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From 160 IO 240°C and at a prcssurc oi 180 Torr. alholy radrnls RO react WIIII molccula oiygcn ud constnulc J 
source ot‘hydropero\yl radial,. accordmg IO IIIC elementary reactron RO + O2 - IlO + product. KO is produced by the 

dwr-hcptyl paoxide dccomposlllon wth rate constmt k = 0 67 * 0 l-l SC’ 31 23fjoC 

1. lndroduction 

The alkoxy radicals take a promment part in tropo- 
spherechemlstry [I ] and in combustton ofhydrocsr- 
bons at low temperatures [2]. However the RO rad- 
lcal behaviour is very diversified. It leads either to iso- 
merisation (or to decomposition) or to a reaction with 
oxygen according to the equation [l-j]. 

RO + 0, --c HO1 + carbonyl compound _ 

Obviously, RO can also react with various atoms or 
radicals present in the mixture. Yet, when the concen- 
trattons of active centers are low, these quadratic reac- 
tions are utie. 

Hoare and Wellington [6] have studied the diter- 
tiarybuty1 peroxide decomposition in the presence of 
formrtldehyde. They have detected the formatlon of 
tertiarybutanol and have shown that addition of oxy- 
gen to the mixture prevents formation of this alcohol. 

Alcohol formation is aIso observed in the last stages 
of a hydrocarbon’s cool oxidation when oxygen IS al- 
most consumed [7]. 

All these experimental features are in agreement 
with reactlon (l), the rate constant which has been de- 
termined, for the methoxy radical, by Benson and 
Golden [8], and Batt and Robinson [9]. 

RecentIy, a theoretical estimate has been made for 
the activation energy and the rate constant of reaction 
between various alkoxy radicals (CH,O, C,H,O, i-Pro, 

rl-ButO, r-ButO) and molecular oxygen [I 01. 

However, formation of the hydroperosyl radlwl 
HO1 has never been clperimentally observed. In this 
work, we prove that, in a given temperature range and 
at low concentration, the main reaction for the alkoxy 
radical is 

RO + O2 + HO, + product . 

In fact, in these conditions, the pcroxldc CHJ- 
(CHz),CH,OOCH?(CHz)jCH, decotnposcs m the 

presence of oxygen and gives rise to HO, radsals. The 
concentration measurement of these radicals enables 
us to determine the rate constant of the diheptyl 
pero.ulde decomposition. 

2. Experimental 

The RO radials are obtained by the dtheptyl per- 
oslde ROOR decomposition occurring m a mixture 
of O1 + 2% CO?, in a dynamic system. The expen- 
mental device has been previously dcscnbed [I I, I2 ] 
and used to study the decomposition of heptyl-I and 
heptyl-2 hydroperoxides. The gaseous mixture flows 
through a quartz vessel placed in a thermoregulatcd 
oven. The total pressure in the reaction vessel is 180 
Torr and the experunents are performed in the tcm- 
perature range from 160 to 320°C. A small sample of 
the gaseous mixture is taken out, under a pressure of 
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Ml.2 Tort. t~r~u~~ a movable quartz microprobe. The 
gaseous sample extracted comes into contact with the 
fmger of a Dcwar (cooled with liquid ~itro8en) placed 
at the center of an EPR cavtty. 

Heterogeneous reactions of the HO2 radical on var- 
IOUS walls and at sevzral temperatures have been stud- 
ied [ 131. NtU effects are avoided by vessel and probe 
passivation with boric actd followed by slow combus- 
tionoi hydrogenst510”Cand250Torr [II-I-I]. 

The diheptyl peroxide is prepared by the method of 
\Vdliams and hlosher 1151. ft is punfied on a Ltchroprep 
Si 60 column (Merck). The mob& phase is a mixture 
of 25% diethyl ether and 75% heptane. Under these 
conditions, ROOR IS free of any trace of heptyl hydro- 
pcroside or carbony compounds, secondary products 
whtch m&t be obtained during the synthesis. We have 
used @It-pressure hquid ehromatogmphy (HPLC) and 
thm layer chromatography (TLC) tocheck the peroxtde 
punty before reaction and to analyse the pero.tides 
trapped on the cold finger of the dismountable Dewar. 

The peroxide concentration (expressed m ROOR 
molecules per cm3 of gas) is measured by HPLC. This 
method of measurement has previously been used for 
hydro~ro~ides [16]. It was not possible to cawy out 

a chemical quantttattve titration of the double peros- 
ide ROOR. hleasurements are made OR a Varian 5020 
chromatograph with a Lrchrosorb RP i 8 column and 
an isocratic regime. The mobtle phase is a mixture of 
95% methanol and 5% water. With a 2 cm3 mm- I 
flow rate, the hepryl peroxide retention time is 4.3 
min. The detection 1s made by W absorption at 215 
nm. 

ROOR, tnppcd on the cold finger of the dismount- 
able Dewar, IS recovered m methanol and tts concentra- 
tion is determined by previous whbration. The gaseous 
Bow rate carrymg the peroxide is measured indepen- 
dently. ROOR concentration is of the order of I .9 
X lOi3 molecules cnte3 in the reaction vessel. 

