T] cm® molecule *s™* (T = 291-423 K) reaction rate constant is presented Figure 1 (dashed lines
correspond to variations okjs in simulations of +40%).
and where the quoted uncertainties represent statistical errordBecause of these uncertainties, there is no clear trend in the
(10) alone. variation ofk;s with temperature, but the Arrhenius plot suggests
Although the rate constakis was extracted from a relatively a small negative dependence that is consistent with all other
complex chemical system, it was essential to quantify its self-reactions of primary peroxy radicais.
sensitivity to the parameters used for analysis, and a systematic All other studies of cross-reaction rate constants, which will
analysis of propagation of errors was thus carried out as now be discussed, were only determined at 298 K.
described previousli# Artificial decay traces were generated In addition to the study of reaction 15, a few experiments
with the same rate constants, initial radical concentrations, andhave been performed to measure the rate constant of the cross
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reaction between the allylperoxy radical angHgO,:

CH,~CHCH,0, +

C,Hs0, —~ CH,=CHCH,0 + CH,0+ 0,  (19a)

— CH=CHCH,0OH + CH,CHO + O, (19b)

— CH=CHCHO+ CH,OH+ 0,  (19c)

The allylperoxy radical and £1s0, were also generated by
laser photolysis of allyl chloride at 193 nm in the presence of
excess ethane and oxygen:

CH,=CHCH,CI + hv (1 = 193 nm)— CH,=CHCH, + Cl
(16)

Cl + C,Hg— HCl + C,H, (20)

with kyo = 5.7 x 107 crm® molecule st at 298 K16
Concentrations of allyl chloride were maintained in the range
8 x 10" to 10 x 10 molecule cm? corresponding to an

absorption of the laser beam of between 20 and 30%. The

concentration of ethane was high enough ({B&) x 10
molecule cm?®) to avoid chlorine atoms reacting with
CH,=CHCH,CI and hence ensuing stochiometric conversion
into ethyl radicals. As previously, the oxygen concentration
was limited to (3.2-4.9) x 107 molecule cn?3.

The reaction mechanism employed for analysis was similar
to that used in the reaction of allylperoxy radical with £04,
the branching ratia; being taken as the average of the self-
reaction branching ratios for GHCHCH,O, and GHs0,
radicals,i.e.,0.61'8 and 0.63,2 respectively. A small residual
absorption, which could not be completely accounted for by
the individual absorptions of the products, indicates that a small

amount of species other than those expected may be produced

by the photolytic system used for radical generation.
Fifteen experiments were performed, and the average opti-
mized value ofk;¢ obtained was

kio=(1.0+ 0.3) x 10 **cm’molecule *s ' at 298 K

The quoted uncertainties only represent statistical errons (1
and a study of error propagation similar to that described before
results in an overall uncertainty of 55%, taking into account
the small deviation in the fitting of decay traces. As for4Chl
the rate constard g is higher than the self-reaction rate constants
for CH;=CHCH,0O, and GHsO; radicals (7.3x 1071%and 7.0
x 1071 cm? molecule® s71, respectivelyd*22but is lower, by
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scavenge Cl atoms and to avoid undesired reactions.

CH.CI + hv — CH, + Cl (12)

Cl+ C,H;— HCl + C,Hq (20)
followed by the reactions of the alkyl radicals with oxygen.

The experimental conditions were as follows (molecule
cm3): [CH3Cl] =4 x 10*to 6 x 106, [CoHe] = 3 x 107 to
4 x 10V, [Oy] = 3 x 10Y, carrier gas M total pressure= 1
atm, T = 298 K. The self-reaction of the ethylperoxy radical
has been studied in detai#;2223 and the room-temperature
branching ratiost for the nonterminating channels are 0.63 and
0.33 for the GHsO, and CHO, self-reactions, respectively.
Therefore, as explained above, we havewset 0.48 for the
cross reaction, the average of the above values.

Six determinations ok; were performed using the experi-
mental conditions described above, which resulted in the
following rate constant:

ky; = (2.0+ 0.5) x 10 **cm’molecule ’s™*

and where the quoted uncertainties again only represent statisti-
cal errors (&). This value is between those of the respective
self-reactions (3.% 10713 and 0.70x 10713 cm® molecule?
s for CH30, and GHsO, radicals, respectively). A study of
error propagation similar to that described for the case of the
allylperoxy radical cross reaction with G8, results in an
overall uncertainty of 41% foka;.

