818

J. Phys. Chem. R003,107,818-821

Rate Constants for RG, + HO» Reactions Measured under a Large Excess of HO

Introduction

Peroxy radicals are key intermediates in oxidation processes
of hydrocarbons. They generally exhibit low reactivity toward
closed shell molecular species and, consequently, they es
sentially react with themselves and with other radical species.
The reactions of peroxy radicals R@ith HO,,
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Rate constants for reactions of various peroxy radicals\Mth HO, have been measured at room temperature,
using laser-flash photolysis and UV absorption spectrometry. The unique feature of those measurements is
that they were performed under a large excess 0%,H40 that the only significant reactions were those of
HO, with itself and with RQ. It results that the reaction mechanism was considerably simplified, because
those reactions are terminating and the generally complex reaction sequence initiated by $b#-Raction

was of negligible importance. In addition, it was not necessary to know thecB@rentration accurately,

only the HQ concentration. The measured rate constants agree with the literature values, when available.
The results confirm the increase of rate constants with the size gfr&i{ials, from nearly 5< 10712 cm?
molecule® s* for CH;O,, up to a limit of about 2.2x 107! cm?® molecule® s™* for Cy—Cy4 radicals.
Interestingly, RQ radicals originating from reactions of OH with terpenes react with rate constants close or
equal to this upper limit.

the case of peroxy radicals, RGelf-reactions generally initiate
complex reaction mechanisms, because new peroxy radicals are
often generated in subsequent reactions. Another difficulty may
arise from the overlap of UV spectra, as R@action kinetics

are generally investigated by flash or laser flash photolysis
combined with UV absorption spectrometry, where absorption
signals result from the contribution of all species, including

RO, + HO, —~ ROOH+ O, (1a) reactants and products.
In the present work, the rate constants of R® HO,
— other products (1b) reactions were measured using laser flash photolysis, under

conditions such that HOwas in a large excess compared to

are among the most important combingtiorj reactions of peroxy e RQ radical. This was possible because HBd RQ spectra
radicals, either in the atmospheric oxidation of hydrocarbons q, ot totally overlap and our experimental setup allowed us
or in combustion. This importance essentially results from the {; measure the small signals corresponding to Ri@icals at
abundance of the HOradical, which can be formed from 4, concentrations. This presents two significant advantages:
various sources in hydrocarbon oxidation processes. In addition, (i) Such conditions are similar to pseudo-first-order conditions
these reactions are generally fast and, thus, contribute signifi-in which the RQ concentration does not need to be known
cantly to the chemistry of peroxy radicdfst The_ onIy_ product accurately (nor the RQabsorption spectrum): only the HO

of reaction 1 that has been clearly characterized is the hydro- .o ~aniration must be well characterized. The,RBsorption
peroxide ROOH. Another reaction channel, forming ozone, has .55 sections at 210 and 270 nm, where radicals are monitored,
been shown to occur in the_ case of acylpe_roxy ra_1d|cals must be known for taking its contribution into account in the
RC(0)Q;, but this class of radicals is not considered in the |5~ concentration determination, but only approximately

present work, for the reasons explained below. . because the contribution is small (about 10% of total absorption
The role of RQ + HO, reactions in the atmosphere is quite at 210 nm).

important. The reaction is chain terminating because the
principal product, ROOH, is stable under atmospheric condi-
tions. Therefore, it constitutes an efficient reservoir that can
eventually be photodissociated into ROOH,® thus regenerat-
ing radical species. As a consequence, the kinetics and mech
anism of RQ + HO; reactions must be known accurately to
model the oxidation processes of hydrocarbons under atmo-
spheric conditions.

The kinetics of recombination cross-reactions between radi-
cals are generally difficult to investigate? The main reason
is that at least three reactions are in competition: the self- Experimental Section
reactions of both radicals and the cross-reaction. In addition, in

(ii) The reaction mechanism is extremely simplified because
RO, radicals only react with H&to form unreactive molecular
products, essentially the hydroperoxide ROOH. As a result,
secondary reactions resulting from R@elf-reactions and
possible absorption from products are of negligible importance.

The results are presented for a series of;R@dicals,
including the simplest C§D, and the more complex ones
resulting from the reaction of OH with terpenes. They are
compared to the literature data, when available.

