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The hydrogen abstraction reactions from4CHO by OH and OD radicals were studied in a fast-flow reactor

by observation of the infrared chemiluminescence frop®tnd HOD. The fraction of available energy
released as the vibrational energy of water wigS= 0.52 with ~30% released as bending excitation and
~65% released as stretching excitation of the newly formed OH bond. The pattern of energy disposal closely
resembles that for OH H,CO or (CH),S reactions, but differs from abstraction from secondaryHC

bonds of hydrocarbons. Secondary reactions o§@biradical with N@, OH, and H also were observed by
infrared emission of products formed from the unimolecular decomposition gE@EJONO, CHC(O)OH,

and CHC(O)H intermediate adducts. The g@ibrational distributions from the decomposition of ¢H

(O)OH, CH,C(O)ONO, and HC(O)ONO are compared.

1. Introduction was observed from water, the primary product, and,GTD,

A ¢ ﬁ icall dvth di | and HNO from the secondary reactions.
S part of an effort to systematically study the energy disposa The energy available for products of reaction 1 can be

of H atom abstraction by OH radicals by infrared chemilumi- . ;
._obtained from the equatidit, [ = —AHg° + 4RT + E,, where
Cv?ticggﬁfe(lr? ((:jlr_glc\z,avri(r)‘rafl;/te\ %l:ﬁagx rheg)I?dr'éeé(j3rzsnlélt;fl(|)f?dr§;ctlonsEa is the activation energy antiHy° is the reaction enthalpy.
Y ydrog ’ ’ The thermodynamic and kinetic data for the reactions involved

ngt:iiglr%r;g% ?S%L?ti%ieso%?;ﬂfI;?ee(:zzzg?r}g t?hggar- in the study are presented in Table 1. The enthalpy of reaction
g gicity 1 is AHo°= —30.2 kcal mot?, as calculated from the bond

B o o ol S 2o enrgies aD(CHCO- H) = 87.0 kal ma andD(HO-
cgm ounds pParticularl the bimolecular reactions of 9t1hese = 118.08 keal mot'.* The available energy for reaction 1 is
p : Y, 32.6 kcal motl, which is sufficient to excite up to three

aldehydes and the relevant formyl (HCO) and acetyl {C8) stretching quanta and up to six bending quanta of the water

{%(:]lcglns da;irkn:s()l\rl]i?ién p;g?gg;@zt?;rllovg;timgﬁ)r?;rjgg??;:nbus'molecule. The vibrational distributions for the primary@and
recent work we r?ave anzl zed the vibrationa)ll excitation £ H HOD products were obtained by simulation of theCHand
Y HOD spectra under conditions free of secondary reactions and

?; ddicgl(s)v[\)/itrr??(L?rzlglzzgoggeéﬂl)n7 t‘lt]r?erti?z;t:/ci)tr)]rsatci)(:ng:-' er?:rd oD vibrational relaxation. Comparison with the results from,OH
yae, : 9. shows that the energy disposals tgHand HOD are very

{,= 0.57, and the energy released into the newly formedHO .y : :

0 . ; 0 : similar, but rather different from abstraction of H atoms from
bond (63%) and into the bgndlng mode (36 /9) were determined. secondary €H bonds of hydrocarbons.
In the present study, the infrared chemiluminescent spectra of . . .
the isotopic water molecules were measured and analyzed from The secondary reactions of GEO r{:\dlcal with N@Q, OH, .
the reactions of OH and OD radicals with acetaldehyde;-cH 2and H are also sufficiently exothermic (see Table 1) to give

CHO. vibrationally excited products, and GGCO, and HNO emission
was observed. The spectra of the g@olecules from N@ +
. CH3CO and OH+ CH3CO reactions were also analyzed by
OH + CH,C(O)H— H,0 + CH,CO (1) computer simulation and compared, respectively, with the CO
OD + CH,C(O)H— HOD + CH,CO 2) spectra from N@ + HCO reaction and unimolecular decom-

position of acetic acid. The possible sources of CO and HNO,
which could be both the direct secondary reactions of acetyl
with H and NO and the tertiary reactions of HCO radical with
H and NO, are discussed.

The reactions took place in a fast-flow reactor that was observed
by a Fourier transform infrared spectrometer. The fast H(D)
NO, — OH + NO reaction was used in a prereactor as the
source of OH(OD) radicals. OH(OD} CH3;C(O)H is a .
convenient chemical system to study the secondary reactions2- Experimental Methods

of CHsCO radical with H, OH, NO, and N@Infrared emission 2.1. Experimental Setup The experimental methods used

- — - ~ to observe the vibrational excitation of products from fast gas-
' Bergische UniversitaGH Wuppertal. E-mail: nbout@physchem.uni- — nhage chemical reactions have been previously deschiSed.
wuppertal.de. Permanent address: Institute of Chemical Physics, Ru55|anp . . .