Reactions of the Neopentylperoxy Radical with CHO,
and C;Hs0O,. The following channels are expected for the
reaction with CHO.:

neoC;H,,0, +
CH;0, — neoC;H,,0 + CH,O+ O, (22a)

— C.H,,OH + CH,0 + O, (22b)

— tert-butyl-CHO + CH,OH + O, (22¢)

As in the preceding case, the neopentylperoxy radical and
CH30, were generated by two different methods: the laser
photolysis of chloromethane at 193 nm in the presence of
neopentane and the flash photolysis of @l the presence of
methane and neopentane. Even though both methods gave the
same results for the kinetics, taking into account uncertainties,
the first process was preferred, since it yields equal initial
concentrations ohec-CsH110, and CHO,.

less than a factor of 2, than the cross-reaction rate constant of The concentration of chloromethane was maintained at around

the allylperoxy radical with CkD, determined before.
Reaction of the Ethylperoxy Radical with CH3O..

C,H.0, + CH,0, — C,H.0 + CH,0 + O, (21a)
—CHOH+CHO0+0,  (21b)
— CH,CHO+ CH,0H+ 0, (21c)

The complete reaction mechanism used in the simulations
was similar to that of the allylperoxy radical (Table 1) and based
on preceding studies of self-reactidrs'018.22.23 Two different

methods of radical generation were used for this study: the laser

photolysis of GHsCI in the presence of CHand the laser
photolysis of CHCI in the presence of £1s. Both methods
yielded the same values kf; within 20%, but most experiments

5 x 10'6 molecule cm? to absorb 26-30% of the laser beam.
The concentration of neopentane s 3.0 x 10 molecule
cm3, to scavenge all chlorine atomk(Cl + neopentane}
1.16 x 1071% cm® molecule’® s71),6 and the oxygen partial
pressure was maintained at around 10 Torr.

The reaction mechanism used was based on that determined
for the self-reaction of the neopentylperoxy rackéad and it
is more complex than in previous cases, since the neopentoxy
radical decomposes readily under the conditions of low oxygen
concentration, leading to the formation of tteet-butylperoxy
radical:

necCH,,0+M —t-CHy+ CH,O+M  (23)

t-C,Hg + O, + M — t-C,Hs0, + M (24)

were performed using the latter system, since the faster reaction As a result, an apparent residual absorption was observed

of Cl atoms with ethane than with methane made it easier to

that corresponded to the absorption of th@&HyO, radical (the
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self-reaction of which is very slow)2 We took into account in our laboratory?®27and the principal difference to the previous
all self- and cross reactions BC4HyO, radicals, including those analysis mechanism was that the alkoxy radie@kH;,0 could
with HO,, assuming their rate constant to be equal to those of undergo ring-opening at low oxygen partial pressure (below 600
other similar peroxy radicals with HO(1.5 x 107! cm?® Torr) instead of reacting with £to form HO, and cyclohex-
molecule! s! at 298 K)1-2 The kinetics and mechanism of  anone?6.27

the reaction betweetitC4HyO, and CHO, have been already

investigated, yieldindge = 3.1 x 10-5 cm® molecule* s~ and ¢-CgH1,0 + M — CH,(CH,),CHO + M (27)
o = 0.13 at 298 K.2 The branching ratiax of the nec
CsH110, radical self-reaction has been reported as equal to ¢-CgHy,0 + O, — ¢-CgH, O + HO, (28)

0.3912 yielding an estimated. of 0.36 for reaction 22. ] o )
Seven experiments were performed under the conditions Reaction 27 becomes significant for oxygen partial pressures
described above, resulting in the following value of the rate below 150 Tor®?7yielding a more complex chemical mech-

constant: anism with an observed rate constistthat depends upon the
oxygen concentrationkfs = (3—9) x 10~ cm® molecule’?
ky, = (1.5+ 0.5) x 10 2 cm’ molecule* s at 298 K s~1for [O,] = 10—700 Torr). Consequently, experiments were

performed here under high oxygen concentrations so that
This value is very close to that of the neopentylperoxy self- reaction 27 could be neglect&t’ The branching ratio of the
reaction (1.2x 10712 cm® molecule® s1).12 The quoted self-reaction of thec-CeH1,0, radical has been previously
uncertainties only represent statistical erroes)(&nd the study ~ Measured as 0.29, yielding an estimatecbf 0.31.
of error propagation results in an overall uncertainty of 52%.  1he average of 12 runs yields the following value fo:

The cross reaction between the neopentylperoxy radical and 14 3 11
CoH:O, Kyg = (9.0£ 0.15)x 10 “"cm molecule *s ~at 298 K

neoCgH,,0, + where once again the quoted uncertainties represent statistical

C,Hs0,— neoCyH,,0 + C,H,0 + O, (25a) errors () alone. The global uncertainty is estimated to be
about 35%.

