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Branching fractions for two hydrogen abstraction channels of thetOEBH;CHO reaction producing 0

+ CH3CO (a) and HO + CH,CHO (b) were determined using chemical ionization mass spectrometry. Reaction
took place in a high-pressure turbulent flow reactor at 200 Torr of carrier gabhé branching fraction for

the abstraction from the methyl group, (5%_, 7) %, was determined at room temperature by direct detection

of the vinoxy radicals (CKHCHO) using proton-transfer ionization. The totad@yield of (97.7+ 4.7) %

was obtained af = 298 and 248 K by comparison with OH CgHj, reaction, confirming that in this
temperature range reaction proceeds by H-atom abstraction. Secondary reactions of the acetyl and vinoxy
radicals in the presence of,@nd NQ were studied by monitoring the stable products,OHHCO), and

CH3OH using proton-transfer ionization. It was found that formaldehyde is the major coproduct of OH in the
CH3CO + O; reaction.

Introduction 0.93+ 0.18 at 296 K found by Cameron et%The two other
pathways, 1c and 1d, were suggested by Taylor étoal.the
basis of the negative temperature dependendéeg, efhich was
attributed to the formation of an adduct followed by decomposi-
tion forming CH; or H radicals. However, the upper limits for
the formation yields of CEl(0.03) and H (0.02) determined by
Cameron et at.do not support the occurrence of these channels
in the 237298 K range of their study. Additional evidence
against the significance of the additiealimination reaction
pathways 1c and 1d was found both by Vandenberk and
Peeter$,who set an upper limit of 3% to the yield of formic
acid and determined a yield of 82 16% for HO, and by
Tyndall et al.# who measured a yield less than 10% for the
sum formation of formic and acetic acids. These experimental
findings were confirmed by theoretical studies where high level
ab initio calculations provided a large barrier height to the
formation of the (CHCHO-OH) complex®® These recent
detailed studies of the reaction produtt&however, did not

Oxidation of acetaldehyde in the troposphere is an efficient
source of peroxyacetylnitrate (PAN), which is a reservoir for
NOx (NO, NG,) species, the latter playing an important role in
the photochemical ozone production. PAN is also a hazardous
pollutant. Acetaldehyde is emitted into the atmosphere from
anthropogenic and biogenic sources or can be produced in
photooxidation of other organic compounds. Degradation of
acetaldehyde in the atmosphere is initiated mainly by reaction
with hydroxyl radicals, for which a negative temperature
dependence of the reaction rate constant in-280 K range
was established witky = (1.5+ 0.2) x 10~ cm?® molecule™®
s 1 at 298 K12 The negative temperature dependence has led
to suggest that this reaction proceeds, at least partly, via the
formation of an intermediate complex. The reaction mechanism
has been studied at different temperatdrésand four possible
channels have been considered:

OH + CH.CHO— CH.CO+ H.O (1a) include a quantitative investigation of channel 1b. Its rate
8 8 2 coefficient was estimated using transition-state thé8iyyt this
— CH,CHO + H,0 (1b) reaction has never been observed experimentally.
In the present work, the branching ratios of the hydrogen
— (CH;CHO-OH) — CH; + HCOOH abstraction channels were determined using the advantages of
chemical ionization mass spectrometry (CIMS) technique. The
— (CH,CHO-OH) — H + CH,COOH vinoxy radical, CHCHO, was directly detected by proton
(ad) transfer. To calibrate the G&HO mass spectrometric signal,

the reaction of acetaldehyde with F atoms with a known
Channels la and 1b proceed by abstraction of H-atom, branching ratio was uséd:
respectively, from the carbonyl and methyl groups. Since the
C—H bond dissociation energies in the methyl group is F+ CH,CHO— HF + CH,CO (2a)
substantially higher than in the carbonyl group,(—CH,- .
CHO) = 92.8 kcal mot™ and Dy(CHsC(O)-H) = 87.9 kcal HF + CH,CHO (2b)
mol~1),” channel 1a is expected to be the preferential pathway.

o . 8 X Kinetics of the primary radicals from reactions 1 and 2 were
This is confirmed by the yield of acetyl radicals, gE0, of net primary racl I W

examined to find the conditions when their concentrations are
* Permanent address: Institute of Chemical Physics of the Russian not noticeably affected by the secondary reactions and com-

Academy of Sciences, 117334 Moscow, Russian Federation. parison of the CHCHO signals from reactions 1 and 2 permits
t Service d’Agonomie. to determine the branching fraction of channel 1b. The total
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H.0 yield from channels 1& 1b was estimated by comparison
of the HO peak intensity with that from the OH reaction with
cyclohexane which has a unity,8 yield 1t

Stable products C¥D, (HCO), and CHOH were also
detected in OHt- CH3;CHO and F+ CH3CHO systems using
proton-transfer ionization. Kinetics of these products were
studied in the presence ob@nd NQ at different concentrations
to elucidate the oxidation mechanisms of the primary;C@l
and CHCHO radicals.

Experimental Section

Chemical Reactor.The title reaction was studied in a high-
pressure turbulent flow reactor (HPTFR) coupled with chemical
ionization mass spectrometer (CIMS). The reactor was a Pyrex
tube of 2.4 cm inner diameter. The pressure in the reactor was
200 Torr; the flow velocity of N carrier gas was 18 m/s. Mixing
and flow conditions were determined by the Reynolds number
(Re= 7300), which ensured a plug flow and a turbulent mixing
of reagents. A detailed description of the experimental setup
and validation of the flow conditions was presented in the
previous work from this laboratoA.In particular, the effective
flow velocity in the reactor is equal to (1.2B 0.12)v, where
v is the velocity calculated from the volumetric flow rate. A
total flow of about 96 STPL mint was obtained with Ndrawn
from a liquid nitrogen tank. Before entering the reactop, N

passed successively through a stainless steel cylinder containing

BASF Cu catalyst R311G removing @ and a glass reservoir
with molecular sieves trapping-B. Without the Cu-catalyst
filter, the O, concentration in the reactor was about'40
molecule cm?. The filter allowed lowering this concentration
by 1 order of magnitude as determined mass spectrometrically
by flowing a known concentration of Qnto the reactor.