Academy of Sciences, 117334 Moscow, Russian Federation. In the present work, the infrared chemiluminescence spectra
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TABLE 1: Thermodynamic and Kinetic Data for Primary and Secondary Reactions

k(298 K)/ EJ —AH°/
reaction cm® moleculels™? kcal mol?t ref kcal mol?t [Ea
(1) OH + CHsC(O)H— H,0 + CHsCO (1.4 0.2) x 1071 —0.54+0.2 8 30.2 32.6
(2) OD + CHsC(O)— HOD + CH,CO 30.5 32.9
(3) NO, + CH;CO— CHC(O)ONO (2.5+ 0.6) x 1071 <1 9
(a)— CHsCO; + NO 335
(b) — CHs + CO, + NO 43.0
(4) OH + CHsCO— CH,C(O)OH 7x 10711 10
(a)— Hz0 + CH,CO 76.2
(b) — CH4 + CO, 118.9
(5) NO + CHs;CO— CHsC(O)NO
(a)— CH;C(O)NO (2.4+0.1) x 1071 11
(b) — CH,CO + HNO 7.4
(8) H+ CH;CO— products 5.5¢ 10°% 12
(@)— H, + CH,CO 35% 13 62.1
(b)— CHs + HCO 85% (65%) 12(13) 4.1
(c)—CH,+ CO <6% 93.9
(d) — CHsC(O)H 10% 12

recorded by a Fourier transform infrared spectrometer (BIO- states of HOD. Estimations with the help of surprisal plots
RAD) from a fast-flow reactor at 298 K. The spectral resolution (information theory) give uncertainties P(0) in the range of
was 1 cntl. The response of the liquidMdooled InSb detector ~ 10—30% depending on the signal-to-noise ratio. The emission
was calibrated with a standard blackbody source. Ar was usedfrom the OH(OD)+ CH3zC(O)H reactions was relatively strong,
as the carrier gas, and the total pressure in the 4 cm diameterand short reaction time#t ~ 0.2 ms, could be employed for
reactor was 0.52.0 Torr depending on the degree of throttling the primary reaction. Except for the equilibration of the resonant
of the flow; the corresponding reaction times weite= 0.22— levels, vibrational relaxation of ¥ and HOD should be
0.9 ms. Ar, H, or D,, and NQ were metered to the reactor minimal?2 Comparison of HO spectra measured at different
using standard methods. Commercial tank grade Ar was passedeactor pressures showed that vibrational relaxation was not
in succession through three molecular sieve traps cooled byimportant for pressure0.7 Torr3

either an acetone/dry ice mixture or liquid nitrogen to remove  The CQ simulation procedure has been fully described

impurities. Tank grade was used without purification. elsewheré® The observed emission is calculated as a superposi-
The OH (or OD) radicals were produced 30 cm upstream of tion of Ay; = —1 transitions from &1, 2, va)—(v1, 02, vs - 1)
the observation window (NaCl) via the fast H(B) NO, — combination bands with rigid-rotor approximation for vibratienal

OH(OD) + NO reaction, which also was the source of NO (gtational line intensities. The simulation cannot distinguish
molecules. The H atoms were generated by a microwave penween transitions froms = 1 andus > 1 states because of
discharge in a B{D2)/Ar mixture; the degree of the dissociation ¢ overlap of they, vs, v3) and @1, v — 2, v3 + 1) bands.
was 50% as determined by ArH* emissitnDuring the study Calculations were made for the; = 1 state with bending
of the primary reaction, the initial concentration of H atoms excitation, and the actuals distribution may be somewhat
was in the range of (12) x 10*?molecules cm®. Acetaldehyde  p5ader. Comparison of carbon dioxide spectra measured at
(Fisher Scientific) was introduced into the reactor through the jitferent pressures proved that vibrational relaxation was not
injector located 3.5 cm upstream of the observation window. important in experiments witP < 1.0 Torr (At < 0.5 ms)6
Typlscal CHCHO concentrations were about310** molecules  Assignment of the vibrational distribution of CO was carried
cm~3. The typical concentration of NQor study of the primary out as in ref 7.
and NQ + HCO secondary reactions was aboutx110"
molecules cmi. The best conditions to observe the secondary

; ~ ~ 3 3. Results
reactions of OH and NO were [ND~ [Hj] ~ 3 x 10
molecules cmé. To favor the HH- CH3CHO secondary reaction, 3.1. Chemical Reactions in the H/IN@ + CHsC(O)H

an excess of H atom concentration was needed, for which theSystem Raw emission spectra from the H/N@ CH,C(O)H
|n(|)t1|3al h){droglzjen cogcentraﬂon was elevated up to][R 8 x chemical system are shown in Figure 1. The spectra measured
1 5 Zmo ecu esl cm-. lation The simulati d . at a total pressure of 1 TorAf = 0.45 ms) correspond to

-2. Spectral Simulation The simulation procedure using different relations between the initial N@nd H concentrations
the least-squares method to match the computed water SPectra. the reactor. The spectra, which are normalized to the
with the experimental ones has been described in*filhe maximum intensity, represent an average of 1024 scans of the

gbt?lr:jed wbrayona;l tglstrlbutlon? aredfor coII|S||onatlgl§qU|I|- spectrometer. All the spectra contaiB@®lemission in the 3260
rated reservolrs of the resonant modes, namelyyi V3 3900 cntt range from the primary reaction 1. This emission

modes of HO, and thev, and 2> modes of HDO. Accordingly, consists mainly ofAvz = —1 transitions (asymmetric stretch).