Rate constants were measured using laser-flash photolysis,
* Corresponding author. E-mail: lesclaux@cribx1.u-bordeaux.fr. combined with UV absorption detection of peroxy radicals. The
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detailed description of the technique has already been reforted 1.5%10 14+
and only the main features are summarized here. OH radicals
were formed by photolysis of #, at 248 nm, using an excimer
laser (Lambda Physik EMG 200). R@nd HQ radicals were
formed according to the following sequence of reactions:

H,0, + hv (248 nm)— 20H ) 1.0x1014

HO,
OH + H,0, — H,0 + HO, 3)

OH + saturated hydrocarbor-Q,) — RO, + H,O (4)

13
or 5.0x10

Concentration (molecule.cm™)

OH + unsaturated hydrocarborti! + O,) = RO,  (5)

Reaction 5 is an association reaction yielding a hydroxy Y

substituted peroxy radical. In the case of precursors having

N : 0.0y

several possible sites for OH attack, different-Rédmers can . . . . .
be formed simultaneously. The results show, however, that this 0 2 4 6 8 10
not a real problem, as discussed below. Time (ms)

The reaction cell was a Pyrex tube, either 70 or 100 cm long, Figure 1. Typical decay traces and their simulations obtained for
1.8 cm id., equipped with quartz windows. The gas mixture, Mmeasurements of ROF HO, reaction rate constants (particular case
composed of air, bD,, and the hydrocarbon used as the RO of C:HsO, + HO;). The dashed line represents what would be the
precursor, was flowed continuously through the cell, so that it Cats0, decay in the absence of HBhowing that GHsO reacts almost

. exclusively with HQ.
was renewed between two laser pulses. All experiments were

performed in air at room temperature and at 1 atm total pressureyere analyzed by computer simulation, using a simplified

The goncentration of peroxy radicals was measured by UV reaction mechanism in which the R€adical only reacted with
absorption spectrometry, H@t 210 nm (or 220 nm when the  HO, and with itself:

RO, precursor absorbs at 210 nng.il,2-dichloroethene and

a-pinene), using its well characterized absorption cross-settion, HO, + HO, — H,0, + O, (6)
and all RQ radicals at 270 nm, where the H@bsorption is

negligible. No measurements could be performed between 230 RO, + HO, — products (1)
and 265 nm, corresponding to the total reflecting spectral range

of the dichroic mirrors used to reflect the laser beam into the RO, + RO, — products )

reaction cell. Time-resolved signals were recorded using a digital

oscilloscope and stored in a personal computer for averagingtpe s of a simplified mechanism is justified because, due to
(30—250 traces were averaged) and analysis. Later experimentsy,o large excess of HOonly the HQ + HO, and RQ + HO,
were performed using a fast analogue to digital converter (400 o4 ctions played a significant role. The role of the Re@lf-

kHz, 16 bits) instead of the oscilloscope. This provided the ro5ciion was generally negligible. When the full reaction
interesting possibility of recording signals over a long time scale, . achanism was known and thus could be used. no difference
for an accurate measurement of any residual absorption, while, 55 ghserved in the results. For the highest B@ncentrations

a high temporal resolution was maintained for kinetic measure- used, the self-reaction could play a minor role. The rate constant

ments. A typical signal is shown in Figure 1. This procedure e of the R@self-reaction was either knowrt or estimated

was actually used for most experiments, incluo_ling all com- ¢0m the RQ decay observed when using a large excess of the
pounds. Values of the rate constant were derived from RO, precursor to form the ROradical alone.

experimental traces using computer simulation (nonlinear least- the jnitial total radical concentration was of the order of 1
squares f|f[t|ng_ procedure developed in the laboratory). x 10" molecule cm3® when using HO, concentrations of
Synthetic air (N + O, 99.995%) was from "AGA 9az  4rqund 1x 10 molecule cm?. The RQ radical concentration
speciaux” and b0 (50% in water) was from Aldrich. The RO a5 ysually betweeh, and /1o that of HO;, as illustrated in
precursors, methane (99.995%, "AGA gaz speciaux”), ethane rig e 1. This was obtained by adjusting the relative concentra-
and ethene (99.4%, "AGA gaz speciaux”), neopentane (39%  tions of H,0, and of the R@precursor. The H@concentration
0.9% n-butane, Merk), cyclohexane (99.9%, Aldrich), decane a5 measured at 210 (or 220) nm, using the recommended
(>99%, AIdnph), tetradecane>( 99%, Aldrich), cycllohexene absorption cross-section of 4.15 10728 (or 3.41 x 10718 at
(>99%, Aldrich), 1,2-dichloroethene (98%, Aldrich), tetra- 554 nm) cpd molecule.” The HO, self-reaction rate constant
methylethene (98%, Aldrich), isoprene49%, Aldrich),a-pinene was measured to be in the range 360 x 10712 cnp

(>99%, Aldrich), and y-terpinene andd-limonene (97%,  qoecule 52 For a better consistency between experiments,
Aldrich) were used without further purification. Gas flows were 1 v ajue was fixed at 3.8& 1022 cm® molecule s~ An

measured using calibrated gas flow controllers, and liquid error of 10% on this value resulted in an error 6f&% onky,
compounds were injected in the gas stream using temperaturg, e range of values obtained. To estimate the B@centra-
controlled bubblers. tion, absorption cross-sections were taken from the literbt@re
or estimated by using a large excess of the; Re@cursor, by
reference to the ethylperoxy radical cross-section.