A movable injector of 1.1 cm inner diameter served as a
prereactor to produce OH radicals in reaction:

H+ NO,— OH+ NO 3
H-atoms were generated by the microwave dischargetiéd
gas mixtures in a quartz tube of 0.6 cm inner diameter
concentrically connected with the injector. To produce reaction
2, B/He mixture was used without introduction of NOrank
grade B and F, (Alpha Gas 2) were used without further
purification. NG was purified by keeping its mixture with ;O
during 24 h followed by pumping out the oxygen through the
liquid Ny trap. After that, NQdiluted in He (~10%) was stored

in a glass flask. Concentration of N@ the injector was about

1 x 10% molecule cm?3, which was sufficient to consume
totally the H-atoms within the 2 ms residence time in the
injector. The average flow velocity of nitrogen in the injector
was about 40 m/s. The maximal distance from the injector tip
to the orifice of the inlet cone of the mass spectrometer was 55
cm, which corresponded to a reaction time in the HPTFR of 35
ms. The previous flow testsshowed that at Re- 2300 the
minimal distance at which the turbulent mixing provided an

accurate measurement of the reaction rates was 3 cm. In the
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into the main reactor. The F atoms concentration was determined
by chemical titration using the fast + CH3;CHO reaction.

Acetaldehyde (Fluka, 99,9%) was introduced into the reactor
upstream of the tip of the movable injector. Its flow rate was
measured using a manometrically prepared mixture in He and
its concentration was varied in the range of4370) x 10%?
molecule cm3. The CIMS signals representing acetaldehyde
and NQ were linear in the (- 70) x 102 and (0.8= 20) x
102 molecule cm? ranges, respectively.

lon-Molecular Reactor. The ion-molecular reactor (IMR)
was a stainless steel tube of 4 cm diameter and 40 cm length
located perpendicular to both the chemical reactor and the rods
of the quadrupole analyzer (EXTREL). The Ar carrier gas was
purified by passing through a liquidNrap. The flow velocity
of Ar was 20 m st at 0.7 Torr pressure. The primary Aions
and free electrons were generated in the ion source with a heated
filament. Sk was continuously introduced into the IMR
downstream of the ion source. The primarysSRegative ions
were produced by attachment of thermalized electrons t0 SF
Hydroxyl radicals and N@were detected as OHm/e 17) and
NO,~ (m/e 46) ions formed by electron transfer from SH?2
Water molecules produced in reaction 1 were detected@s H
ions (e 18) using He flow purified by passing successively
through two traps cooled by liquidNWater molecules entering
the ion source from the chemical reactor were ionized by charge-
transfer reactions with He
Acetaldehyde and primary GBHO radicals were detected
using proton transfer from 40" ion. To produce HO™ ions,
H,0O was flowed into the IMR downstream of the ion source
along with Sk. The HO flow was created by directing a
fraction of the Ar flow over the surface of distilled water in the
trap attached to the IMR via a regulating valve. The orifice of
the sampling cone of the main reactor was located 8.5 cm
downstream of the O flow entrance, so that the following
reactions took place prior to reaction between the ions and the
neutral species from the chemical reactor:

Arf +H,0—H,0" +Ar
— ArH" 4+ OH
H,0" + H,0—H,0" + OH
Ar'H + H,0—H;0" + Ar
The HO flow was regulated in such a manner that alt &and
H,O* ions reacted with kD, and in the absence of reactants in
the chemical reactor the major observed positive ions in the

IMR were HO* and its water clusters 4% (H2O)n+1 with n
= 0—2 formed in the sequential reactions:

H,0"+(H,0), + H,0 < Hy0"+(H,0), 4
Acetaldehyde was detected using the proton-transfer reaction:

H;0" + CH;CHO— C,H,0" + H,0

present study, this distance corresponded to a reaction time of

1.7 ms. Kinetic measurements in several chemical systemsgiving a peak atm/e 45, while the clusters react presumably
showed that appearance of the primary and secondary productwia ligand switching:* In these conditions, practically no signal
at reaction time as short as 2 ms was in good agreement withfrom acetaldehyde was observednae 44 corresponding to
the calculated time profiles. For example, in formation of the parent CHCHO ion. The mass spectrum of positive ions
CH3S(0O)OH and S@in OH + (CH3)SO systeni? deviation with 7 x 102 molecule cm? of acetaldehyde in the main reactor
from the expected values was within the experimental error is presented in Figure la.

limits. The OH radical signal was calibrated by measuring the  Direct detection of CLICHO radicals by CIMS was possible
consumption of excess NOn reaction 3 by introducing N© owing to the different proton affinities (PA) of GO and
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Figure 1. Registration of acetaldehyde and products of its reaction
with OH using proton-transfer reaction withs®*. Top panel: mass

spectra in the presence of more (solid lines) and less (dotted lines)

amounts of water in the IMR with [C$#€HO] = 7 x 102 molecule
cm2in HPTFR. Bottom panel: mass spectra with discharge on (white
areas) and discharge off (black areas) & 8 ms with [CHCHO] =

9 x 10% [NO;] = 8 x 10'% and [OH]~ 1 x 10 molecule cm?.

See text for the detailed assignment of the observed peaks.