qhuantum m;mbe_rl_stl),g =é’l| + Uls and U1~2/= "f).( va (i ; 0in In addition to HO emission, the spectra displayed intense
the group of equilibrated levelsy, vz, vs)/(vy + 1, vz - 2, v3), chemiluminescence in the 206@800 cnt? range, which was

IHZO(;n(lJI' H'('))Darree:sggi\tzl de'?f(:gtl).l?](;/elll:’)t':i::?igzsilo(fjl;]ten?/:g;gzgn(z)iﬁ attributed to the secondary reactions of acetyl radical with,NO
é lations ob’ta'ngd from %’He simulation methods were anal edNO' OH, and H. The dominant secondary reaction depends on
popuiall : imutati W Y2€0ihe relative concentrations of the reactants, and we can

reviously?# Usually, the ratio of populations in stretching states ... ~ -
53 (or ulgin the case of KHD) = 2 zfnd 2,P,(1)/P,(2), can be distinguish three casgs.
determined with an accuracy better than 10%. The main error A+ [NO2l > [H2] (Figure 1a). In a large excess of NGhe
in determining the total vibrational energy results from an ©Nly important secondary reaction is reaction 3
uncertainty in estimation of populations in the nonemitting
(“dark”) states, namely, (80) states of KO and (000) and (010)  NO, + CH;CO— CH,C(O)ONO— CH; + CO, + NO  (3)
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Figure 1. Raw infrared emission spectra from the H/N® CHsC-
(O)H chemical system: (a) at 1 Torth{= 0.5 ms), [NQ] = 2 x 10"
molecules cmd, and [H] = 7 x 10 molecules cm?; (b) at 0.8 Torr
(At = 0.4 ms), [NQ] = 1 x 10" molecules cm?, and [H] = 2.5 x

10" molecules cm3; (c) at 2 Torr At = 1 ms), [NQ] = 1 x 10“
molecules cm?®, and [H] = 8 x 10 molecules cm?; (d) at 1.2 Torr
(At = 0.6 ms), [NQ] = 2.3 x 10" molecules cm?, and [H] = 5.3 x

10" molecules cmé. The spectra are normalized to the maximum peak
intensity.

with an overall rate constakt = 2.5 x 10~ ¢cm?® molecule®

s 19 Figure 1a corresponds to [ND= 2 x 10 molecules
cm3 and [H] = 7 x 102 molecules cm?®, which provides
the highest [NQ|/[H 2] = 30 ratio used in the experiments. The
observed products are,8 from the primary reaction and GO
in the 2200-2400 cnt! range. This observation agrees with
the results of Slagle and Gutm&mho found reaction 3 to be
the dominant reaction.

B. [H2] =~ [NO]. If the NO, concentration is reduced relative
to Hp, [NO2] = 1.0 x 10* molecules cm® and [H] = 2.5 x
10 molecule cm®, higher CQ excitation becomes observable
as emission extends to the 2662200 cnt? range (Figure 1b).
This emission closely resembles the £ehemiluminescence
from decomposition of chemically activated acetic &€iahd

can be assigned to the fast secondary reaction of acetyl radicals

with OH radicals (reaction 4)
OH + CH,CO— CH,C(O)OH— H,0 + CH,CO
— CH, + CO,

(4a)
(4b)

with the overall rate constakt, = 7 x 10~ cm?® molecule®

s 110 The branching ratio of dehydration to decarboxylation
channels was estimated in our study of unimolecular decom-
position of chemically activated acetic acid as 2:1 in favor of
the dehydration channel8.This result was confirmed by
theoretical work’ It is necessary to mention that the water-
forming channel (reaction 4a), which was found to be a
dominant pathway of reaction 4,4s76 kcal moi! exothermic
(see Table 1), and, hence, produces vibrationally excit€al. H
The vibrational distribution for this excitation was determitfed
asP(0—3) = 54, 35, 9, and 2. Consequently, precautions must
be taken to avoid contribution af;3 =1 — 0 and 2— 1
emission from reaction 4 during the study of the primary reaction

Butkovskaya and Setser

If the NO, and H concentrations are comparable, fNS 1
x 10 molecules cm?® and [H] = 8 x 10' molecules cm?,
CO and HNO emission in the 206@800 cnT! range becomes
observable (Figure 1c). The 2360800 cnt! emission is
characteristic for theAv; = —1 transitions from the HNO
molecule studied earliéf. This product can be explained by
the secondary reaction of NO with HCO (reaction 6) rather than
by reaction 5b.

