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Kinetics of the Reaction GHs + HO; by Time-Resolved Mass Spectrometry
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The overall rate constant for the radieahdical reaction ¢Hs + HO, — products has been determined at

room temperature by means of time-resolved mass spectrometry using a laser photolysis/flow reactor
combination. Excimer laser photolysis of gas mixtures containing ethane, hydrogen peroxide, and oxalyl
chloride was employed to generate controlled concentrationgttf &@hd HQ radicals by the fast H abstraction
reactions of the primary radicals Cl and OH withHg and HO,, respectively. By careful adjustments of the
radical precursor concentrations, the title reaction could be measured under almost pseudo-first-order conditions
with the concentration of HOIn large excess over that ohEs. From detailed numerical simulations of the
measured concentratiefime profiles of GHs and HQ, the overall rate constant for the reaction was found

to beky (293 K) = (3.1£ 1.0) x 10 cm® mol~* s1. C;HsO could be confirmed as a direct reaction product.

1. Introduction incomplete3~> As a result of those studies, the radieeddical

Reactions of peroxy radicals (R are known to play  'eaction

decisi les in low-t t busti fl

ecisive roles in low-temperature combustion processes, flame C,Hg + HO, — C,H,O + OH (1a)
propagation, and fuel self-ignition, which causes engine knock-
ing. In a simplified generic form, the reaction scheme for low-

T s was proposed as a further, new chain branching source. Schaefer
temperature hydrocarbon oxidation is often writtek?as

et al3* revisited the ethyH- O, system and identified a new

R +0,<RO, concerted elimination pathway, by which ethylperoxy can

produce HG,
RO, + RH—ROOH+ R’ C,H0,— C,H, + HO, (22)
ROOH—RO +"OH This reaction may also be important for larger alkyl peroxy
RO,” — Q'OOH radicals. However, for small hydrocarbons the barrier for,HO
elimination (2a) was found to be significantly lower than that
Q'OOH— cyclic-RO+ "OH for the isomerization reaction
Q’OOH + O, —— chain branching C,H:0, — CH,CH,00H (2b)

The initial step is the formation of ROfrom an alkyl radical ~ so that (2a) successfully competes with the intramolecular H
R* and molecular oxygen. The strong temperature dependenceransfer (2b). Carstensen efglointed out several implications

of the R + O, == RO;* equilibrium is believed to be the main  of this finding for the low-temperature oxidation of alkanes.
cause of the observed negative temperature coefficient (NTC) Due to the low reactivity toward fuel molecules, the concentra-
of alkane ignition at temperatures above 6081K the following tion of HO, may build up to a point where fast radieahdical
reaction, the RQ radical can attack the fuel RH, producing reactions such as reaction 1a start to take off. Considering the
the hydroperoxide ROOH. Subsequent dissociation of the above generic ignition mechanism, reactions with alkyl radicals,
ROOH to RO + *OH is a primary chain branching step that is

responsible for ignition. Alternatively, the peroxy radical RO R"+ HO,— RO + "OH

undergoes an internal H atom shift to form the hydroperoxyalkyl

radical QOOH, which is believed to be the precursor for a hecome of considerable interest because they lead to a feedback
number of partially oxidized compounds, including cyclic ethers on the R + O, = RO, equilibrium and constitute a potential
(cyclic-RO) like ethylene oxide. Eventually, consecutive reaction further chain branching source. In consecutive steps, the alkoxy
steps of the @OH radical with Q are thought to lead to  radicals ROwill either dissociate to a smaller alkyl radical and
additional chain branching. a corresponding carbonyl compound or react with excess O
Considering ethane (i.e., R C;Hs) as model fuel, however,  regenerate HPand a reactive aldehyde or ketone.
recent studies have indicated that this mechanism may be Further evidence for a prominent role of alkyt HO,
- — — reactions comes from a very recent sensitivity study of two-
N %V\tlvcr’]';trgeczﬁee‘gal)f;gﬁce@j%lmoﬁgzmigz i stage hydrocarbon ignition. On the basis of the comprehensive
 Email: gfriedr@ghc_um_kie|_de ' mechanism for low-temperatureheptane oxidati(_)_n _given by
8 E-mail: temps@phc.uni-kiel.de Curran et al® Kazakov et af. performed a sensitivity, mass
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@4 under slow flow conditions to replace the gas volume in the
(f chennsls reactor between laser shots. Helium was used as the inert carrier
. gas. The gas pressure in the reactor was measured with a
v :uadm_ @ capacitance pressure transducer (MKS Baratron). All measure-
discriminator pole ments were carried out at a total pressur@ ef 1.2 mbar and
/ comparator fiter k= high vacuum at room temperature (293 K). The reactor was cleaned using a
ng e T 5% aqueous solution of HF and thoroughly rinsed with distilled
intermediate _[ | ) ianies converter - : -
vacuum A water prior to installation.
=i0sSmbe — sl Samples of the gas mixture in the reactor continuously
Z Quariz reactor 7 expanded through a 0.7 mm conical pinhole in the reactor wall
I_|| ||_' and a 0.5 mm skimmer into the differentially pumped high
gas pump vacuum chambermp(= 106 mbar) of the mass spectrometer.
st Molecular ions were generated by low energy electron impact
N excimer > transiont e ionization E(C;Hs) = 11.5 eV,E(HO,) = 15.5 or.21.5 eV,
=, E(HCI) = 14.2 eV,E((COCl)) = 17.5 eV). The ions were
T + extracted at right angles, mass filtered using a quadrupole
e analyzer, and monitored using a channeltron detector connected
clock _L_ via a preamplifier (Stanford Research SR445) and a discrimina-
Figure 1. Schematic diagram of the experimental setup. tor/comparator circuit to a transient recorder PC card (Spectrum