— CgH,,OH + CH,CHO + O, (25b) The cross reaction with £is0;

-Cehy;0, + CHg0, — -CH,0 + CpHO + 2
—tertbuty—CHO+ C,H;OH + 0, (25¢) e G0 eCHL O+ GRO+0, - (292)

— ¢-C;H,,OH + CH,CHO+ O, (29b
was investigated using the flash photolysis of molecular chlorine “eu 3 2 (29b)

in the presence of neopentane and ethangH{§ = 3.2 x — cCH..O+ CH.OH+ O 20¢
10'6 and [GHe] = 6.5 x 10 (units of molecule cm?d). 60 2 > (299

Synthetic air (to 1 atm) was the carrier gas. was studied using the flash photolysis apparatus, where radicals
The chemical system was similar to that used above for \yere generated by the photolysis of molecular chlorine in the
reaction 2_2, and the average of seven measurements @sing presence of-CgHiz, CoHs, and oxygen: ¢-CeHiz = 3.3 x
= 0.51) yields 10 molecule cm? and [GHg] = 1.45 x 10 molecule cm3
13 3 1 in oxygen (to 1 atm), yielding similar radical concentrations of
kys=(5.6+0.8) x 10 " cm molecule "s ~at 298 K each peroxy radical. The analysis system was the same as
) . above, and six experiments resulted in the following value for
The global uncertainty was estimated to be about 38%. Note koo, USINGOL = 0.46 as the average of the respective branching
that the cross-reaction rate constant is between the values foratios of 0.63 and 0.29 for the 850, and c-CgH110, self-
C,Hs0, andneoCsH110, self-reactions. reactions:
Reactions of the Cyclohexylperoxy Radical with CHO,
and CHsO,. The expected reaction channels of the reaction | — (4,04 0.2) x 10 **cm® moleculé* s * at 298 K
with CHzO, are 29

The study of the propagation of errors results in an overall
¢-CgHy,0, + CH0,— ¢-CH,,0 + CH,O0+ O,  (26a) uncertaimyyof 370k _p pag

Note that the rate constant is not significantly different from
that of thec-C¢H110- self-reaction and about a factor of 2 lower
than the corresponding cross-reaction rate constant witOgH
determined above.

Reaction of the Benzylperoxy Radical with CHO».

— ¢-C¢H,;;OH + CH,0+ O, (26b)
— ¢-C¢H,,O0 + CH,OH+ O, (26¢c)
This is an example of a cross reaction between@tand a

secondary peroxy radical that exhibits a slow self-reaction ( C,H.CH,O, + CH,0,— CsH.CH,0 + CH,0 + O, (30a)
= 4.2 x 107 cm® molecule’! s71).26

The cyclohexyl- and methylperoxy radicals were generated — C4H;CHO+ CH,OH+ O,  (30b)
using the flash photolysis of €in the presence of cyclohexane
and methane in appropriate concentrations (moleculecm — C¢H:CH,0OH+ CH,0+ O, (30c)
[CH4 = (4.5-10) x 108, [O;] = (1.5-2.0) x 10'° The
concentration of gHi2, was again chosen to ensure that all The benzylperoxy radical was selected as an example of a

chlorine atoms were stoichiometrically converted into cyclohexyl radical bearing an aromatic substituent and that exhibits a fast
radicals k(Cl + CgH12) = 2.4 x 10710 cm?® molecule’! s71,16 self-reactionk = 7.7 x 10-12cm® molecule s™1 at 298 K)11
[CeH1g = (2—4) x 10* molecule cn3d). The benzyl- and methylperoxy radicals were generated by
The kinetics and mechanism of the self-reaction of the flash photolysis of Glin the presence of appropriate concentra-
cyclohexylperoxy radical have already been studied in detail tions of toluene and methane. The concentration of toluene was
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about 5x 10 molecule cnm® (k(Cl + toluene)= 6.1 x 10711 The acetylperoxy radical is the simplest example of the class
cm® molecule® s71),11 which was measured by its absorption of acylperoxy radicals, and all its reactions with radical species
at 250 nm ¢ = 0.37 x 1078 cm? molecule?),28 while the are known to be fast?

methane partial pressure was fixed at 100 Torr. Under such The rate constant of the cross reaction of the acetylperoxy
conditions, approximately equal concentrations of both radicals radical with CHO, has already been estimated as part of the

were generated. The self-reaction of the benzylperoxy radical investigation of the CBC(0)0O;, self-reaction, CHO, being

has been studied in detafland the corresponding branching
ratio has been reported as 0.40 yieldmg= 0.36.