NO + CH,CO— CH,CONO (5a)
— HNO + CH,CO (5b)
NO + HCO— HNO + CO (6)

The HCO radicals can be formed due to the incomplete

conversion of H atoms to OH radicals at high hydrogen

concentrations (see reaction 8a). Reaction 5b can be eliminated

from consideration of thermochemistry, since thid:° values

of NO, CHCO, CHCO, and HNO, which are 21.7-0.9,

—10.6, and 23.8 kcal mot, respectively, give the enthalpy of

reaction 5b as-7.44 1.0 kcal mot™. This energy is insufficient

for the excitation of the observed(H—NO) stretching mode

of HNO, and formation of HNO must be explained by the

occurrence of reaction 6. The rate constant for reaction 5a was

measured to bks = (2.4 4+ 0.7) x 1071t cm® molecule! s71

at 1 atm of pressurE. This value is a high-pressure limit

consistent with the known rate coefficients for the combination

reactions of NO with other alkyls, i.ek(NO + CH3zCOCH,)

= (2.640.3) x 1071t cm® molecule’* s71, and formyl radical,

k(NO + HCO) = (1.24 0.1) x 10711 cm® molecule* s71. We

cannot exclude the possibility that at low pressuresCEBINO

can partly decompose to give @QEIO and HNO products

without significant vibrational excitation. The CO signal in the

2000-2200 cnt?! range also can be a result of the tertiary

reaction of HCO radicals with either NO or OH:

OH+ HCO— HOC(O)H— H, 0+ CO @)

C. [H2] > [NOg]. In an excess of hydrogen, the important

reactions are the primary reaction 1 and reaction 8

H + CH,CO— CH,C(O)H— CH, + HCO  (8a)
—H,+ CH,CO (8b)
—CH,+CO  (8c)
—CH,C(O)H  (8d)

with kg = 5.5 x 10711 cm® molecule® s71.12 The reaction of
hydrogen atoms with acetaldehyde,+HCH;C(O)H — CHs-

CO + H,, with the rate coefficientk = 8 x 10714 cm?®
molecule’! s11319 is too slow to play any role in our
experiments. The only products observable by IRCL are the
primary product water and CO. As can be seen from Figure
1d, the experiment with [N = 2.3 x 10" molecules cm?3

and [H] = 5.3 x 10" molecules cm?® does give a strong CO
emission. This observation can be explained by the occurrence
of reaction 8c or by the tertiary reaction 9.

H+ HCO—H,+ CO 9)
The obtained vibrational distribution of CO wBs = 100, 25,
12, and~5forv =1, 2, 3, and 4, respectively. This distribution
is similar toP,(CO) from reaction 9.The mechanism of reaction

1. Figure 1b reflects the competition between reactions 3 and 8 at low pressure and 298 K was determined by the discharge

4, since C@emission from both reactions 3a and 4b is observed.

flow technique combined with mass-spectrometric detection
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TABLE 2: Vibrational Distribution of H ,0 from the Reaction of OH with CH3;C(O)H

2% v2=0 =1 v =12 v2=3 vy=4 225 P P1s P13’

0 5.7 5.9 4.9 3.5 1.7 1.3 - 23.0 55.1

1 12.9 134 11.2 8.1 59.2 45.6 34.9
2 19.3 9.9 38.0 29.2 9.84
3 2.2 2.8 2.2 0.22
P 40.1 29.2 16.1 11.6 1.7 1.3

Py° 43.1 26.2 15.6 8.4 4.2 25

ap13= w1 + vs. PP 50) is neglecteds Py 5(0) from the linear surprisal plot. See the text for the assignment of the bending distribution in
= 0. P, is the statistical distribution.

r numberv,. The distributionP; 3(v1,3) = 59:38:3 forv1 3= 1, 2,
p OH+CH,CHO=H,0+CH,CO and 3 states extends to the energy limit = 3 and decreases
 experiment @) with increasingy: 3. A population invy 3= 0, P1 5(0) = 23.0+

3.8 for the average renormalized full distribution, was deter-
MN mined with the help of a linear surprisal analysis described

"“Mv‘mv ' below. The full distribution given in the columR, £ has the
maximum population~45%, inv; 3 = 1. The global bending
" calculation (b) distribution for »13 = 1, 2, and 3 states decreases with)

has a maximum in, = 1.

T T T T 1 ] Full HOD spectra, including th\v, = —2 + Ay, = —1
00 3300 3400 3500 3600 3700 3800 3900 .. . .
- emission in the 24083000 cm! region, were measured at

W although the bending distribution for thes; = 1 stretching state

Emission intensity (arb. units)
[ov)

| OD+CH,CHO=HOD+CH,CO conditions similar to those described above feEOHFigure 2c

| experiment © shows theAvs = —1 andAv, = —2 + Av; = —1 HDO spectra

: x 4 measured at 0.5 Torr, [NP= 1.7 x 10" molecules cm® and

WWMW WW [D2] = 2.1 x 10" molecules cm?, and the calculated spectrum
o according to the distribution given in Table 3 is presented in

L ‘ Figure 2d. The obtaine@3;(0—3) = 25:39:33:2 distribution,
| calculation m’ (d) giving populations irvs, shows an inverted distribution for the
] newly formed G-H bond with nearly equally populated =

x4
1 andv3 = 2 states. Populations in the “dark” (000) and (010)
e T T T states were assigned as equal to the populations in the (020)/
2400 2600 2800 3000 3200 3400 3600 3800 (100) and (030)/(110) diads, respectively, which is rather close
Wavenumbers (cm™) to statistical distribution. The uncertainty of this assignment can