PAD280A) for single ion counting and averaging. Signals from
flux and eigenvalue analysis ofFheptane/air ignition. In the ~ 5000 to 10 000 laser shots were accumulated to record the
NTC region, next to the formation/dissociation of®4 and the kinetic concentrationtime profiles at a selectedvz setting.

isomerization of the heptyl peroxy radical, theHs + HO; The applied electron impact energies were a compromise
reaction 1a was found to be among the most sensitive reactionshbetween a sufficient signal-to-noise ratio and the desired
for the observed total ignition delay. background suppression. For further data analysis, the signals

In the present publication, we report on a first direct were baseline corrected by subtracting the measured pretrigger
measurement of the overall rate constant for the reactiontd§ C ~ background fragmentation signal levels. The mass spectrometer
with HOg, settings and data aquisition were controlled by a microcomputer

running LabView software.

CzHs + HO, — products (1) The gases He (99.996%),i (99.5%), and @ (99.995%,
Messer-Griesheim) were used as supplied. (COCIB%,
Aldrich) and, for calibration purposes, GBIH (99.9%, Merck)
and CFC} (99%, Aldrich) were degassed prior to use by
repeated freezepump—thaw cycles. HCI was obtained from
NaCl and HSO, (95%) and was purified by distillation. The
gas flows were regulated by means of calibrated mass flow
controllers (Aera). Gas mixtures were prepared by partial
pressures in a glass mixing system and were allowed to mix
thoroughly, typically overnight, before use;® was generated
by thermal decomposition of a urea hydrogen peroxide adduct
(Lancester, 97%). A mixture of sand (to reduce crust formation)
and the substance was kept in a thermostated flask to allow us
to control the HO, vapor pressure by variation of the temper-
ature. A constant gas flow of He was flushed through the flask,
resulting in a steady-state concentration eOklin the carrier
gas which was directly fed into the reactor for the kinetic
2. Experimental Section measurements. The concentration in the carrier gas flow was

A schematic diagram of the experimental setup is shown in determined by collecting the 8, in a cryo trap for a specific
Figure 1. The measurements were carried out in a 65 cm long,time followed by titration with KMnQ. The setup provided
1.7 cm id. quartz reactor connected to a molecular beam Stable HO, concentrations for several hours. At elevated
sampling quadrupole mass spectrometer (Extrel C50, Bruker décomposition temperatures, small amounts £ eind Q were
MM1). Spatially homogeneous concentrations of radicals in the deétected indicating a beginning decomposition 60k There-
reactor were produced by excimer laser (Lambda Physik fore, the working temperatures were kept as low as possible
Compex 102,41 = 193 nm) photolysis of suitable precursor (30—55 °C) to suppress 40 and Q.
molecules. The laser beam was directed along the reactor axis A modified version of the Chemkin-II packa§evhich was
using dielectric mirrors and was spatially filtered by 1.5 cm also capable of fitting rate constants by a nonlinear Levenrberg
i.d. apertures to ensure a homogeneous radial intensity profile.Marquardt fitting routine, was used for numerical simulations.
The fused quartz windows at both ends of the reactor were For the comparison of numerical simulation and experiment,
purged with He to prevent carbon deposition. The laser pulse the calculated concentratietime profiles were convoluted with
energies measured with a calibrated pyroelectric detectorthe response function of the experimental setup. The response
(Coherent LM-P10i) before the entrance and behind the exit function and corresponding time constant of the setup 0.5
window were between 25 and 45 mJ (average of incident and ms), which is composed of the flight time of the detected ions,
transmitted values). The excimer laser was operated at athe bandwidth of the detection electronics and the transversal
repetition rate of 5 Hz and the measurements were carried outdiffusional mixing of the gas mixture within the reactor, were

Assuming a recombination-elimination mechanism, reaction 1
likely yields GHsO + OH (1a) as major products and thus
induces chain branching.