CH,CHO radicals, 156 and 185 kcal/mol, respectivElfince
the PA of HO, 165 kcal/mol, falls between these two values,
proton transfer from BOD™ to acetyl radical does not occur and
only the ion-molecular reaction

H,O" + CH,CHO— C,H,0" + H,0 (4)
or its cluster analogue with 37*-(H,0), can give a signal at
m/e 44. Figure 1b illustrates the change of line intensities after
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the title reaction, a signal at/e 75 was found which could be
attributed to CHC(O)OO radicals (vide infra). Using
H3O"(H,0), ions, organic products with PA greater than that
of water, such as C¥D (170.4 kcal moit), CH,CO (197.3 kcal
mol~1), and CHOH (180.3 kcal mot?),15> can be detected by
proton transfef314

H;0" + CH,0— CH,0" + H,0
H,O" + CH,CO— C,H,0" + H,0
HsO0" 4+ CH,OH— CH.0" + H,0

Among them, ketene, GI€O, can also contribute to the signal
at me 43. Formaldehyde and methanol give signalsnat 31

and 33, respectively. Detection of these molecules made it
possible to reveal some details of the mechanism of@M
and CHCHO oxidation. A detailed assignment of the observed
peaks will be discussed below along with consideration of the
reaction mechanism.

Results and Discussion

Determination of the Yield of CH,CHO Radicals. The
branching fraction of channel 1b was determined as the ratio
of the produced concentration of the vinoxy radicals to the
consumed concentration of OH radicals in reaction 1:

®(CH,CHO) = A[CH,CHOJ/A[OH] (E1)

The measured intensity of the vinoxy radicals from reaction 1
was quantified using reaction 2:

F + CH,CHO— HF + CH,CO
— HF + CH,CHO

(2a)
(2b)

switching on the discharge generating OH radicals. We see that

both m/e 44 andm/e 43 peaks increase in the presence of
reaction. The increase of the signahale 44 is entirely due to
CH,CHO radicals, while the peak ate 43 needs more detailed
consideration.

The peak atwe 43, CH,CO" ion, can originate either directly
from acetyl radical or as a fragment from other products
containing acetyl group. Acetyl radical has a very low ionization
potential, 7 eV, and the acetyl ion could be produced in the
reaction:

H,0" + CH,CO— CH,CO" + H,0 + H (5)
which is exothermic by 8 kcal mot (the analogous reaction
with NO is known to occur and to give a NGsignal atm/e
301). On the other hand, in the presence of oxygen, acetyl
radicals are rapidly converted into peroxyacetyl radicals
CH3C(0)0OO0, and at [g ~ 10% molecule cm?3, which
corresponds to the background €ncentration in the reactor,
the conversion is complete within a few milliseconds, whereas
the signal aim/e 43 was observed in a full range of residence
time in the main reactor even when thefddw was not purified
from oxygen. This indicates that GE(O)OO radicals can
contribute tom/e 43. The following reaction:

H,O" + CH,C(0)O0— CH,CO" + H,0 + HO, (6)

with the known branching ratid,/kop = (65 + 9%)/(35 +
9%) = 1.86(+1.0/—0.6) at 298 K20
A[CH,CHO] = (I44)onAlF]-0.35/( 1) (E2)

where (a4)on and (44)r are the CHCHO intensities measured
from reactions 1 and 2, respectively, affF] is the consumed
concentration of F atoms. As reaction 2 is very fast= 1.4
x 10710 cm?® molecule® s71,10 A[F] is equal to the initial
concentration of F atoms. The obtained branching ratio is correct
if at the moment of measurement the change of,CHO
radicals concentration because of secondary reactions is neg-
ligible. To validate the conditions for the measurements of the
primary yield of vinoxy radicals and to confirm the assignment
of the observed peaks, the kinetics of the JCHO, CHCO,
CH3C(0)0,, and OH radicals produced in reactions 1 and 2
were investigated at different oxygen concentrations.

Time profiles of these products are presented in Figure 2.
Upper row shows signal intensities of positive ionsvée 43
and 44, and lower row shows negative ion intensitiesvatl7
and 75. Vertical pairs of plots represent the following reac-
tions: (a) and (3 F + CH3CHO with [O;] = 3 x 10 molecule
cm=3 (with oxygen removal catalyst); (b) and '\bF +
CH3CHO with [O;] = 4 x 10" molecule cm? (without oxygen
filter); (c) and (¢) OH + CHsCHO with [O] = 4 x 10M4
molecule cm®. Both reactions 1 and 2 were examined in excess

is energetically possible and can be responsible for the signalof CH;CHO to avoid secondary reactions of F atoms and OH

atm/e 43, but contribution from other products is not excluded.
We did not find any response at'e 75 (GH303") or 76
(CH403) in the positive mode, but in the negative spectra from

radicals. Solid curves correspond to numerical calculations using
the reaction scheme given in Table 1. For the sake of simplicity,
the known reactions between gHCH;O,, CH;O, and HCO
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Figure 2. Time profiles of the products of F CH;CHO and OH+ CH3;CHO reactions measured in positive (top) and negative (bottom) modes.
Initial concentration of acetaldehyde was [HHO] = 7 x 10" molecule cm®. Concentrations of other reactants in the reactor: (a}HA].0 x

102, [0;] = 3 x 108 with O, filter; (b) [F] = 1.1 x 102, [O;] = 4 x 10*; (c) [OH] = 1.0 x 10'2, [NOZ] = 2.0 x 10*2 and [Q] = 4 x 104

molecule cm?®. Solid curves show the results of calculation; dotted curves are from the calculation without account of the secondary reaction of
CH,CHO radical with Q.