Figure 2. (a) Simulation of the KD spectrum from the OH- CHC- be taken as half of the population in the dark state, and the
(O)H reaction. (b) Simulation of the HOD spectrum from the @D re_3U|t|n9P3(O) can be expressed as .25:.3-7- This Vglye agrees
CH4C(O)H reaction. The spectra were measured at 0.5 Tdr=(0.25 with the Py 50) value for BO, confirming the validity of the

ms), [NOJ] = 1.7 x 10" molecules cm?, [H,] or [D7] = 2 x 10 surprisal extrapolation for 0. The difference in th@; 3(H,0)
molecules cm? and [CHCHO] = 1 x 10" molecules cm® The andP3(HOD) distributions will become clearer after the analysis
calculated spectra correspond to the vibrational distributions in Tables below

2 and 3. )

The theoretical-information analysis of the vibrational dis-
using resonance-enhanced multiphoton ioniz&tiand electron-  tributions for HO and HDO from reactions 1 and 2 was carried
impact ionizatior3 In both studies channel 8a was found to be OUt using the methods described in our previous papb&Psior
the main route, with branching fractions of 8520%2 and 65 distributions were calculated assuming the same rate of forma-
+ 4%.3 The branching factor for channel 8b was determined tion of all the internal quantum states of products at a given
to be 35+ 2%23 and that of the stabilization channel 8d at a total energy (we may also call them “statistical” distributions).
pressure of 0.7 Torr was determined to be on the order & 10 Direct summation over the 40 and HOD rotational states was
5%.12 From these data, channel 8c can be estimated as minorcarried out. The prior distribution®; 5* andPs°, were calculated
shou'd result from Successive reactions 8a and 9 atom (mOde| |) FI‘OITI our pl’eViOUS StudieS, we knOW that the

3.2. H,O and HOD Vibrational Distributions from the internal degrees of freedom of R usually are not involved in
Primary OH(OD) + CHsC(O)H Reaction. Since reaction 3 the energy disposal for direct H atom abstraction. Tables 2 and
does not produce water, conditions with a short reaction time, 3 contain prior distributions for this model, and Figure 3 presents
At = 0.25 ms, and [N > [H2] were used to obtain spectra the corresponding surprisal plots for HOD (a) angDHb). In
from which the nascent 40 and HOD distributions from calculations of the surprisals presented in Figure 3, the
reaction 1 were obtained. Figure 2a shows th©Hpectrum  €xperimental distribution®, 3 and P; obtained by averaging
measured at 0.5 Torr with [Ngp= 1.7 x 10*4 molecules cm3 four H,O and four HDO simulations, respectively, were used.
and [H] = 2 x 10" molecules cm® and corrected for the The HOD surprisal plot in Figure 3a, which isin(P3/P3°)
response function. Panel b of Figure 2 presents the bestvs [,,0= [, 0/, directly reflects the deviation of the
calculated spectrum. The distribution presented in Table 2 is excitation of the newly formed HOD bond from the statistical
the average from fitting four spectra measured at conditions expectation. The surprisal plot of the GBCH3;CHO reaction
similar to those of Figure 2. The stretching® distribution is linear, with a slope of-1,, = 4.9+ 0.4, and has an intercept
P1.5(v1,3) in Table 2 is the summation over the bending quantum with the ordinate axisf,, = 0, of 13° = —0.99+ 0.22, giving
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TABLE 3: Vibrational Distribution of HDO from the Reaction of OD with CH 3;C(O)H

V3 Ulvza: 0 Z/]_,za: 1 Ulvza: 2 Ulvza: 3 Ulyza: 4 Ulyza: 5 Ulvza > 6 P3 Pgb P3°
0 4.0 3.4 4.0 3.4 3.7 3.6 3.1 25.2 27.5 76.5
1 14.1 5.9 10.7 2.7 2.6 3.1 39.1 37.9 20.3
2 19.9 10.2 2.4 0.9 33.4 32.3 3.1
3 1.7 0.7 2.4 2.3 0.08
P12 39.7 20.2 17.1 7.0 6.3 6.7 3.1
P12° 21.2 15.2 211 14.0 131 7.4 7.8

2 See section 2.2 for the definition of ». ® P3(0) from the linear surprisal plot.Populations in the dark (000) and (010) states were assumed
to be equal to the populations in the collisionally coupled (020/100) and (030/110) pairs of states, respe@ﬁwﬁflye; Ratistical distribution.

Torr, [NO;] = 2.4 x 10" molecules cm?, and [H] = 1.5 x
10" molecules cm? and corrected for the response function is
shown in Figure 4a. It features a broad structure between 2200
and 2400 cm! with Q-branch peaks belonging to differents
of the vz = 1 — v3 = O transition. The simulated spectrum is
presented below. The diagram in Figure 5 shows the, CO
“bending” distributionP; »(v,) averaged over the three measured
spectra. We have to use quotation marks becaws€1285
- < < < cm~1) andv; (1388 cntl) modes are collisionally coupled, and
00 0.1 02 03 04 05 06 0.7 0.8 0.9 1.0 notions v, and Py 2 have the same meaning as in the case of
f, HOD. The symmetric stretching excitation in €@ not
expected to be excited, and the observed excitation is presum-

] (b) OH+CH,C(O)H ably initially produced in the bending vibrations. This experi-
1H.0 mentalP; , distribution assumes that a complete equilibration
242 between the resonanv2andv; levels takes place. All three

1 spectra showed the maximum populatiorvir= 1 with levels
populated up tar = 10.