We investigated reaction 1 at room temperature by means of
laser photolyis and time-resolved mass spectrometry (LP/
TRMS). Controlled concentrations of HCGand GHs were
generated by ArF excimer laser photolysis of mixtures of ethane,
hydrogen peroxide, and oxalyl chloride diluted in He through
the reactions of the photolysis products OH and Cl witiOH
and GHe. The concentrations of HQvere kept in large excess
compared to those of £ls. The overall reaction rate constant
was determined from the measuregHg and HQ concentra-
tion—time profiles by detailed numerical simulations. The
reaction product gHsO was detected at mass signadg = 45
(CoHsO™) andm/z = 43 (fragment GH3zO™).
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extracted from the rise time of mass signals of stable products 3.2. Absolute Radical ConcentrationsFor a quantitative

obtained by laser photolysts. analysis of the experimental concentratidgime profiles, the
absolute radical concentrations opHy and HQ had to be
3. Results accurately known. In particular, because the concentrations of

3.1. Radical Generation. The need for a simultaneous Oz Were keptin large excess compared to those #4100

generation of two different radical species constitutes a major enable near psgudo-fjrst-ordgr ponditions, the precision of the
problem for measurements of rate constants of radicalical HO; concentration directly limits the accuracy of the rate

cross reactions. Moreover, the possibility of competing radical Constant determination. On the basis of four different and
self-reactions or reactions of the radicals with precursor or Complementary methods for the radical concentration determi-

product molecules requires a subtle control of the experimental nation, absolute radical concentrations could be ensured to be

conditions. In this work, the radicals,Bs and HQ were accurate within159%. , ,
generated by ArF excimer laser photolysis= 193 nm) of (i) Photolysis Yields Assuming that the absorption cross
mixtures containing (COGH) H.0, and GHe. Photolysis of sections of the precursor molecules and the radical quantum

(COCI), and HO, yields the primary radicals Cl and OH and yields are accurately known, the primary radical concentrations
to a lesser extent, also H atoms and H&dicals according to [CI] and [OH] could be directly calculated from the measured
photolysis laser energy fluence and precursor concentrations.

(COCI)y, + hv — 2CO+ 2Cl d®=20 (3) The concentrations of £1s and HQ thus followed according
to reactions 58.

H,0, + hv — 20H ®=0.85 (4a) (i) Quantitative Detection of Stable Product& quantitative
conversion of atoms or radicals into stable products combined
—H+HG, ®=0.15 (4b)  with a direct calibration of the experimental mass signals of

) . . the stable products allows for an independent accurate deter-
The quantum yields El‘gd the absorption cross sectlgns, mination of the atom/radical concentrations. In our case, the
((COCl)) = 3.83 x 10 '8 cn¥ ando (H20,) = 6.00 x 10 photolysis of gas mixtures of (COGRnd GHe in He was used

cn¥, are "V_e”'Knownl-O’ll The primary radicals are then con- i generate Cl atoms that were quantitatively converted to HCI
verted rapidly into the secondary radicalsHs and HG via via

the H atom abstraction reactions

Cl+ C,H, — HCI + CyHq Cl 4+ C,Hg— HCI + C,Hg (5)
ks =3.6x 10°cm’mol *s™ (5) Cl+ CH — HCl + C,H, (11)
Cl + H;0,—~HCl + HO, Figure 2a depicts a time-resolved mass signaiat = 36
ks = 2.5 x 10 cm® mol s (6) (HCI™). The observed, baseline corrected HCI signals could be
directly related to signals obtained using pure HCI/He calibration
OH + C,H;— H,0 + C,Hs mixtures. _Ideally, the det_ermined Cl atom concentration ?s equal
B O e mol L st to the radical concentration calculated from the photolysis yield.
k;=1.5x10"cm"mol “s = (7) (i) (COCI); Signal DecreaseThe absolute Cl atom con-
centrations could also be verified on the basis of time-resolved
OH + H,0, =~ H,0 + HO, mass signals atVz = 126 ((COCI}*). As shown in Figure 2b,
kg = 1.0 x 102 em®molts? (8) following the photolysis laser pulse &t 0 the signal decreases

steplike and the relative signal decrease could be taken as a
At comparable initial concentrations oflds and HO,, because ~ direct measure of the (COGlonsumption. No background
the rate constant for the Cl atom reaction (5) with ethane is signal was expected at this mass. However, an additional
144 times larger than the corresponding rate constant with absolute calibration of the mass signal by using pure (C&CI)
hydrogen peroxide (6), the Cl atoms are almost quantitatively He mixtures was performed to rule out baseline issues. The
converted into @Hs radicals. Similarly, withkg/lk; = 6.7, the (COCI), mass signal decrease was found to be the most reliable
OH radicals are mainly transformed into H®adicals via and also most convenient way to determine the photolysis laser
reaction 8. Furthermore, under the experimental conditions usedenergy fluence in the reactor, which could then be used to
in this work, the H atoms generated in the photolysis channel calculate the absolute photolysis yields of all primary radicals