TABLE 1: Simplified Reaction Scheme Used to Model Reactions of OH and F with CBCHO in the HPTFR

N k(298y reaction N k(298y reaction
la 143 OH+ CH;CHO— CH3CO + H,O 13 16 NG, + CH,CHO— CH,O + HCO + NO
1P 0.75 OH+ CH3;CHO— CH,CHO + H>0 19 8.8 NG, + OOCHCHO— PVN
2a 91 F+ CH3;CHO— CH;CO + HF 20 241 NO+ CH3CO— CHsCONO
2b 49 F+ CH3CHO— CH,CHO + HF 21 25 NO+ CH,CHO— NOCH,CHO
7a 3.4 Q + CH3CO— CH3:C(0)02 22 18 NO+ CHzC(0)0, — CHz + CO, + NO»
70 0.2 &+ CH:CO—?+ OH 23 8 NO + OOCH,CHO— CH,O + HCO + NO;
7c 0.5 & + CH3;CO— CH,O + OH 24 16 CHC(0)O, + CH3C(0)0, —2CHz + 2CO + O
8a 0.100 @+ CH,CHO— OOCH,CHO 25 1.0 CH+ O, — CH30,
8he 0.024 Q+ CH,CHO— (HCO), + OH 26 40 CHO; + CH,CHO— CH,;0O + CH3zO + HCO
8c° 0.036 Q-+ CH,CHO— CH,O+ OH+ CO 27 45 CHO, + CH3C(0)0, — CHz + CHz0 + CO, + O
9 20 CHCO + CH,CHO — CH3sCOCHCHO 28 45 CHO, + CHsC(0)0; — CH0 + CH3;COOH+ O»
ob* 8 CH;CO + CH,CHO—CH3CHO + CH,CO 29 0.2 CHO + CH3;CHO — CH3OH+CH3CO
10¢ 20 CH,CHO + CH,CHO — HOC(CH,).,CHO 30 10 CHO + CH,CHO— CH,CO + CH3zOH
101 8 CH,CHO + CH,CHO— CH3CHO + CH,CO 31 40 CH;+ CH3C(0O)O, — CH3 + CHz0 + CO,
11f 40 CHC(0)0; + CH,CHO— CHz+ CO; + CH,O + HCO 32 120 CH+ OH— CHzOH
12a 20 CHCO+ CH3zCO— (CHsCO),
12b 8.4 CHCO + CH3CO— CH3;CHO + CH,CO
13 25 NQ + CH3;CO— CHsz+ NO + CO;
14 8.3 NQ + CHzC(0)0, — CH3;C(O)O:NO;

a Rate constants (in the units of 18 cm® molecule s71) were taken from the NIST kinetic datab#sexcept the specified caseésThis work.
¢ Fitted value ¢ Reference 19¢ Analogy to 3 and 4f Equal tok(CHzO, + C;Hs). 9 Lower limit from ref 21." Equal tok(CHzO + CH3CO). ' Equal
to k(NOg,NO + C2H502). ] Equal tOk(CH3 + CH302).

radicals and their reactions with NO and pi@hich were taken

into account in calculations, were skipped from the presented s™! rapidly converts acetyl radicals to peroxy fotfso that

scheme. Reaction rate constants were taken from the NISTreaction 11 must be taken into account:

kinetic databasé or evaluated as specified.
In reaction with F atoms, fast formation of the primary

radicals is followed by decay because of their reactions with

oxygen:

CH,CO+ O, + M — CH,C(0O)Q, + other products
CH,CHO + O, — products

and recombination reactions:
CH,CO + CH,CHO — products

CH,CHO + CH,CHO — products

()

G
(9)
(10)

Reaction 7 with rate constaki = 4.1 x 10-12cm?3 molecule?!

CH,C(0)G, + CH,CHO — products

11)

As there are no data for reactions-91, reactions 9 and 10
were assumed to proceed analogously to the knowgOCH
self-reaction:

CH,CO + CH,CO— (CH,CO),

(12a)

— CH,CHO + CH,CO (12b)

with kiza = 2 x 10711 cm® molecule® s! (the average from
the five recent absolute vali€sandkio, = 0.42kypa= 8.4 x
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10712 cm?® molecule* s71.18 For reaction 11, a value ¢, =

4 x 1071 cm® molecule’ s~* was adopted using analogy with
CH30, + C;Hs reactiont® At the same time, reaction 8, being
more than one order of magnitude slower than reactidg #,

1.6 x 10713 cm® molecule’? s71,1° does not noticeably affect
the vinoxy radicals concentration during the initial period of
~3 ms even at higher £xoncentration. This can be seen from
the comparison of the GI€HO profiles calculated using the
full reaction scheme (solid curves) and without account of the
secondary reaction of GEHO radicals with @ (dotted curves).
Thus, att = 3 ms the decrease of GAHO concentration
because of reactions-2.0 is only 7% with removed @Figure

2a) and 13% without @ filter (Figure 2b). As expected,
switching from F to OH leads to substantial lowering of the
intensity atm/e 44 compared tanwe 43 (Figure 2c). In this
system, additional decay of the primary radicals takes place in
reactions with NQ@

CH,CO+ NO,— CH; + CO, + NO (13)
CH,C(0)O0O+ NO, — CH,C(O)OONG (14)
CH,CHO + NO, — products (15)

with k13 =25x 10_11,20 k14 =8.2x 10_1,21 andk15 =19x
10 cm?® molecule’® s71.21 The better fit was obtained using
somewhat lower value of the latter rate coefficidat = 1.6

x 10711 cm® molecule® s71, closer to the lower limit of the
literature value. Comparison of the @EHO concentrations
calculated within a full reaction scheme and without the
CH,CHO loss in reactions 911 gives a 3 msdifference of
about 7% (dotted curve in Figure 2c). Account of reaction 15
for [NO;] = 2 x 10" molecule cm? increases this difference
to 11%.

Model calculations showed that signalnafe 75 corresponds
to kinetic behavior of CHC(O)O, radical confirming the
assignment of this line to the GB(O)O,~ ion. Inspection of
the calculated CECO and CHC(O)O, profiles led to the
conclusion that signal atn/e 43 is likely to consist of
contributions from both CECO and CHC(O)0,. Consumption
of OH radicals in reaction 1 could be monitorednale 17 as
shown in Figure 2c In the present study, it was an important
parameter, as the GBHO yield was normalized by the reacted
OH concentration. One can see that OH radical signai/at
17 was also observed in + CHz;CHO +0, system (Figure
21). This effect is considered below in connection with the
discussion of the mechanism of reaction 7.