produced in secondary reactiohsjnce the acetoxy radicals
CH3C(0O)O formed in channel 32a are unstable and yield methyl

Fifteen experiments were performed under the conditions radicals that are rapidly converted into methylperoxy radicals:

described before with most analyses yielding valueskspf
between 1x 10712 and 2 x 10712 cm® molecule® s

However, the sensitivity analysis indicated that acceptable fits
to decay curves could still be obtained with much lower values

so that in this particular case, only an upper limit for the rate
constant can be given:

kso < 2.0 x 10 cm’molecule *s ! at 298 K

This value is significantly lower than the rate constant of the
benzylperoxy radical self-reactidh. This is in contrast to the

CH,C(0)O+ M — CH, + CO, + M (33)

CH;+0O,+M—CH;O,+ M (20)

The cross reaction has also been found to be fast kayitk
1.3 x 107 cm?® molecule’? s71.12 In the present work, and
in a very recent work! the reaction was reinvestigated by
generating CHO, simultaneously with CEC(0)O.. The
conventional flash photolysis of £in the presence of acetal-
dehyde and methane was used for this particular study to

other cross reactions investigated, where the cross-reaction rat@enerate the acetyl- and methylperoxy radicals. The experi-

constant is found to be close to that of the Fg@lf-reaction. It

mental conditions were (concentrations in units of molecule

should be pointed out that measurements were fairly difficult M) [CHsCHO] = (4-5) x 10'* (K(Cl + CH;CHO) = 7.6 x
in the case of this particular reaction as a result of the formation 10 ** cm® molecule’* s7),1° [CH,] = (3.5-4.0) x 10'%, [O]
of the highly absorbing benzaldehyde as a product. Conse-= (4.5-5.0) x 10'%, and [Cb] = (4.5-5.0) x 10'°and resulted
quently, uncertainties were higher in this case than for the otherin radical concentrations between 5210 and 7.5x 103

cross reactions studied.
Reaction of the Chloromethylperoxy Radical with CH;O».

CH,CIO, + CH,0,—~ CH,CIO+ CH,0+ 0,  (31a)
— CH,CIOH + CH,0+ 0,  (31b)
— HC(O)Cl+ CH,0H+ 0, (31c)

For this reaction between GB, and a halogenated peroxy

molecule cm?®. Since acetylperoxy radicals have adydro-

gen, there are only two possible channels for the cross reaction
32; the previous studies of acetylperoxy radicals kinetics
proposed different branching ratios for reactions 32a and 32b,
varying fromo, = 0.47 toa, = 0.83 at room temperatupe’!
Data analyses undertaken to estimate the sensitivity to the
branching ratico of the cross-reaction rate const&gt show
thatks, never varies by more than 15% upon varyingetween

0.5 and 1. Thus, the proposed value éqris the average of
the self-reaction branching ratios for @E{0O)0, and CHO,,

radical, the laser photolysis of dichloromethane in the presencei-€. & = 0.65, which also corresponds to the average of the
of methane was used to generate simultaneously the chloromiwo branching ratios determined experimentéfy.

ethyl- and methylperoxy radicals in equal concentrations. It

was assumed that the photolysis of £ at 193 nm resulted
mainly in the formation of CHCI and Cl atom@® The
dichloromethane concentration was fixed at arouns 0%
molecule ¢ (k(Cl + CH,Cl,) = 3.3 x 10713 cm? molecule'?

The results of five experiments yield the following rate
constant:

ksp = (8.2 0.6) x 10 cm’molecule s ' at 298 K

s 1,15 while the partial pressures of methane and oxygen were and confirm that the reaction is fast and that the rate constant
equal to 100 and 15 Torr, respectively. The kinetics and is closer to that of the acetylperoxy self-reaction (%8071

mechanism of the self-reaction of @E10, radicals have been
already investigatet?30 yielding a branching ratio equal to
nearly 1. Hence, by use ai. = 0.66, the following rate
constant was obtained from the six analysis of experiments:

ks; = (2.5+ 0.5) x 10 *?*cm’moleculé's ' at 298 K

a value close to that of the GBIO; self-reaction (3.7 10712
cm® molecule® s71).12

The quoted uncertainties only represent statistical errons (1
and the study of error propagation results in an overall
uncertainty of about 40%.

Reactions of the Acetylperoxy Radical with CHO, and
C,Hs0,.