4b are converted into OH radicals, in the kinetic measurements.
(iv) Calibration of HG, via the Photolysis of CEDH/O,/
H + HO, —~ 20H (9a) CFCls. The photolysis of gas mixtures containing §&3H, O,,
and CFC} was applied as an independent way to calibrate the
H+ H,0,—~OH+ H,0 (10a)  HO, mass signals. The initially generated Cl atoms were

. o . quantitatively transformed into HOvia the reaction sequence
and thus also yielded HOThis kinetic separation of the,8s

and HQ formation pathways allowed for a straightforward CFCl, + hv — CFCl, + ClI (12a)
control of the absolute radical concentrations by simply adjusting

the relative initial concentrations of,8s and (COCI) versus — CFCI+ 2Cl (12b)
that of HO,. Starting from initial concentrations of 2,9 10710

mol cnT23 < [H207]p < 1.6 x 107® mol cn3 and 1.8x 10710 Cl + CH;OH — HCl + CH,OH (13)
mol cn3 < [CyHglo < 5.3 x 1071°mol cn1 3, HO, concentra-

tions of 1.5 x 1012 to 13 x 10712 mol cm 2 and GHs CH,0H + O,— HO, + CH,O (14)

concentrations of 1.4 10718 to 21 x 107! mol cm 3 were
readily attained. In these experiments, CF{Was used instead of (COGlas
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TABLE 1: Room Temperature Reaction Mechanism Used
S 8o} for Numerical Simulations
§ 60 | K
}; no. reaction cm*mol st ref
g 40+ 5 Cl+ CoHs HCI + CHs 3.6x 108 11
§ 7 OH+ Csz Hzo + C2H5 1.5x% 1011 11
8 20} 18 H+ C;Hs H, + CoHs 2.7x 107 12
| | f 8 OH + HzOz HZO + HOg 10 X 1012 11
-20 0 20 40 6 Cl+ Hx0, HCI + HO, 25x 10" 11
10a H+ HO, OH + H,0 25x 100 12
b 10b H; + HO, 3.1x10° 12
= 19 GHs + H20, C,Hg + HO, 1.7x10° 13
g 1,1a GHs+ HO; C,HsO + OH 3.1x 10  this work
g 11 Cl+ C:Hs HCI + C;H,4 15x 10" 14
g 20  OH+ CpHs products 7.1x 108 15
= 2la H+ CHs H; + CoHy 1.8x 102 13
3 . 21b 2CHs 36x10° 13
°© photolysis 22 GHs+ CiHs products 1.2 108 16
L L 1 23 GHs + wall products 4-16s?t  thiswork
20 0 20 40 15  OH+HO, H.0 + O, 48x 108 11
24a Cl+ HO, HCI + O, 21x 108 11
—~ HO, c 24b ClO + OH 5.6x 102 11
Zist o 9a H+HO, 2 0OH 43x 108 11
5 8 9 Hz + O, 34x 102 11
3 ° 9c O+ HO 15x 102 11
w14} Z 16 HG, + HO, H,0, + O, 1.0x 102 11
= 9 17 HO, + wall products 530s?!  thiswork
3 25  Cl+wall products 23t estimated
134 26  OH+ wall products 253! estimated
20 (') 2'0 4'0 27 OH+ HCI H.O + CI 48x 101t 11

Figure 2. Determination of absolute radical concentrations. (a)

t/ (ms)

3.3. Rate Measurements for the Reaction &5 + HO..
The overall rate constant of the radieahdical cross reaction

Quantitative detection of stable products: Time-resolved mass signals
atm/z = 36 (HCI'). (b) Consumption of precursor molecules: Time-
resolved mass signals iz = 126 ((COCI}"). (c) Calibration of the

HO, radical concentration: Time-resolved mass signalsvat= 33
(HOZ™) for a photolysis experiment with [CiH]o = 2.4 x 107°mol

cm3, [Oz)o = 1.6 x 107° mol cnt3, [Cl]o = 3.6 x 1072 mol cn13
together with a kinetic simulation of the H©@oncentratior-time profile

in the CHOH/O,/CI reaction system.

C,H; + HO, — products (¢D)]

was measured at room temperatufe 293 K) and a total
pressure op = 1.2 mbar by generating controlled concentration
levels of GHs and HQ. The experimental conditions were
chosen such that the reaction could be studied under conditions
with the concentration of HOIn large excess over#is (3 <
[HOZJ/[C2Hs] < 20). In each experimental run, the following
reproducibility in reaction systems containing §&MH, presum- five different concentrationtime profiles were recorded: (i)
ably because of heterogeneous reactions between (g&i) A (COCI), profile was measured to determine the [Cl]
CH3OH in the supply lines and on the reactor walls. The concentration, the photolysis laser energy fluence, and with it
absorption cross section of CRCH(193 nm)= 1.35x 107  the absolute radical yield (see section 3.2). (i, iii