Analysis of the kinetic data (Figure 3) showed that probing
of CH,CHO radicals from F and OH reactions with acetaldehyde
must be done at the initial period of reactior< 3 ms. For
[CH3CHO] = 7.0 x 102 molecule cm?, the reaction with F is
complete within 2 ms, while to complete the GHCH;CHO

Butkovskaya et al.
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Figure 3. Time profiles of CHCHO (m/e 44), CHO (m/e 31), and
(HCOY), (m/e 59) measured at [C}CHO] = 7 x 10'2 molecule cm?

and [Q] = 4 x 10" molecule cm?. Other initial concentrations: (a)

[F] = 0.8 x 10*% (b) [F] = 0.8 x 10'% [NO2] = 8 x 10 (c) [OH]
=[NO] = 0.7 x 10" [NO,] = 1.5 x 102 molecule cm?. Signals at

m/e 43 and 44 are also presented for convenience. Solid curves are
from numerical calculation; dotted curves show the limits of fitting
(see text).

background @and high CHCHO concentration; (3) added,O
and low CHCHO concentration; and (4) background énd

low CH3;CHO concentrations. In the third group, an added
oxygen flow of 120 SCC mint corresponded to [ = 5 x

10% molecule cm? in the main reactor. The maximal ratio of
acetaldehyde concentrations in reactions with OH and F in data
groups 1 and 2 was chosen to get approximately equal reaction
rates of CHCHO with OH and F, to have a similar impact of

reaction in such a short time it is necessary to use acetaldehydesecondary chemistry on the concentration of,CHO in both

concentrations of the order of ¥Omolecule cm3. However,
concentrations higher than:8 10'3 molecule cm?® could not

reaction systems. As the results did not differ significantly from
those obtained with lower reaction rates in the OH system, we

be used because of a noticeable decrease of the concentrationan conclude that within the used reaction times signat/at

of H3O" ions in the IMR and, accordingly, a decrease of
sensitivity. The CHCHO yield was measured using @EHO
concentration up to 7.% 10 molecule cm?® andt = 1.7-5

ms. As even at this highest possible §LHHO concentrations
the reaction with OH was not completed, the degree of OH
conversion A[OH]/[OH], was determined in each case either

44 was not strongly influenced by secondary reactions. The
average value obtained for the gEHO yield in reaction 1 is
®(CH,CHO) = (5.1729_; ) %. The uncertainty is obtained
from the error limits of the branching ratio of reaction 2 and
the uncertainty in the determination 4fOH] and [F]. The error
connected with the possible losses of vinoxy radicals in

by measurement or by calculation. Table 2 presents the resultssecondary reactions essentially cancels, since at a given reaction
of the measurements. The data can be separated in fourttime these losses are similar in F and OH systems. Taking into
groups: (1) filtered @ and high CHCHO concentration; (2) account that some measurements in two systems were done at
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TABLE 2: Measurement of the Yield of CH,CHO Radical from the OH + CH3;CHO Reaction

®(CH,CHO) (%)

[A]J2 [OH]o tms A[OH] lsscps laacps ladflas [A]2 [Flo tms  lscps 144 CPS l43fl4a b c
1. [NO;] =1 x 10%2 molecule cm? (with O, catalytic filter)

280 9.9 2.42 6.6 28024 1072 26.1 75 10.5 3.02 37178 10464 355+ 38 6.9+ 2.3
3.02 7.3 32188 1282 25.1 602.4 7.0+ 24
350 2.42 7.3 32505 1173 27.7 5t52.2 6.4+21
640 1.81 8.4 34307 1059 324 M431.7 55+1.8
2.42 9.1 38084 1175 324 4451.8 55+1.8
3.02 9.4 39446 1176 335 431.7 54+1.8

2.[NO;] = 1.3 x 102 molecule cm?®
500 6.2 1.66 4.6 57156 1458 39.2 68 28 1.66 33577 6121 548 +44 7.0+ 24
440 6.2 1.66 4.3 61949 1501 41.2 4:81.6 6.7+ 2.2
2.21 4.9 72648 1787 40.7 5081.5 6.8+ 2.3
2.77 5.3 77975 1868 41.7 481.4 6.6+ 2.2
770 6.2 1.66 54 69836 1624 43.0 421.0 6.4+ 2.1
2.77 6.0 74331 1762 42.2 4901.1 6.5+ 2.2

3. [NO;] = 3.1 x 10*? molecule cm? (with added Q)

77 8.5 1.66 1.6 20843 474 49.3 83 79 1.66 123319 17983 6.85 +4.6 7.0+ 24
2.21 2.0 21292 472 451 31+1.2 7.5+£25
2.77 2.5 27562 725 38.0 2.77 165582 9186 14.83.8+1.4 8.8+ 2.9

4a. [NQ)] = 1.5 x 10> molecule cm?®
72 8.3 1.66 1.4 33405 2893 11.5 70 16 1.66 42360 12636 335 +338 135+45
2.21 1.9 36397 3356 10.8 2.21 44855 12839 3.49 46275 14.8+4.9
2.77 2.3 43671 3882 11.2 2.77 46225 13586 3.40 46B3 14.0+4.7
5.6 4.1 57625 4839 11.9 5.6 45514 13656 3.389+23 13.1+44

4b. [NO,] = 2 x 102 molecule cm?
65 15.4 1.66 2.4 39006 3294 11.8 65 6.8 1.66 227329 51220 443 + 54 16.84+5.6
2.77 3.9 41825 3441 12.2 277 226864 51299 442 143184 16.3+5.4
5.6 6.2 52800 4180 12.6 4.3 211324 46402 456.5+24 16.3+54
avera get 5.1+£2.0 6.4+ 1.2

a[A] = [CH3CHOYJ; concentrations are in the units of!i@olecule cm3. ® Using OH and F calibration (see E1 in tex@frrom143/l44 ratio (see