CH,C(0)Q, + CH,0,— CH,C(0)0O+ CH,0+ 0,  (32a)

— CH,C(O)OH+ CH,0+ 0, (32b)

cm? molecule! s71)3L than to that of CHO, (3.7 x 10713 cm?
molecule! s71).12 A similar study of error propagation as
described for the case of the allylperoxy radical results in an
overall uncertainty of 42%.

The present result is in agreement within experimental
uncertainties with previous determinations and particularly with
the recent work of Roetet al3! who reportks; = (9.8 & 2.0)

x 10712 cm? molecule'! s~1 at room temperature. Considering
all determinations and giving more weight to the measurements
in which CH;0, and CHC(O)O, were generated simultaneously
(present work and Roeldt al3l), we proposeks; = (9.5 +

2.0) x 10712 cm® molecule® s71.

In addition to the study of reaction 32, the rate constant of
the cross reaction between the acetylperoxy radical ahid@,

CH,C(0)0, + C,H:0, — CH,C(0)O+ C,H.0 + O, (34a)

— CH,C(O)OH+ CH,CHO+ 0, (34b)

was measured in a way similar to that for €b. The
acetylperoxy radical and 50, were generated by the flash
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TABLE 5: Rate Constants at 298 K for RO, + CH30, and RO, + C,Hs0, Cross Reactions Compared to Those for the RO
Self-Reaction

10“%(RO, + CHz0) 10" (RO, + C,Hs02) 10°%(RO, + ROy)

RO, cm*moleculets™? cm*moleculets™? cm*moleculels™?
CH:0, 2.0°(3.2) 3.7
CH;=CHCH,0, 17 (10) 10 (4.5) 7.3
CoHsO2 2.0°(3.2) 0.70
neoCsH110; 15 (13) 5.8 (5.8) 12
c-CgH1102 0.9 (25) 0.4 (11) 0.42
CeHsCH,0, <20 (34) e
CH,CIO, 25 (23) 37
CHiC(0)0 950 (47) 1009 (20) 150
CH;C(0O)CHO, 381(34) 80
t-C4Hg0O; 0.03F (0.066) see text 0.00080
CChLO, 66 (24) 40

a/alues in parentheses calculated using expressi®Fhis work. The determined value in this work is 8:2107*2 cm® molecule! s, but the
proposed value also takes into account other determinations (see¢/Tek@n from ref 6Taken from ref 1Taken from ref 99Taken from ref
10. "Taken from ref 11iTaken from ref 12iTaken from ref 31.

photolysis of C} in the presence of acetaldehyde, ethane, and account all uncertainties, resulted in a global systematic
synthetic air in the following concentrations (in moleculeém uncertainty of 1530% on the cross-reaction rate constant,
[ClJ] =5 x 10%, [CH3CHO] = 1.6 x 10%, and [GH¢] = 2.2 yielding an overall uncertainty of 3660%, including the
x 10'®in 1 atm synthetic air. The reaction mechanism is more experimental statistical errors€ll It must be recognized that
complex than the previous one used for the reaction betweenthis estimation of uncertainties does not take into account any
CHsC(0)Q; and CHO, here now being four peroxy radicals  ynknowns in the reaction mechanism (apart from the branching
present (CHO, being formed, as seen above, by theCH ratioo). However, the extrapolation of the well-known reaction
(O)O radical decomposition). Taking into account all peroxy  mechanism prevailing in the corresponding radical self-reactions
radicals interactions, and by use of a branching rafie= (1 + is reasonable. Good indications in favor of this assumption were
0.63)/2= 0.82, the following rate constant was obtained as an obtained previously in mechanistic studies of the reactions of
average of the results of three experiments: the acetylperoxy and acetonylpero¥yradicals. Considering
all the possible sources of errors, we estimate that the total
uncertainty should, in any case, be smaller than a factor of 2.
This value is close to that of the cross reaction of;CtD)- In the particular case of t.he. reaction (.)f allylperox_y _radicals with
0, with CH:O; and to that of the acetylperoxy self-reaction. C,Hs0,, where slight deviations remained in the fitting of decay

The study of error propagation accounting for statistical and races, by simulating using the expected reaction mechanism,
systematic errors results in an overall uncertainty of 54%.  the uncertainty was increased accordingly, as indicated above

The reactions of CEC(O)O, with other RQ radicals all seem  in the presentation of results.
fast, and further work is in progress in order to verify whether ~ Cross reactions between two radicals are generally difficult

kss = (1.04 0.3) x 10 " cm®molecule 's ' at 298 K

this is true, irrespective of the nature of the RO to investigate, and therefore, fairly large uncertainties are
. . expected in the determination of the rate constant of such
Discussion processes. Nevertheless, the above analysis of errors shows that