cm~2 and the overall Cl atom quantum yield ¢f= 1.23 are reference profiles were obtained by the photolysis of mixtures
well-known1! Figure 2c depicts the time-resolved mass signals of H,O; in He or GHg and (COCI) in He, respectively. These
atm/z= 33 (HQ,") for an experiment with [CEDH]p = 2.4 x reference profiles, which are free from contributions of the cross
1071 mol/cn®, [Oz]o = 1.6 x 1072 mol/cn®, and [Clp = 3.6 reaction 1, were used to determine the absolute k@ical

x 10712 mol/cm? as an example. The extrapolated, baseline yield and the wall loss rate constants of H&hd GHs. (iv, v)
corrected H@signal att = 0 corresponds to an H@oncentra- Finally, HO, and GHs profiles were measured following the
tion that is equal to the initial Cl atom photolysis yield. On the photolysis of mixtures of bD,, C;Hg, and (COCI). Observed
basis of the calibration of the HOnass signal, we could thus differences between these and the corresponding reference
determine the absolute yield of HQadicals following the concentration-time profiles should be essentially attributable
photolysis of pure mixtures of #,. In that case, however, to the influence of reaction 1. During the measurement campaign
primarily due to the additional HQoss reaction (several weeks) the determined effective wall loss rate constants,
which are fairly scattered (see Table 1), showed a slight
systematic increase for HGand a slight systematic decrease
for CoHs. However, for each experimental data point all required
the initially generated OH radicals and H atoms, reactions 4a measurements (HQC,Hs, and (COCI) profiles) were carried
and 4b, were not quantitatively converted into H@dicals. out during 1 day such that appropriate H&hd GHs reference
Therefore, the H@ concentratiortime profiles had to be profiles were always available.

numerically simulated by a more complex reaction mechanism, Figure 3 illustrates typical H9and GHs concentratior

as will be described in more detail below. In any case, time profiles for an experiment with ;)0 = 1.4 x 107°,
comparison of the simulated H@oncentrations based on the [CoHe] = 2.7 x 10710, [Cl]p = 5.0 x 10713 [OH]o = 2.0 x
photolysis yield from the KD, photolysis (4) with the calibrated 1071, and [Hh = [HO2]o = 1.8 x 10~'2 (units are mol cm?).
absolute HQ@ concentrations from the photolysis of @bH/ Panel a corresponds to thaperturbedHO, and GHs reference
O,/CFCk showed agreement to withiti10%. profiles, panel b depicts the correspondimgrturbedprofiles

the ClI atom source because (COQi)d not provide a good

OH+ HO,— H,0 + 0, (15)
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a b c
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Figure 3. Experimental concentratieftime profiles of HQ and GHs obtained from the photolysis of different reaction mixtures (circles). The

solid curves correspond to numerical simulations. (a) Reference profiles ofr6t® H,O./He mixture and of gHs from C,He/(COCI)/He mixture.

(b) Experimental concentratiettime profiles of HQ and GHs from H,O,/C;Hg/(COCI)/He mixtures and approximate pseudo-first-order evaluation

(see text). (c) Experimental signals of H&nd GHs from H,O./C,He/(COCI),/He mixtures (same as in (b)) together with full numerical simulations

based on the reaction mechanism given in Table 1. The dashed curve corresponds to a simulation that completely neglects reaction 1. Experimental

conditions are given in Table 2 (experiment no. 9).

with the cross reaction 1 switched on, and panel ¢ shows the " T
results of corresponding numerical simulations. Whereas the

initially generated Cl atoms were almost quantitatively converted 300
to CHs within 1—2 ms, the HQ yield had to be numerically
simulated by a reaction mechanism (see Table 1) that also takes

into account additional HOremoval reactions i‘& 200 1
OH + HO, — H,0 + O, (15) < |
HO, + HO,— H,0, + O, (16)
0 1 1
HO, — wall a7 0 5 10 15
[HO,]/ (107 mol cm™)
H+ HO,— 20H (9a)

Figure 4. Plot of the pseudo-first-order rate constént= kl[H_Oz] +

ks versus the averagedD,] concentration. The slope of the straight

which influence the absolute H@ields. For the example given line corresponds to a value &f = 2.0 x 10 cm® mol-* 5™,

in Figure 3, the maximum of the HOconcentratiortime
profile corresponds to approximately 50% of the maximum yield the HQ, profiles over the fitting range. The slope of the straight

that would have been obtained without any interfering3s line through the data in Figure 4 corresponds to a value of the
reactions. As becomes clear from a comparison of the signalspimolecular rate constant