4] (a) OD+CH,C(O)H
31HOD

I(f,5)

1%

F (1)

] 13 -3.3 The CQ chemiluminescence from the OHCHsCO reaction
1 is shown in Figure 4b. It is a difference spectrum obtained after
2 -— subtraction of the contribution from reaction 3 from a spectrum
00 01 02 03 04 05 06 0.7 08 09 1.0 such as shown in Figure 1b. Although some uncertainty exists
fia in the intensity of the emission from the& = 1-5 levels,

Figure 3. Vibrational surprisal plots for the stretching distributions SImUIatIO.n _Of t_he difference speCEum gives the _bendlng
of (a) HOD from the OD+ CH;CHO reaction and (b) ¥D from the P1o(v2) distribution extended up to, = 25 with a maximum
OH + CHsCHO reaction. population inv, = 8 (Figure 5). As expected, this distribution

) ) ) is similar to that obtained for the unimolecular decomposition
P5(0) = 27.5 & 4.4 in the renormalized total population  of chemically activated acetic acid with an excitation energy
P3(0:1:2:3)= 28:38:32:2. Taking into account the uncertainty 4f 95 3 kcal mot?, which has been isolated and studied in our
given by the standard d(_awatlon of the surprisal p!ot, this value apparatud® In that study both dissociation channels
is in good agreement with thes(0) = 25 £+ 4 obtained from

the spectral simulation. The,B surprisal plot,—In(Py 3P 5°) *_
vs [, 0= [E, JIE,L is presented in Figure 3b and shows CH,C(O)OH™ = H,0+ CH,CO (102)
less decline, since the vibrational populations and corresponding — CH, + CO, (10b)

surprisals are related to the mixture of the “active” and
“spectator” local G-H mode vibrations, which are observed as
a mixture ofv, andvz normal modes. For the distribution from
reaction 1 the slope is'4,,, = 3.3+ 0.3. The intercept with
the f,,, = 0 axis is 113 = —0.61 £ 0.22, giving the
renormalized full populatioP; 3(0:1:2:3)= (23 £ 4):46:29:2.
In calculation of the total vibrational energy, the bending
distribution inv; 3 = 0 was estimated assuming a similarity with 4.1. Primary OH(OD) + CH3C(O)H Reaction. Comparison
v1,3= 1 for v, = 0—3, while higher bending populations were of energy disposal in Table 4 shows that the mean fraction of
assigned using a geometric progression decreasing by a factoavailable energy released as vibrational energy-f &hd HOD
of 0.5 for energetically allowed (046)060) states. Having the  in reactions 1 and 2 is close ff[for the reactions with ChD
total vibrational distribution, the fraction of energy released as and (CH),S and lower thaff,[(for reactions witm-butane and
the vibrational energy of WD was found to béf,C'= 0.51+ cyclohexane. The latter proceed by abstraction of the secondary
0.03. The fraction released to bending excitationnfig, [, H atoms from the alkanes. The stretching distribution is inverted
= 0.30. For the isotopic reaction &,[7= 0.53+ 0.02 and the and peaked o = 1 (and v13 = 1). Actually, theP3(v3)
fraction released to the €H vibration stretch mode i§E3, [ distribution is more indicative of the character of the reaction,
[E, = 0.65 forP3(0) = 25% from the simulations. The energy asP; 3(v1,3 can happen to be “inverted”, with both(v1) and
disposal data along with the results for several other hydroxyl Ps(vs) decreasing. A better characterization is the deviation from
reactions are summarized in Table 4. the prior distribution expressed via the slope of the surprisal
3.3. CQO;, Excitation from NO, and OH Reactions with plot. We can see from Table 4 that, values for acetaldehyde
CH3CO. The spectrum of C®from reaction 3 recorded at 0.8  reaction are close to that for formaldehyde and dimethyl sulfide,

were observed by the IR emission of®land CQ products,
and the highest observed €Bending state was, = 24 with
peak population o, = 8—9.

4. Discussion
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TABLE 4: Summary of Energy Disposal

J. Phys. Chem. A, Vol. 104, No. 42, 2008433

reaction (Ea3 — Ay f,0 (E,UE, 0 ref
OH + CH;C(O)H— H,0 + CHs;CO 32.6 3.3 0.51 0.30 this work
OH + CH,O — H,0 + HCO 32.9 3.2 0.56 0.34 7
OH + DMS — H,0 + CHsSCH, 27.5 3.2 0.53 0.30 4
OH + CgH12— H20 + CgH1s 27.1 5.7 0.62 0.14 1
OH + C4H10— H20 + C4Hg 24.7 55 0.65 0.19 1
OD + CH;C(O)H— HDO + CHsCO 32.8 4.9 0.53 0.65 this work
OD + CH,O — HDO + HCO 33.2 51 0.54 0.63 7
OD + DMS — HDO + CH3;SCH, 27.8 4.9 0.55 0.64 4
OD + CgHi2— HDO + CgHi1 27.4 6.3 0.56 0.82 1

aIn kcal mol. Available energies for deutero-isotopic reactions were calculated accounting for a change in zero vibration éfiémies.
fraction of the total vibrational kD energy released to the bending mode,[[E,[] in reactions with OH and the fraction of HOD vibrational

energy found in the ©H mode,E,,I[E,L] for reactions with OD.