Accuracy of Results Several factors influence the accuracy the kinetic data determined in this work are significant and
of the results, as described above in the particular case of thereliable enough to be used for establishing trends in reactivity
CH,=CHCH,0; + CH30; reaction, where we were particularly ~ for various types of cross reaction. It should be pointed out
concerned with the reaction mechanism used in the simulationthat this has been possible because the cross reaction rate
of experimental decay traces. The chemistry associated withconstant is generally closer to the larger self-reaction rate
peroxy radical cross reactions is too complicated for a reliable constant of the two radicals, as discussed below, and it is only
determination of the yield of reaction products. Thus, the under this condition that the global kinetics exhibit good enough
chemical mechanisms used in the analysis of kinetics were sensitivity to the cross-reaction rate parameters. As seen above,
derived from those previously determined for the self-reactions the benzylperoxy case was an exception to the rule and thus

of the two reacting radicals, the principal uncertainty being on only an upper limit could be determined for the corresponding
the value of the branching ratia; for the nonterminating  cross-reaction rate constant.

channel of the cross reaction, which was u_nknovv_n. This Analysis of Results The values of the rate constants
parameter was assumed to be equal to the arithmetic average ailable to date for peroxy radical cross reactions withGH

of the branching ratios of self-reactions, and as in the case of ) . .

the allylperoxy radical reaction discussed above, it was shown and GH50; radicals are reported in T‘?‘b'e 5. Also |n.cluded
that the error on the cross reaction rate constant resulting from2'€ he rate constants of corresponding peroxy radical self-
the uncertainty ol was fairly small, less than 15% for all the reactions for comparison. The rate constants for the reactions
reactions investigated. of CoH50,, CHZZCHCHzoz, necCsH110,, c-CgH110,, CsHs-

The sensitivity analysis has shown that the principal factors CH202 and CHCIO, with CH;O, and those of all cross
influencing the results were the UV absorption cross sections eactions involving €HsO, are presented for the first time in
of the peroxy radicals and their self-reaction rate constants the present work. The rate constant for the ;CkD)0; +
(particularly the larger rate constant). Most of those parametersCHzOz reaction, which has already been reported in the
used in the determination procedure of cross-reaction rateliterature? was reinvestigated simultaneously in the present study
constants are fairly well-known, with uncertainties ranging from and by Roehlet al.3! the three determinations being in good
10 to 20%. The analysis of error propagation, taking into agreement.
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The cross reactions of GB(O)CHO,, t-C4Hs0,, and of magnitude as the rate constant for the £Xlradical self-
CClzO, with CHzO, were derived from previous work and are reactiof (k= 4.0 x 10722 cm?® molecule’! s71). The value of
now briefly evaluated. the branching ratia. was optimized in simulations and found

CH3sC(O)CHO,. The cross reaction of the acetonylperoxy to be equal to (0.5 0.2) compared to the average of the self-
radical with CHO, was investigated by Bridiest al® at room reaction branching ratiose., a. = 0.66.
temperature using the flash photolysis of {Blthe presence of Analysis of Cross Reaction Kinetics As for peroxy radical

acetone, methane, and oxygen. The chemistry in this systemself-reactions, the rate constants for cross reactions vary over a
is complicated by the formation of acetylperoxy radicals from Vvery wide range: more than 4 orders of magnitude from the

the decomposition of the acetoxy radical, £HO)CHO. rate constant of the-C4HgO, + CH30; reaction k = 3.1 x
Taking account of all peroxy radicals interactions in the chemical 107*° cm® molecule s™) to that of the CHC(0)O; + CH3O»
model, Bridieret al® proposed a value of (3& 0.4) x 10712 reaction k ~ 107'* cm® molecule! s). To date, the