in panels a and b, however, the addition eHg, (COCI) and
C:Hs radicals essentially did not change the observed, HO k,=(2.0+0.7)x 10®cm’mol's™*
concentratiortime profile. The small difference of the HO
profile confirms the near pseudo-first-order conditions (B)HO  The error limit is composed of theos2error of the linear
> [CzHs)), although the slow decay of the H@oncentration regression£18%) and the error of the absolute HEncentra-
with time was unavoidable. On the other hand, in contrast to tion (+15%). The obtained intercept & = 42 + 26 s!
the excess component H@he GHs decay became much faster  confirms an overall small influence of the background reactions,
in the presence of H{Jsee panels b and c). This obvious change which contribute to the @15 decay.
in the observed s profiles demonstrates the importance of Determination of k by Numerical SimulationsOwing to
reaction 1. secondary reactions that may have a pronounced influence on
Estimation of kfrom a Pseudo-First-Order &aluation.Both the obtained first-order rate constants, the above pseudo-first-
the minor alteration in the H&signal and the significant change  order treatment of the data can only be taken as an approximate
in the overall GHs decay rate suggest that an approximate evaluation. Moreover, the coarse assumption of a time-
pseudo-first-order evaluation of the data is possible to obtain aindependent averaged H@oncentration does not take the HO
first estimate for the value d6. Figure 4 summarizes the results chemistry into adequate account. A complete simulation of the
of such a preliminary evaluation of the data in a plot of the observed gHs and HQ concentration-time profiles provided
obtained pseudo-first-order rate constakitsersus the aver-  for a more reliable rate constant determination. The applied
age HQ concentration. The experimental conditions and results reaction mechanism was assembled from literature data and is
are given in Table 2. As it is exemplified in panel b of Figure given in Table 1. It includes the most important reactions of
3, single-exponential fits to the experimentaHg profiles were Cl, OH, H, GHs, HO,, and of the precursor speciesHg and
restricted to reaction timg¢s> 2 ms (HQ formation complete), H»0,. All reactions with known reaction products were verified
and mean H@ concentrations were determined by averaging to proceed predominantly in the specified directions. Provision
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TABLE 2: Experimental Conditions and Results

[CzHelo/ [H20]o/ [Cl]of [OH]d/ [HOlo/ [H]o [HO,)/ [HO,)/ K/ K/
no. 10710 10°10 1013 1012 1013 1013 102 [Cllo s! 1018
1 5.20 4.00 20.5 6.4 5.7 5.7 10 2.81
2 5.29 4.42 10.8 6.1 5.4 5.4 3.1 3 118 3.53
3 3.47 10.9 13.2 19.1 16.8 16.8 13.2 10 257 2.66
4 3.51 6.88 7.6 10.2 9.0 9.0 7.5 10 162 3.43
5 2.69 6.90 5.2 10.1 8.9 8.9 5.0 10 176 3.37
6 2.60 15.5 13.9 215 19.0 19.0 11.4 8 301 2.13
7 2.63 15.6 7.1 21.9 19.4 19.4 12.3 17 312 2.63
8 2.63 12.7 15.3 25.8 22.8 22.8 10.8 7 210 1.60
9 2.65 14.2 5.0 20.1 17.7 17.7 10.0 20 293 3.04
10 2.59 3.05 1.4 3.5 3.1 3.1 1.9 14 66 4.23
11 2.52 2.97 2.5 3.2 2.9 2.9 15 6 61 4.09
12 1.77 3.61 5.3 6.7 5.9 5.9 2.6 5 97 2.45
13 1.78 3.70 3.2 6.8 6.0 6.0 1.8 6 76 2.68
14 1.84 2.87 3.1 4.3 3.8 3.8 1.8 6 64 3.96
15 1.87 3.70 2.6 5.2 46 46 2.4 9 83 3.06
16 1.86 3.67 3.3 5.1 45 45 2.1 6 88 3.51

aT =293 K, p = 1.2 mbark'; from pseudo-first-order evaluation (in%3, k; from numerical evaluation (in chmol~* s™%). All concentrations
are given in units of mol cr¥.

for the corresponding reverse rate constants, which were
calculated from thermodynamic data, did not change the results.
The experimental data were analyzed as follows. First, the
measured ¢Hs and HQ reference profiles were matched by
attributing remaining discrepancies between the simulation and
the experimentally observed radical decay to the wall loss
reactions (solid curves in panel a of Figure 3). Moreover, the
mass spectrometric calibration factors that were used to convert 0
the experimental count-rate vs time signals into radical con-
centration-time profiles were reassessed from these profiles. CI*CH®) oo, (5 HOw+ el (17)
The experimental s profiles were then fitted usinky as an OH+CH. (@) _._]aececem -
adjustable parameter (solid curves in panel c of Figure 3).