3. Results 

For our esperimrnfal condttions, at temperatures 
lower than 240°C and for restdence times ~lO-z s, 
the EPR spectrum obtained IS that of the radical HO2 
[ 171 represented in fig. 1. 

At temperatures higher than 250°C, the EPR spec- 

tra are modtfied. This alteration becomes more and 
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Trg. 1. CPR spectrum oflI0~ at 236°C. Power 10 m\V, mod- 
ulation ~mp~tude 8 G, time constant 1 s, scan ttmc 8 xt. 

more important as the oven tempenture increases and 
appears to be the result of a superposition of HO, and 
RO, spectra (fig. 2). This shows that formation of 
RO, has an activation energy higher than formation of 
HO,. 

This superposition of radcal spectra has previously 
been observed during the otidation of propane [IS] 
and methane [ 191. 

Due to the weak concentration of ROOR, the sys- 
tem IS chemi~Uy simple; so it is obvious that, first, de- 
composition of ROOR occurs, producing 2RO. Then 
parallel paths compete: 

(i) lsomerisation and/or decomposition of RO, fol- 
lowed by reaction with 01, produces RO,. 

(ti) RO by direct reaction with 0, produces HOI. 
Our results are in agreement wnh a theoretical study 

of Baldwin et al. [IO] who showed that isomerisation 
or decomposition reactions of RO have an activation 

Tlg. 2. EPR spectrum of HOz end ROL superpositron at 3WC 
under adenrral conditions 
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energy higher than that of direct reaction with oxygen. 
At low temperatures (<240°C) the main reactions are. 

x-1 
ROOR* 2R0, (1) 

k, 
RO + O,+ HO, + products, (2) 

k3 
HO, + HO,-+ H,O, + O1 . _ _ 

This mechanism is supported by the following remarks: 
(a) the only peroxidic radical detected IS HO?;(b) the 
HO, concentration reaches a maximum and decreases; 
(c) the formation of HzO, IS conco~tant with the 
consumption of ROOR. _ 

At higher temperatures, it is necessary to complete 
the process with isomerisatron and/or decomposition 
of RO which leads to various products through the per- 
oxidic RO, radicak. These reactions are beyond the 
scope of this paper. 

For a temperature of 236Y, where HO, radicals 
alone are present, we have determined the iate con- 
stant k,. The evolution of HO, concentration as a 
function of tune, is represented m fig. 3. 

From the prevrous mechanism and the assumptron 
of a quasi-stationary state of RO, the formarion of 
HO2 radicals IS described by the followmg dlfferenttal 
equation: 

d[HOz]/dr =2k-, [ROOR], exp(-klr) - 2X-,[HO,J 2 

In this equation, we introduce the values [ROOK] o 
= 1.9 X 1013 molecules cmm3, and k, = 3 X lo-12 

cm3 molecute- 1 s- ’ [20]. This rate constant is 
widely used [17,21,7_2] in the field of combustion and 
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Fig. 3. E~per~men~~ and atcuhred curves of HO1 concentra- 
tlon versus residence time (s) for the ROOR decompositton, at 
236°C. H02/1f1~~ pxticles cmq3, - evperlmcntal curve, 
- - - calcuhted curve. 

explains many experimental results, although studies of 
reaction (3) near ambient temperature have shown its 
comple~ty 123-261. In a recent work [27j fitted val- 
ues ranged from 25 X 1OW1 2 to 8.0 X IO- 12 cm3 
molecule- 1 s- l wi~ameanof44X 10-11cm3 
molecule- 1 s- 1.Thehighervafue~ofil-3~X 10-tz) 
may be due to the presence of additives (such as water). 
The best fit between the experimental curve and a 
cahzulated one, solution of the above differential equa- 
tion is obtained for k, = 0.47 s-l, at 236°C. Taking 
account of possible values for X-3 ranging from 3 
X IO- I1 cm3 molecule- 1 s- I, the overall uncertam- 
ty is estrmated to be +20%. The resultant value of k, f 
at 236”C, is therefore R, = 0.67 f: 0.14 s- 1. 

4. Conclusion 

This paper describes another apphcation of the 
method f 11,121 we recommended for the detcrmina- 
tton of decomposition rate constants. 

Our simple chemical system enables us to show ex- 
perimentally that HO? radicals are produced by the re- 
action of alkoxy radicals RO with molecular oxygen. 

In our experimental conditions this reaction pro- 
vtdcs, by a chemical way, HOz radrcals wtthout any 
competitive reaction. The diheptyl peroxide decom- 
position in the presence of oxygen, is therefore a 
clean source of HO1 raduxds. ‘The difficulty of finding 
a controlled and reproducible source of HO1 radrcals” 
has been mentIoned [Z]. This system contributes to 
the solution of this problem and allows the study of 
some elementary reactions in whuzh the hydroperoxyi 
radical takes part. 
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