Pairs of decay traces, recorded at 210 and 270 nm, as shown Rate constants have been measured (or remeasured) for a
in Figure 1 in the particular case of theHzO, + HO, reaction, large variety of RQ radicals originating from various hydro-

Results and Discussion
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TABLE 1: Rate Constants for RO, + HO Reactions at 298 as stated above. Errors on R@bsorption cross-sections and
K, 1 atm Air? self-reaction rate constants are of negligible importance.
RO, radical ki(298K )P lit. value ref The main causes of uncertainties are fromoH@ncentration
Radicals Obtained by Hydrogen Abstraction measurements that are perturbed by the consumption and re-
CH30; 5.13+0.55 5.2 7 formation of HO,, resulting in a significant absorption offset
CoHs0, 8.14+ 0.38 7.8 7 at 210 (or 220) nm. The value of the offset was determined by
neo-GHi1— 0, 13.8+ 2.3 15 17 measuring th ; ; ; ;
g the (negative) redidual absorption at long time scale,
c-CeH11—0; 17.14+ 1.7 17 18 . . S .
CigHar— O 195+ 2.1 thus allowing us to take into account in simulations th@®}
CraHoo— O 211+ 23 direct photolysis, the OH+ H,0, reaction, and the ¥D, re-
Radicals Obtained by OH Addition to Unsaturated Compounds form{?\tlon from the HQ self-r.eactlon. In addltlon', losses of
HO—(C;Ha)—0, 117422 13 3 species by the OH HO;, reaction were also taken into account
HO—(1,2-GH,Cl,)—0, 575+ 1.2 using this procedure as well as, in a few cases, an additional
HO—(TME)—0O>* 15.0+ 1.5 ~20 19 offset due to the precursor absorption bleaching (for terpenes
HO—(isoprenej-O, 17.4+25 in particular). Errors of about 10% on the H©oncentration
HO—(cyclohexene) O, 2244+ 2.0 Id It f thi d When the ab ti f th
HO— (ci-pinene)-O, 209+ 15 could result from this procedure. en the absorption of the
HO—(y-terpineney-O, 19.7+ 4.0 RO, precursor was too strong at 22220 nm (case of isoprene),
HO—(d-limonene}-0, 21.2+2.9 the HG, concentration was measured in the absence of the

precursor and then corrected by subtracting the &icentra-

" Detailed results for each compounds are provided as Supporting tion. It was verified in the cases of nonabsorbing precursors

Information. Note that the RQadicals originating from terpenes may

be partly formed by hydrogen abstractiérunits of 10722 cn? that this procedure did not introduce significant additional errors.
molecule* s™L. ¢ Errors are 2. ¢ From OH reaction witm-decane and This was expected because the extent of the correction never
n-tetradecane® TME for tetramethylethene. exceeded 10615%.

The direct photolysis of the Rprecursor at 248 nm by the
ser beam, which might have introduced undesirable radical
species in the reacting system, was also considered as a possible
source of errors. Apparently, this was not the case, considering
the independence of the measukedalues with the precursor
concentration. In addition, no transient absorption could be
detected in the absence 0§®b. The reason for this absence of
Oobservable precursor photolysis is the very low concentrations
used, particularly for the compounds that are likely to absorb
at 248 nm (terpenes), because their reactions with OH are
generally very fast ~ 10710 cm® molecule’® s71).