E3 in text).? Error is two standard deviations. Values in italics from experiments 3 and 4 were skipped from the evaluation as too much influenced

by secondary reactions.

different reaction time and that N@oncentration in OH system
was about 1.5¢< 102 molecule cm®, the final expression can
be given asb(CH,CHO) = (5.1"24_;7) %. Some measure-

substantially higher than the theoretical transition-sate theory
(TST) value obtained by Taylor et &lk;, = 1.3 x 10713 cn?®
molecule! s1. In their work, TS geometry and frequencies

ments, which were excluded from the estimation of the radical were calculated at HF/6-31G(d) level and for the exponential
yield, are shown in Table 2 to demonstrate the importance of term a value of 1.0 kcal mol was used, equal to the empirical
the increase of reaction time (in group 4) or concentration of value derived for OH+ C,Hg reaction. However, taking into

NO; (in group 3).

Another way to evaluate the branching ratio of channel 1b is
to measure the ratios of the yields of g0 and CHCHO
from reactions 1 and 2 with GJ€O observed as a combination
of CH3CO and CHC(O)OO signals. Calculatelds/l44 ratios,
reported in Table 2, show a difference connected with different
degree of transformation of GBO to peroxy form. In the
experiments with added oxygen nearly full conversion takes
place, giving from the reaction with OH a ratity4ls4)on ~

account the existing difference in bond dissociation energies,
Do(H—CH,CHz) = 99.5 and B(H—CH,CHO) = 92.8 kcal
mol~1, the energy barrier for the abstraction from the methyl
group in acetaldehyde can be substantially lower. Indeed,
activation energies can be correlated with the reaction enthalpies
using the Marcus equation:

E,=E,, — ,AH, + AH,/16E

int

49. In the other cases, only partial conversion is observed: where AHyp is the reaction enthalpy anB, is the intrinsic

decrease of [g) leads to a decrease of this ratio to about 40 at
[O2] = 10 molecule cm® and to about 30 at [§) = 103
molecule cm3. In the latter case, signal am/e 43 presents
mainly CH,CO radical. The yields calculated as:

B(CH,CHO) = (1,1, 1.86 (udladon + (iflude} (E3)

energy for which the available kinetic data for hydrogen atom
abstraction from organic compounds by OH radical provide an
estimate of about 9 kcal mol?? This equation gives for
reactions of OH with ethane and acetaldehyde with, = 18.6
and 25.3 kcal mai! activation energieg, = 2.1 and 0.84 kcal
mol~1, respectively. Following the estimations of Colénye
obtainAEs* = E, — RT, that gives for reaction 16Eq* = 0.3

are given in the last column of Table 2. These values are kcal moi . Thus, a barrier height lower than 1 kcal mbfor
somewhat higher than that from the calibration data, possibly H abstraction from the methyl group in acetaldehyde, providing

indicating a systematic error of about 20% in calibration of OH
and F radicals. The average yield obtained frdmy/lgs) is
(6.473Y_; 1) %, where the uncertainty is due to the uncertainty
of the branching ratio of reaction 2.

The branching factor for the H-atom abstraction from the
methyl group of 5% corresponds to the partial rate condtant
= 7.5 x 10713 cm® molecule! s™1, which appeared to be

higher TST rate constant, does not seem unreasonable. More-
over, on the basis of ab initio calculations, D’Anna e? hhve
concluded that abstraction of the H-atom from the methyl group
can also proceed via a hydrogen-bonded complex in which
O-atom of the hydroxyl radical is directed toward the methyl
group, and formation of this adduct is expected to be a
dominating process at low temperature. In this case, TS
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TABLE 3: H ,0 Signal Intensity, |15 (in cps), from the OH This result agrees with the data of Vandenberk and Péeters
Reactions with CH;CHO and CeH> and Obtained H,O who obtained a (8% 16)% yield of HO in a mass spectro-
Yield metric study with electron impact ionization. The present CIMS
reactant [reactarft][NO,]2 [OH]2 l1g ®(H20) (%) estimation narrows the probability of channels other than H-atom
l. abstraction to less than 3% confirming that in the 2280 K
CH3CHO 57 3.8 0.34 944 29 94.3+9.8 range reaction proceeds by H-atom abstraction and the increase
CeH1z 82 1001+ 93 of the rate constant with lowering the temperature can be ex-
8:_?5;"'0 8527 3.6 050 1%%%& iga 98.7+ 9.4 plained by an increasing role of hydrogen-bonded prereactive
CH,CHO 57 34 066 1605 42 927477 complex resulting in abstraction of aldehydic H-atom as sug-
CeHio 82 1732+ 126 gested by Vandenberk and Peeteasd Tyndall et af. and
CH3CHO 57 3.2 0.87 221639 100.7+10.0 confirmed theoretically by Alvarez-ldaboy et®%&nd D’Anna
CgHi2 82 2201+ 219 et al®
Il Kinetics of Stable Products in the OH+ CH3CHO and F
CHsCHO 22 1.0 1.04 11542 3577 98.5-5.3 + CH3CHO Systems.Kinetics of the CHO, (HCO)», and
CeH1, 35 117136+ 2495 CHsOH products were studied in attempt to elucidate the
g']'jcé"ob gf L4 181 8%7567% %Zég 97.9 4.2 unknown products formed in the reactions of {0 and CH-
o CHO radicals with oxygen.
aConcentrations are in the units of#@nolecule cms3. ® Experiment Previous studies have shown that the mechanisms of both
atT = 248 K. CH3CO + 0O (7) and CHCHO + O, (8) reactions involve

calculations must be done using a two-step approach Consideringcompetltlon between stabilization and decomposition of the

i - i - 7,19,24-28 i
the prereactive complex as suggested by Alvarez-ldaboy et al.excned acetyl or vinoxy © adducts ) - The possible
for channel 14, pathways of reaction 7 are as follows:

Determination of the Branching Ratio of H,O Forming . *_.
Channels. This part of the study was performed by flowing CH,CO+ O, — [CH,C(O)O0]" — CH,C(0)00 (7a)

He/Sk in the IMR and measuring the signal mfe 18 which — OH + CH,C(0)O
corresponded to ¥D* ions from water molecules formed in
reaction 1. The kD signal from 1 was compared to that from
on g P — OH + CH,0 + CO
reaction 16: (7c)
OH + CH;CHO — H,0 + other products 1) — HO, + CH,CO )
OH+ CH,,— H,O0+ CH,, (16)

Formation of OH radicals was observed by Michael eg4l.,
with a unity yield of HO. As the rate constant of reaction 16 Tyndall et al.?> and Blitz et al!” In the present study, the OH
is 2 times less than that of reaction 1, larger concentrations of production was confirmed by observation of signahée 17
cyclohexane were used to provide more similar reaction rates.in F + CHz;CHO system at higher £zoncentrations (see Figure
In the first experiment carried out &= 298 K, the signal at 2l). The maximum measured intensity corresponded to [OH]
m/e 18 was measured with [@HO] = 5.7 x 10 molecule = 2.2 x 10" molecule cn3, which represented about 20% of
cm 3, [CeH12] = 8.2 x 10 molecule cn?, and reaction time the initial concentration of F atoms in agreement with the data
t = 30 ms. Under these conditions, the characteristic reaction of Blitz et al. that OH yield was 17% at 200 Torr and 298 K.
time was less than 2 ms, and a complete consumption of OH In a smog chamber study of the oxidation of §£LHHO 26
radicals took place in both reactions. Large excess of the mol- Tyndall et al. found that the branching fraction of channel 7a
ecular reactant over OH ensured that there was no contributionvaried from <50% atP < 6 Torr to about 97% at 700 Torr,
of H,O formed in secondary reactions of OH radicals. Cyclo- but the coproducts of OH producing channels of reaction 7 were
hexane entered the reactor with a He flow passing through thenot identified. In the absence of NCacetylperoxy radical from
trap with liquid GHa,, which was purified in several freeze 7a gave CH radical, which was predominantly converted to
pump-thaw cycles. Its concentration was estimated assuming CH,O. Consequently, possible production of £&MHin channel
that the partial pressure ofs8;2 in the flow was equal to the  7c could not be distinguished from the product of{&idation.
saturated vapor pressure. The results of the measurements doniéetene from channel 7d was detected at very low yields less
for four OH concentrations in the range (8:B.0) x 1012 than 0.3% at 20 Torr, which allows to neglect this channel at
molecule cm? are presented in part | of Table 3. The average higher pressures. The fate of the £LHO)O biradical is
yield is ®(H,0) = (96.6 & 9.4) % confirming that at room  unknown. Cyclization was considered as a possible pat@h&y,
temperature reaction 1 proceeds by H abstraction. The secondut no characteristic bands of the cyclic structure were observed
experiment was done @t= 298 and 248 K, with cyclohexane by FTIR product detectioff It might be expected to decompose
introduced into the reactor from a pre-prepared mixture with to CH,O and CO; in this case channel 7b represents the
He. The reactant concentrations were fCHO] = 2.2 x 103 intermediate step of channel 7c. The authors, however, ruled
and [GHig = 3.5 x 10% molecule cm?® at 298 K and out this pathway and suggested £HO)O recombination with
[CH3CHO] = 3.2 x 10" and [GH1z = 5.1 x 10" molecule formation of a nondetectable compound. In the recent theoretical
cm~3 at 248 K. The measured,B signals are given in part Il study of the CHCO + O, reaction using ab initio and density
of Table 3. The obtained yields ad(H,0) = (98.5+ 5.3) % functional calculations of Lee et &P,stabilized CHC(O)OO
atT = 298 K and®(H,0) = (97.9+ 4.2) % atT = 248 K. adduct was the only important product at 298 K, while the
The difference between all the measured values is within the formation of biradical CHC(O)O or cyclic ketone as well as
experimental uncertainty, and the preferred value from all the decomposition to CKCO + HO, appeared to be important only
data can be given a®(H,0) = (97.7 £ 4.7) % in the 298 at high temperatures{1000 K) because of too high calculated
248 K range. energy barriers.



Branching Fractions for ¥©0 Forming Channels

In another FTIR product study of the OH CH3;CHO
reaction in synthetic air at atmospheric pressu@,0 and
CO were observed in the initial period of reaction as primary
products with a yield of about 10%. The authors concluded that
it was a result of the prompt dissociation of acetyl radical,
namely,
OH+ CH,CHO—CH; + CO+ H,0O (1e)

followed by the fast formation of formaldehyde from gH
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between the rate constants of the ion-molecular reactions of the
molecules with HOT, which are rather similar (in cfn
moleculel s™): 3.7 x 1072 for CH;CHO and 3.3x 107° for
CH,0,142.1 x 10°° for CH30OH and 2.0x 10~° for CH,CO 13
Considering the possible reactions with water clustersz6i'
the observed intensity ratios correspond within a factor of 2 to
the relative concentrations in the reactor.

Figure 3 presents time profiles of GBl and (HCOj) products
from F + CH3CHO reaction in the absence (3a) and in the
presence (3b) of NPand from OH+ CH3zCHO reaction 3c.

However, this channel seems unlikely as CO was not observed, experiments were carried out without removal of oxygen

among the products of reaction 1 in the IR chemiluminescent
study20 The alternative explanation can be fast formation of
CH,0 in reactions 7 and 8 of the primary radicals with oxygen.