cm® molecule’? s~ for the cross-reaction rate constant. This temperature dependence has been measured for the cross-
value is between the self-reaction rate constants for the reaction rate constants of three radicals: ,€8HCH;O; (this
acetonylperoxy and the methylperoxy radicals (8.00~12 and work), CHC(0)0;, 12 andt-C4HgO,.12 The values of/R are
3.7 x 10713 cr® molecule’® s71, respectively, at 298 K326 comparable to those observed for the corresponding self-
The value of the branching ratim. was determined to be (0.3  reactions, being positive for the slowest reactiofrd430 K
+ 0.1) compared to the average of the self-reaction branching for thetert-butylperoxy radical reaction) and negative for most
ratios,i.e., a. = 0.54. other reactions<{430 K for the allylperoxy radical ane-272
t-C4HoO,. The reaction of theert-butylperoxy radical with K for the acetylperoxy radical). The best recommendation that
CH;O; involves a radical bearing a tertiary central carbon atom can be made at the present time is to take for the cross reaction
having a very slow self-reactionk = 3.0 x 10717 cm? a temperature dependence similar to that measured for the
molecule? s~ at 298 K12 The rate constant was studied by peroxy radical self-reaction having the most comparable room-
two groupg® and was derived indirectly by modeling the temperature rate constant to the cross reaction.
observed product yields of theC,HsO, radical self-reaction It is observed that, in most cases, the cross reaction rate
in which the methylperoxy radicals were produced from the constant is between the self-reaction rate constants of the two
decomposition of théert-butoxy radicals. The results obtained reacting radicals and is often close to that of the fastest self-
by the two groups are in significant disagreement, Parkes reaction. Only in the cases of the reactions ofsOfiwith
reporting a value of (1.6 0.5) x 1023 cm? moleculel s at CH;=CHCH;O; and of CC}O; and GHsO, with CH;=C-
298 K7 whereas Osbourret al. propose a rate constant 2 orders  HCH202 is the cross reaction rate constant significantly larger
of magnitude lowe¥ (3.95 x 1071° cm® molecule’* s™%). For than that of either self-reaction. The following relationship
their part, Lightfootet al! recommended 3. 1071% cm? between cross and self-reactions of two radicals has been
molecule® s, derived from the Arrhenius plot of the data of proposed’
Osbourneet al. Note that in our study of the reaction néc
CsH110, with CH30; in which thet-C4,HoO, and CHO; radicals k(RO, + RO, = 2\/ k(RO, + RO,) x k(R'O, + RO,) (I)
were formed in secondary reactiohsthe best fits of decay
traces at long reaction times were obtained using a value ofand has been applied to the reactions of interest in this work.
~10713 cm® molecule? s71 for the cross reaction of the two  The values calculated from expression | are included (in
latter radicals. The sensitivity to this value was, however, fairly parentheses) in Table 5. It is apparent that for most reactions,

poor. the experimental and calculated rate constant do not differ by
We have performed a few experiments, within the present more than a factor of 2 with the exception of the reactions of
work, to measure the rate constant of tHesHqO, + CoHs0, the acetylperoxy radical, which seem to be always large, and

cross reaction by laser-flash photolysisert-butyl chloride at those of thetert-butylperoxy radical, which are small but
193 nm in the presence of ethane and oxygen (the investigationdetermined with poor accuracy, as discussed above. The other
of the cross reaction with Gi@, could not be studied using exception is that of CGD,, which is larger than the predicted
this method owing to the too large difference in reactivity of value by a factor of almost 3 and was determined with fairly
Cl atoms with CH andt-C4HqCl). Experimental results were  good accuracy. We have no explanation for these particular
not very accurate, since the shape of decay traces could not beexceptions. Nevertheless, expression | may be a fairly good
simulated fully. Nevertheless, the measured values of the cross-approximation for estimating cross-reaction rate constants of

reaction rate constant, ranging fromx1 10713 to 2 x 10713 peroxy radicals, taking into account the large differences
cm® molecule' s71, were found again to be much larger than observed from one reaction to another and the fairly large
the recommended value for teC,HO, + CH30; reaction, uncertainties in the measurements as discussed above.

whereas a similar value can reasonably be expected for the rate It can also be observed that rate constants of cross reactions
constant of both reactions. We have ignored this last determina-with CH3;O- are often close to the rate constants of R@If-
tion because of the low reliability of measurements, but it con- reactions. This is particularly true for the fastest reactions,
firms the large uncertainty that exists for the rate constant of which are the most important in reaction systems. Thus, an
the t-C4HgO, + CH30; cross reaction. Nevertheless, we have alternative recommendation might be to take forsOkland
included in Table 5 the value recommended by Lightfebt C,Hs0;, cross reactions a rate constant close to that of the RO
all self-reaction. This would be a good approximation for fast
CClz0,. The reaction of the trichloromethylperoxy radical reactions and wrong for slow reactions, but the slow reactions
with CHzO;, has been investigated recently in our laboratory generally play a minor role in the reaction systems. The only
using the flash photolysis of C&£in the presence of methane exception to the second rule of interest is thezOk+ CgHs-
and oxygen. The reaction mechanism is fairly well established, CH,O, reaction, which is found to be slower than predicted.
and the measured value for the cross-reaction rate constant iAs already pointed out, this discrepancy may arise from large
(6.6 4 1.0) x 1072 cm® molecule st at 300 K. The value  experimental uncertainties resulting from the formation of
of this rate constant is significantly higher th&g(CH,CIO, strongly absorbing benzaldehyde, which perturbs the flash
+ CH30,) measured in this work but is still of the same order photolysis study of this system.
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Conclusion (6) Bridier, I.; Veyret, B.; Lesclaux, R.; Jenkin, M. H. Chem. Soc.,
Faraday Trans1993 89, 2993.
. . . . 7) Parkes, D. A15th International Symposium on Combustidihy
We have presented in this paper the first systematic study of Con(-lb)ustion Institute: Pittsburgh, PA, lg75‘:)p 795. ©
the rate constants of a series of cross reactions of peroxy radicals, (8) Osbourne, D. A.; Waddington, D. J. Chem. Soc., Perkin Trans.