CO, spectra

(a) NO, + CH,CO
experiment,
calcuM\

(b) OH + CH,CO
experiment

calculatiol

2000 2050 2100 2150 2200 2250 2300 2350 2400
Wavenumbers (cm™)

hydrocarbons. On the other hand, the energy in the newly
formed O-H bond determined from reaction Z,,[I(E,[] is

0.65 compared te-0.80 for hydrocarbons. It can be concluded
that, compared with that of hydrocarbons, reaction with théiC
bond of aldehydes disposes more energy to bending vibrations
at the expense of less excitation of the new-KD bond.
Accordingly, in the OH+ aldehyde reactions, the H atom of
the initially existing C-H bond cannot be regarded as a
complete spectator.

Reaction 1 has been studied using ab initio calculations at
the MP3! and VMP2/6-311G**2 levels of theory. The
optimized transition state (TS) HEH'—C(O)CH; geometry
corresponds tdR(O—H) = 0.967 A, R(O—H") = 1.395 A
(+43.8%),R(C—H") = 1.180 A (+6.7%),00—H'—C = 168.2,
and(OH—0—H = 94.5 (—9.6%). Figures in parentheses show
the deviation from the equilibrium parameters isgOHor CHC-
(O)H molecules. The structure of the TS is more reactant-like
in character and shows a strong Vctor in the direction of
the O atom. This TS resembles the TS'’s for H atom abstraction
from CH,0%® and (CH),S?4, as well as from alkanes (for
example, the variational TS theory calculation for the &H

Figure 4. Comparison of the experimental (upper curves) and simulated C;Hg reaction)?® they all show nearly collinear 'Hitom transfer

(lower curves) C@spectra: (a) from the NO+ CH;CO reaction with
[NO;] = 2.4 x 10" molecules cm?, [H] = 1.5 x 10" molecules
cm 3, and At = 0.25 ms; (b) from the OH- CH3CO reaction with
[NO;] = 7.2 x 10" molecules cm?, [Hy] = 2.5 x 10" molecules
cm3, andAt = 0.25 ms.

25
CO, vibrational distribution

from NO, + CH,CO
T from OH + CH,CO

i
0

Figure 5. Vibrational (bending) distribution of COrom the NG +
CHs;CO and OH+ CH;CO reactions.

but substantially less than the corresponding values for hydro-

carbon reactions (all values are for the model | prior calculation).
A slight trend for less energy in the bending vibration compared
to the OH+ CH,O reaction can be noted. The difference with
hydrocarbons is even more evident if we consider partitioning
of the vibrational energy between different vibrational modes.
The fraction of vibrational energy in bendird,,[[E, ) is equal

and an H-O—H' angle close to the equilibrium angle in the
water molecule. An important difference between OH reactions
with aldehydes and-butane on cyclohexane is that the former
are barrierless and exhibit a negative activation energy, while
the latter haveE, = 0.8 kcal mofL. In both cases, the energy
disposal corresponds to the release of energy after passing the
critical configuration. The larger bending-to-stretching excitation
ratio for aldehydes can have (at least) two explanations: (i) the
entrance channel for aldehydes has fewer restrictions with regard
to the HO-H'—C bending angle, and angles differing from
~109 permit larger bending excitation; (ii) the exit channel
potential energy surface for aldehydes induces coupling between
the stretching and bending modes of water as the potential
energy is released and as the two products separate. For
whatever reason, a correlation seems to exist between reduced
(E,,lE,Jand a smaller reaction rate constant per available H
atom. Formation of the bound complex in the exit channel could
explain some decrease of energy in the stretching vibrations,
but nevertheless, the obtain&i 1= 0.52 and—A4,, = 4.9 are
typical for direct abstraction reactions with an early transition
state.

4.2. Secondary N@, OH, and H + CH3CO Reactions The
NO, + CH3CO (3) reaction was studied by Slagle and GutPhan
using the infrared multiphoton-induced decomposition of-CF
Cl, to produce Cl atoms, which reacted with acetaldehyde,
giving CHsCO radicals. The acetyl radicals and other reaction
products were monitored by time-resolved photoionization mass

to 0.30 for reaction 1 and less than 0.20 in the case of spectrometry. From observation of the NO and3;Chdicals
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and the absence of other products, the authors concluded thatlistributions of the water product provide evidence against the
the reaction proceeds mainly by formation of methyl radicals. direct abstraction because the combined primary and secondary

The shape of the temporal profiles of the £Hon signal could
be simulated by a mechanism in which the acetoxy radicals CH
CO,, produced from decomposition of the @E{O)ONO
complex, rapidly decomposed to give gH CO,. This is in
accord with theD,gg(CH3-CO,) = —10 kcal mot?! estimated
from the heats of formation of G€0O,, CO,, and CH.2 Our
direct observation of C® confirms these results, and the

H,0 and HOD spectra show no emission fremy or v3 > 4.