Because the absolute signal heights obtained in repeated
experiments were found to fluctuate By10%, allowance was
made for slight adjustments of the calibration factor in a final
fit. Note, however, that small inaccuracies of the absolytdsC 2t
concentrations, which may have been introduced in this way,
did not critically enter into the determined rate constant due to
the near pseudo-first-order conditions. Furthermore, for each 4
individual experimental trace, the fit procedure was checked to
be reliable by choosing six different reasonable fit ranges over
which the GHs decay was observed. The obtained values for
the rate constark; agreed to within=5% and the average of
the six determinations was taken as the fikabalue. Finally,

a simulation of the corresponding H@rofile was used to verify OH+CH,20)
the consistency of the determined rate data. In most cases, the 0 5 10

rate of reaction 1 did not have a pronounced influence on the t/ (ms)

HO, concentrations. Experimental conditions and results are Figure 5. C;Hs concentratiorrtime profile (top), corresponding
summarized in Table 2. From the average of a total of 16 sensitivity analysis (middle), and contribution plot (bottom) for
experiments, the rate constant for reaction 1 was determined to€XPeriment no. 5. Experimental conditions are given in Table 2.
be

2

[C,H] /107 mol cm™)

20

10
t/(ms)

sensitivity o,

OH +H,0, (8)
CH, +HO, (1)
20

10
t/(ms)