In reaction 8, formaldehyde is also one of the possible
products of the decomposition of the adduct of the vinoxy radical
with Oo:

CH,CHO + O,— OOCH,CHO* — OOCH,CHO  (8a)
— OH + (HCO
" (8b)
— OH+ CH,0+ CO
(8c)
— HO, + CH,CO
(8d)

In the early LIF study’ channel 8c was considered as an

from the N flow. In F + CH3CHO system (Figure 3a), the
intensity of CHO at long reaction time was approximately the
same as the maximum intensity of vinoxy radical, while the
(HCO), signal was about 10 times less. The glyoxal profile at
m/e 59 was satisfactorily described by reaction 8b. The
normalization coefficient for glyoxal corresponding to the
branching factokgy/ks = 0.15"° was 2.9x 10% similar to that
for CH,CHO radical (2.3x 10%). Addition of NO; (Figure 3b)
leads to faster decay of the radicals because of reactions:

CH,CO+ NO,— CH; + CO, + NO (13)
CH,C(0)O0O+ NO, — CH,C(O)OONG, (14)
CH,CHO + NO, — products (15)

already considered in determination of &HHO yield. At the

alternative to 8a, and the suggested mechanism was theused [NQ] = 8 x 10" molecule cm? reaction 13 still cannot

migration of aldehydic H-atom to the end oxygen, followed by
decomposition to OHF CH,O + CO. Zhu and Johnstéhdid
observe CHO using cavity ring-down spectroscopy, proving
the existence of reaction 8c; unfortunately, this channel was
not quantified. Decomposition of the adduct can also produce
glyoxal (channel 8b), which was also detected in a study of
Zhu and Johnston with 15% yield at 200 Té¥Time-resolved
measurements of the decay of &HHO and formation of
(CHO), carried out in that study gave evidence that glyoxal
resulted from the isomerization of the stabilized adduct followed
by decomposition.

In the present work production of GB, (HCO), and
CH3OH was measured in two chemical systems having very
different CHCO/CH,CHO product branching ratios. Their
CIMS signals were compared with the results of numerical
simulation using different branching ratios for the coproducts
of the OH producing channel of reactions 7 and 8. As it was
written in the Experimental Section, formaldehyde and methanol
were monitored atr/e 31 andm/e 33, respectively. We did not
find any report about the proton-transfer ionization of glyoxal
or about either the measured or calculated value of its proton
affinity. However, the PA of glyoxal is expected to be larger
than PA of HO, and glyoxal is expected to produce signal at
m/e 59 as a result of the reaction withs®&*.31 Proton-transfer
signal of glyoxal interferes with that of acetone, which is
produced by the reaction of acetyl radicals with acetaldehyde:

CH,CHO + CH,CO— CH,C(O)CH, + HCO  (17)

However, at the used GBHO concentrations, reaction 17 with
ki7 = 2.8 x 10713 cm?® molecule? s7132 cannot compete with
reaction 7. Hence, the observed signah&t 59 can be assigned
entirely to glyoxal. Another possible product of reaction 8 is
ketene, CHCO; however, in our detection scheme, proton-
transfer signal from ketenen(e 43) interferes with the acetyl
and acetylperoxy peaks and cannot be identified. The relation

compete with reaction 7, but the ultimate fate of 4CO)O,
radical is reaction 14. Signal intensity mie 43 remains at a
certain stationary level, indicating that it includes a contribution
from PAN. Addition of NG also results in an increase of the
CH,0 yield and a decrease of the (HGQjeld. This can be
explained by the fact that reaction 15 competes with reaction
8, and the likely mechanism of reaction 15 is:

CH,CHO + NO, — OCH,CHO + NO (15)
with decomposition of the formed OGBHO radical to CHO
and HCO. The presented calculation correspondgge= 1.6

x 10711 cm?® molecule’? s71, which is slightly less but within
the error limits of the literature vali®.A rapid decomposition

of CH3CO, to CH; and CQ and of OCHCHO to CHO and
HCO was assumed in the simulation. If there were no
decomposition, in the presence of PlGhe occurrence of
addition reaction:

OCH,CHO + NO, — OHCCH,0ONO, (18)
with rate constant of abowtis = 3 x 107! cm3 molecule®
s~1 would be expected by analogy to the O{HHO reaction
with NO,10 which would lead to the decrease of the yield of
CH,O with addition of NQ.

In Figure 3c, the CLCHO and (HCOj) concentrations are
multiplied by 10 compared to Figure 3a and 3b. It is seen that
the signal of glyoxal remains unchanged with respect to the
signal of vinoxy radical, whereas the intensities of OHand
CHs30H noticeably increase. This increase can be explained by
the relatively larger amount of the primary @EO radicals
produced in reaction 1 compared to reaction 2. The enhanced
production of methanol in reaction with OH compared to
reaction with F was simulated by incorporation of the fast
recombination reaction CH+ OH with k = 1.2 x 10710 cnm¥®
molecule! s71. The yield of methanol decreased with addition

between the observed intensities must be close to the relationof O,, in accordance with the competition betweensCGHOH
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and CH + O, reactions. The measured methanol signal was (PAN) through channel la of its OH-initiated oxidation.

scaled to calculated concentration using a normalization factor However, the branching ratio of 5% for channel 1b will lead to

of 2.9 x 10% indicating very close sensitivities to methanol and a slight decrease of the PAN formation potential ofsCHO,

glyoxal. which is assessed so far by considering a branching fraction of
Combining data from F- CH3CHO, F+ CH3;CHO + NO, unity for channel 1a. The PAN formation potential of gHHO

and OH+ CH3;CHO systems, the curves ate 31 could be may be even lower in the upper troposphere since the branching

fitted assuming formation of formaldehyde in reactions 7c and fraction of channel 1b may increase with decreasing temperature

8c and by varying the branching ratios of the £Hforming as recently suggestéd:his remains to be checked by extending
channels fromkz4/k; = 0 to 0.17 and fronmkgdks = O to 0.85, the present measurements at low temperatures.

and using for CHO a unique normalization factor of 3:2 10*
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