The H+ CH3CO (8) reaction is expected to proceed via the
association of an H atom with acetyl radical, forming the
activated acetaldehyde molecule, which can decompose in
different ways (8ac) or be stabilized (8d%12 From the
theoretical study of the unimolecular dissociation offCkD)H,
it is known that the barrier for the production of molecular CO

observed bending excitation corresponds to the evolution from and CH, ~85 kcal mot1,2° is nearly equal to the energy

the bent G-C—0O configuration in the intermediate GEO,
radical to linear CQ geometry. At the same time, the lifetime
of the initially formed CHC(O)ONO adduct should be sufficient
to allow redistribution of energy to the methyl group. The CO
distribution from reaction 3 is peakedat= 1 and the highest
observedv, = 10 (see Figure 5). This distribution is a little
colder than that from the NO+ HCO reaction, which has a
maximum onyv, = 2 and extends te, = 137 However, the
available energy in reaction 3 is about 3 kcal mdarger than
in NO, + HCO — H + CO, + NO reaction. This can be an

released by addition of an H atom to acetyl radiea88 kcal
mol~1. The energetic situation is similar to that for the4H
HCO reaction, where a barrier of 82 kcal mblmust be
overcome to produce Ht CO with a total energy of 86.5 kcal
mol~%. For CHO, the elimination of H is the only pathway.
However, the dominant path for the decomposition of;CH
(O)H gives CH + HCO.

Another possibility to explain CO observation is decomposi-
tion of HCO from reaction 8a to H- CO. Such a reaction
sequence giving vibrationally excited CO was found in the study

indication that the methyl group takes part in the reaction of the analogous unimolecular reaction dynamics of chemically
dynamics and that the reaction indeed proceeds through forma-qctivated CHC(O)Cl and CFHC(O)CI, where initial decom-

tion of acetoxy radicals. It is important to note that thetF
HC(O)OH reaction does not give G@mission in the 2000
2400 cn! range, which is the most sensitive region for the
InSb detecto? Even though HC@is not a stable radical, the
extra energy from the decomposition of RC(G)NO is critical

for the excitation of the asymmetric stretching mode of,CO

The interesting difference between the reactions of Nith
formyl and acetyl radicals is that two different intermediate
adducts can lead to two sets of products: HC(O)N@es
HONO + CO, and HC(O)ONO gives (H CO;) + NO. Both
CO and CQ were observed in our previous IRCL stufiyn
the acetyl reaction, the GE(O)NO, complex can also be
initially formed, which can be followed by redissociation,
collisional stabilization, or elimination of GJ®NO or HONO.
The NG, + CH3;CO — CH3ONO + CO and CHCO + HONO
reaction channels are exothermic by 48 and 36 kcal~fol

position forming CICO was followed by the CICES CI + CO
procesg’ However, in the case of reaction 8a the available
energy is only about 4 kcal mol as calculated from the heats
of formation of the reagents and the products. This energy is
insufficient for the cleavage of the-HCO bond,Do(H—CO)

= 15 kcal moi1.28 Thus, the observation of CO in the present
study should be due to the reaction sequence 8a and 9.

5. Conclusions

The nascent vibrational distributions of,® and HOD
molecules from OH or OD reactions with acetaldehyde have
been determined from their infrared chemiluminescent spectra.
Thewv3(O—H) stretching distribution of HOD is inverted with a
maximum forvsz = 1. The overall release of energy to the
vibrational modes of the water molecule 0= 0.52 with

respectively. Nevertheless, unlike the four-centered migration 30% disposed to the bending vibration and 65% disposed to

of the H atom in the HC(O)N®@intermediate, giving HONO
+ CO, no products indicating formation of the gE{O)NGO,

the newly formed G-H bond. This energy disposal is similar
to that of the reaction with formaldehyde but differs from that

intermediate were observed in our study or in the study of Slagle for reactions witin-butane and cyclohexane; the latter release

and Gutmar. In the latter work the authors failed to detect
CH3C(O)NG,, CH,CO, or HNG at 1-2 Torr in their experi-
ments. Hence, the probable fate for LHO)NG; is redisso-
ciation or isomerization to C#C(O)ONO.

The most important question for the GHCH3;CO reaction
is whether it proceeds via addition/elimination or by a direct
abstraction mechanism. The close similarity of the,@{Dra-
tional distributions from reaction 4 and the decomposition of
acetic acid formed by H- CH,C(O)OH allows us to conclude

more energy to stretching vibrations~80%) and less to
bendings €20%). A correlation between the,,[/[EE,[Jand
reaction rate constant can be identified.

The present study confirmed that reactions of ;NOH, and
H with CH3CO proceed by addition/dissociation pathways. For
the CHCO + NO; reaction, the chemiluminescence from £0
molecules was observed from tide/; = —1 transitions. The
vibrational bending excitation of GOrom the unimolecular
decomposition of the C¥CO, radical produced via the G-

that the reaction proceeds through the addition of OH to acetyl (O)ONO intermediate extends tg = 10 with a peak on;; =

radical followed by the decomposition of the acetic acid wit
an excitation energy of about 110 kcal mblAnother argument
for the addition/elimination mechanism is that thgCHor HOD)
stretching excitation higher tham s (or v3) = 3 was not

h 1. This vibrational distribution is similar to that from the HCO

+ NO; reaction, e.g., to the unimolecular decomposition of the
HCQO, radical.

observed from the spectra acquired for conditions that were References and Notes
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secondary reaction occurred. We conclude that, for both OH-

(OD) + HCO and OH(OD)- CH3CO reactions, the vibrational
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