carbons (from methane to terpenes and tetradecane). It must b(?
emphasized that this way of measuring rate constants for RO a
+ HO; reactions is very simple, reproducible, and quickly done.
It must be noted, however, that we have encountered a difficulty
with the determination of the H{xoncentration during the first
experiments. According to the rate constant values found for
the HGQ, + HO; reaction and for those RO+ HO, reactions
that were already investigated, it appeared that the measure
HO, concentration was systematically underestimated by about
30%, resulting in rate constants overestimated by the same
amount. For example, the rate constigitO,+HO,) was found

of about 4x 10712 cm?® molecule’t s was expected at 1 atm ~ Measuring the RO+ HO, reaction rate constants cannot be
pressure and in the presence of about 2017 molecule cm?3 applied to the acylperoxy RC(O}& HO; reactions. The reason

of water (actually HO, + H,0). Similarly, the rate constant IS that those. reactions produce ozone with yiglds of about 20%
for the HOGH40; self-reaction was measured to be 30% larger (Measured in the case of the @HO)O, radicalf and the
than the recommended val&@his deviation was attributed to ~ buildup of the ozone absorption compensates almost exactly
microgradients of radical concentrations created by some lackthe RC(O)Q absorption decay in the 25@80 nm spectral
of homogeneity of the laser beam. This interpretation was range. Thus, no information can be drawn from the resulting
supported by the fact that measurements of rate constants oveflmost flat trace. However, the reactivity of this class of radicals
long time scalesX100 ms), where molecular diffusion tends S @assumed to be quasi independent of the nature and structure
to homogenize concentrations, yielded the correct values. ThisOf the R group and to be essentially controlled by t@(O)-
was the case, in particular, when measuring the rate constanOz group*®** This is the case, for example, for RC(Q)€klf-
of the slow GHsO; self-reaction (7.7 10-14 cm? molecule? reactionst! Consequently, it is presently admitted that all rate
547 constants of RC(O)9+ HO; reactions are likely to be close
Later, the excimer laser was refurbished and measurementd© the value of 1.4< 107** cm® molecule™ s™* determined for
yielded again correct values for test reactions. All experiments the CHC(0)0,.° However, recent results in our laboratory,
already done were then repeated and rate constant values werdhich have to be confirmed, indicate that this may not be the
found in good agreement with those from the first series of case for larger radicals ((GHCC(O)Q;, for example), which
measurements, decreased by 30%. seem to react significantly faster with HO
The results are listed in Table 1 and compared to the literature It is seen that th&; values measured in this work agree with
values when available. The quoted uncertainties are the statisticaliterature values, when available, within uncertainties. New rate
uncertainties (&), each value ok; resulting from at least five constants are reported in this work for R® HO, reactions
measurements performed with different R€bncentrations. that have not been investigated before, in particular for the RO
Detailed results for each R@adical investigated are provided radicals formed in the reaction of OH with terpenes. A
as Supporting Information: Tables +34S. relationship between structure and reactivity was previously
The global uncertainties have been estimated to be less tharproposed by Jenkit, indicating that rate constants of RG
20% for all reactions. They essentially result from the uncer- HO; reactions increase with the number of carbon atoms of the
tainty on the determination of the H@oncentration (less than RO, radical, from 5x 10712 cm?® molecule® s~ for CHz0, to
10% as explained below) and from statistical uncertainties an upper limit of about 2.% 10! cm?® molecule! s~ for the
(Table 1). Other sources of errors are from the uncertainties onlargest radicals investigated. Obviously this trend is confirmed
the HO, self-reaction rate constant, resulting ir2% onk;, by the present measurements, as seen in Figure 2. The
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It should be emphasized that, for some of the radicals
investigated in this work, several R@omers could be formed
by OH attack on different sites of the precursor molecule.
Nevertheless, the results remain significant because the principal
parameter that determines the rate constant is the size rather
than the structure of the radical. In addition, this mainly occurs

3

k1 (10"2cm3molecule'1s'1)

101 » in the cases of largest radicals, for which rate constant values
Ky = 2.2 x 10™7"[1-exp(- 0.26n)] - I
emPmolecule”s” are close to the upper limit and, thus, do not vary significantly
N from one radical to the other or from one isomer to the other.
1 3 5 7 9 1 13 15 The interesting point in the present measurements is that all
Carbon number (n) reactions of R@radicals originating from OH reactions with
Figure 2. Dependence of the RG- HO; reaction rate constants with  terpenes exhibit rate constant values close to the upper limit of
the number of carbon atoms in REdicals. 2.2 x 10711 cm?® molecule s71. Thus the high efficiency of
those reactions shows that formation of hydroperoxides must
corresponding relationshigy/cm® molecule* st = 2.2 x 1071 be an efficient process in the case of terpene oxidation in the

[1 — exp(=0.26m)] (n being the number of carbon atoms), is  atmosphere, under low N@onditions.

very close to the expression previously proposed by Jekin.
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molecule! s7 = 1.4 and 1.5, respectively) are in very good

agreement with the above relationship. Some deviations are  sypporting Information Available: Detailed results for the
observed from rate constants predicted by this relationship, but14 compounds investigated in this work are provided in Tables
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