RO, + CH;0; and RQ + CoHs0;, that are likely to play a ? 19(?);l é?;\?g‘i're V.; Lesclaux, R.; Schneider, W. F.; Wallington, TJ.J
significant role in the chemistry of the troposphere or in Iow-  ppys “chem.in press. T T gron, 14

temperature combustion. The R@adicals were chosen to (10) Boyd, A. A.; Noziee, B.; Lesclaux, RJ. Chem. Soc., Faraday

represent typical classes of radicals so that general trends could rans.1996 92, 201.

. S 11) N B.; Lescl R.; Hurley, M. D.; Dearth, M. A.; Wall-
be derived from the kinetic results. It has been shown that the ing(ton)’ T_OJZ_ feﬁ,hyé_ gﬁgﬁﬂu;M 98, gggﬁ’. » bearth, e
rate constant for a given cross reaction is generally between (12) Catoire, V.; Lesclaux, R.; Lightfoot, P. D.; Rayez, M.JI.Phys.
the rate constants for the self-reactions of ,R@d CHO, (or Chem.1994 98, 2889.

C,Hs0,) with a reasonable agreement with the currently 94(%)0‘L'ghtf°0t’ P. D.; Lesclaux, R.; Veyret, 8. Phys. Chem199Q

accepted relationship between cross- and self-reaction rate (14) Fenter, F. F.; Lightfoot, P. D.; Niiranen, J. T.; Gutman,JDPhys.
constants (expression 1). However, when the;R€lf-reaction Chem.1993 97, 5313.

. . - - 15) DeMore, W. B.; Sander, S. P.; Golden, D.; Hampson, R. F.; Kurylo,
is fast, it seems that the cross reaction withsObi(or C:HsO») M.(J.;)Howard, C. T.; Ravishankara, A. R.; Kolb, C. FI’E Molina, M. )fJ

is also fast with similar rate constants for both reactions. This Chemical Kinetics and Photochemical Data for Use in Stratospheric
is particularly apparent for the reactions of the acetylperoxy Modeling, Ealuation Number 10 NASA JPL Publication 92-20; Jet

: : ; ; Propulsion Laboratory: Pasadena, CA, 1992.
radical. This latter radical is also among the most abundant (16) Mallard, W. G.: Westley, F.: Herron, J. T.; Hampson, R. F. NIST

peroxy radicals in tropospheric and combustion reaction systems,chemical Kinetics Database 17, NIST Standard Reference Data; NIST:
and its measured reactions with radical species are known toGaithersburg, MD, 1994.

; itHe &~ (1— 11 11 (17) Morgan, C. A.; Pilling, M. J.; Tulloch, J. M.; Ruiz, R. P.; Bayes,
be quite fast wittk ~ (1-2) x 107 cm molecule™® s The K. P.J. Chem. Soc., Faraday Trans.1282 78, 1323.
question remains as to whether this is also true for reactions of ~ (18) jenkin, M. E.; Murrels, T. P.; Shalliker, S. J.; Hayman, G.D.

acetylperoxy with all other peroxy radicals, whatever their Chem. Soc., Faraday Tran$993 89, 433.

i i ; ; (19) Kaiser, E. W.; Wallington, T. Jl. Phys. Chem1996 100, 9788.
struptgre. Work is in progress to assess this q.u.eSt.Ion’ and (20) Lightfoot, P. D.; Jemi-Alade, A. AJ. Photochem. Photobiol. A
preliminary results suggest that the enhanced reactivity is indeed; 991 59, 1.

independent of the nature of R in @E(O)0;, + RO; reactions. (21) Vaghijiani, G. L.; Ravishankara, A. R. Geophys. Re4989 94,
3487.

(22) Fenter, F. F.; Catoire, V.; Lesclaux, R.; Lightfoot, P.DDPhys.
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