\
2|\ _Cl+CH,(5)

~~~~~~

contribution yg,,,. /
(10™ mol s em™)
o

of HO, in large excess over that of;8s. In panel ¢ of Figure
k (293 K)= (3.1+ 1.0) x 10" cm® mol *s* 3, the comparison of a full simulation (solid curve) with a
simulation that completely neglects reaction 1 (dashed curve),
The stated error takes into account the statistical error of the reveals the predominant role of this reaction for the experimen-
mean (2, +12%), uncertainties due to the absolute HO tally observed @Hs decay. The rate constants obtained using
concentration £15%), and the estimated combined error due both an approximate pseudo-first-order treatment and a numer-
to the applied mechanism and absolutgHE concentration ical evaluation of the data agree within their specified error
(£5%). Within the scatter of the data, no systematic variations limits. However, withk; = (3.1 & 1.0) x 10" cm® mol~1 s71,
of the determined rate constants with different initial precursor the value from the numerical simulations came out about 50%
concentration, radical concentration, or pHéxcess ratio were  higher. Therefore, sensitivity and contribution analyses were

discernible. performed to assess the influence of secondary chemistry.
) ) 4.1. Sensitivity and Contribution Analyses. Figure 5
4. Discussion displays an experimental .85 concentratiortime profile

The rate constant for reaction 1;H + HO,, was extracted together with the corresponding contribution plot and sensitivity
from C;Hs concentratior-time profiles with the concentration  analysis. With regard to the,8s and HQ concentrations, the
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ex_ample shown (e_xperiment no. 5in Tab_Ie 2) falls int(_) _the CHO (C.H.O fragment)
midrange of experimental conditions applied. The sensitivity -~ zs 23

analysis of the reaction system was performed by calculat- 2 2 88 R
ing the normalized local sensitivity coefficients(i,t) = s

d(In [CoHs])/d(In ki) of theith reaction of GHs at the reaction 5

time t. A contribution plot for GHs was constructed by T 10

calculating the contributionyc,ns(i,t) = k[CoHs]Ijc(j,t) of o

reactioni at timet, wherec(j,t) are the concentrations of the g

species appearing in the rate law of reactiosxt to GHs itself. o . . : .
For the reaction gHs + HO,, for example, the contribution is 0 10 20 30 40
given by yc,u, = ki[C,Hs][HO,]. High absolute values of the t/(ms)

contribution and/or sensitivity coefficient imply that the reaction Figure 6. Product profile atm/z = 43 corresponding to the ;80
is important for the numerical modeling of the experimental fragment of GHsO. The solid curve represents a scaled numerical
concentratiortime profile. simulation of GHsO based on the mechanism given in Table 1.

It becomes apparent from Figure 5 that the rate of reaction 1
dominates the fate of the,Hs radicals at reaction timeis>
2—4 ms so that the determination kf is possible. However,
next to reaction 1, there are several other reactions influencing
the GHs concentratiortime profile. It is obvious that the
reactions CH C;Hg (5) and OH+ H,0, (8) as the main sources
for C;Hs and HQ, respectively, exhibit high sensitivities. As
is expected for a quantitative conversion of Cl atoms intd{C
radicals, next to reaction 5 no other Cl atom reactions play a
significant role. The situation is slightly different with the OH

50%. These variations could be compensated by a much smaller
variation ofk; F 10% within error limits. Altogether, in the
light of the foregoing discussion, the detailed numerical simula-
tion adequately takes into account the influence of secondary
chemistry and is therefore preferred to the approximate pseudo-
first-order result.

4.2. Reaction ProductsPossible product channels of reaction
7 are (thermodynamic data are taken from ref 17)

C,Hs + HO,—~ C,H;O+ OH  AHSps= —108 kJ mol*

radical. Due to the comparably slow reaction 8 and the (1a)

permanent regeneration of OH radicals through reaction 1a,

several other OH radical reactions cannot be neglected. In — CH; + CH,O + OH

particular, the reactions AHS0s= —56 kI mol* (1b)
OH+ C,Hg— H,0 + C,Hg @) —H + CH;CHO+ OH

o _— __ 1

— o __ _ 1
have a pronounced influence on the absolugel<Cand HQ CHOH+ O A= —117kJ m(%)
yields at shorter reaction times, whereas the reaction N
—H,0,+CH, AH3eg=—215kJ mol
OH+ HO,— H,0+ 0, (15) (1e)
. o _— _ 1
gains importance at a later stage of the overall reaction. Despite O, CHg - AHzge= —215kJ moT(lf
this somewhat complex chemistry, the simple pseudo-first-order
treatment of the data yielded about the right rate constant value.Assuming a recombinatierelimination mechanism, as outlined
This is due to the fact that (i) the influence of the secondary by Troel® reaction 1 likely yields gHsO + OH (1a) as major
reactions on the absolute HQ@ield has been approximately  products. Allowing for a possible decomposition of thgHgO
taken into account by the independent determination of the radicals, CH + CH,O + OH (1b) or, less favorabl{ H +
absolute H@yield and (ii) the influences of £ consuming CH3CHO + OH (1c) may be minor products. Although
and generating reactions (e.g., reaction 20 vs reaction 7) partlythermodynamically feasible, the formation ofHzOH + O is
compensate each other. The same arguments hold for thevery unlikely due to the required major rearrangement steps of
accuracy of the numerical evaluation. Because both the reactionthe initially formed GHsOOH* association complex. In addi-
mechanism was shown to accurately predict the absolutetion, there are two H atom transfer pathways 1e and 1f taken
concentration of the H@radicals and the rate constants of the into account for completeness. Becauseltwse(i.e., simple
most important secondary reactions are well-known from the bond fission) channel 1la is energetically lower than the energy
literature, the rate constant for reaction 1 could be reliably of the GHsOOH* complex and does not exhibit an additional
determined from the experiments. energy barrier, one can conclude that the overall reaction will
The only problematic rate constant, which is based on only be essentially association-controlled and that no pressure
a single measurement, is that of the radical cross reaction OHdependence will be discernible at the mbar pressures applied.
+ C;Hs (20). Fagerstnm et al. investigated this reaction by Of course, toward markedly higher pressures, collisional
means of pulse radiolysis of mixtures obH/H,O/SK and deactivation of the complex will become important eventually.
monitoring of GHs and CH; radicals by UV absorption at 205  Pertaining to hydrocarbon self-ignition, channels-1a induce
and 216 nni> At pressures of 250 mbar p < 1000 mbar, a chain branching, whereas channels le and 1f result in a
pressure independent total rate constankgf= 7.1 x 10'3 guenching of radicals and inhibition.
cm® mol~! s was reported. Assuming a recombination Product measurements carried out in this work support the
elimination mechanism, at the low pressures used in this study,assumption that channel 1a is a major product channel. Figure
reaction 20 likely yields eH, + H,O as major products. To 6 shows a strong mass signal detected on the masghefCC
assess the influence of reaction 20 on the determined rate(m/z= 43). GH3O constitutes a main mass fragment oHgO
constantk;, numerical simulations were carried out wkiy + (m/z= 45) and identical signals with lower signal-to-noise ratio
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TABLE 3: Summary of Reported Rate Constant Values for evaluation based on a comprehensive reaction mechanism (Table
the Reaction GHs + HO, 1) resulted in a rate constant value of
klcm?

reaction mol s method ref k(293 K)= (3.1+ 1.0) x 10% e mol t st

1,1a 3.1x 10" time-resolved MS this work

3 ;

13 ggi 18111 2?%3@3 ig Strong mass s_ignals of,850 were detec_ted, in(_iicating _that

1e 3.0x 10" estimated 13 channel (1a) with the productsi@s0 + OH is a major reaction

la 3.0x 102 modeling of a complex mechanism 20 channel. Measurements of the temperature dependence of the

1d 1.8x 10" MS, very low-pressure reactor 21 overall rate constant and extended product and branching

fraction studies by means of laser induced fluorescence (LIF)
were also obtained on the mass mfz = 45. Because no  are currently under way and will contribute to an improved
interfering species are present in theHgH>0,/(COCI) understanding of the role of this reaction in low-temperature
reaction system, the mass signalsrédt = 43 andm/z = 45 ignition processes.
should be fully attributable to the productksO of reaction

channel 1a. Moreover, the solid curve in Figure 6 represents a  acknowledgment. This work was supported by the Deutsche
scaled numerical simulation of theldsO concentratiortime  Forschungsgemeinschaft and the Fonds der Chemischen Indus-
profile based on théq value and the reaction mechanism e We acknowledge J. Gripp for help in setting up the new

reported in this work. As expected for a direct product of .0, source, and B. Brandt thanks T. &wer for instructions
reaction 1, the simulation and the experiment agree very well. ¢, using the MS setup.

However, because absolute concentrations 50 have not
yet been determined, a definite statement of the channel
branching cannot be made at this stage.
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