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ABSTRACT

The synthetic routes to form acetaldehyde [CH3CHO(X
1A0)] in extraterrestrial ices were investigated experi-

mentally in a contamination-free ultrahigh vacuum scattering machine. Binary ice mixtures of carbon monoxide
[CO(X 1�+)] and methane [CH4(X

1A1)] were condensed at 10 K onto a silver monocrystal and irradiated with 5 keV
electrons to mimic the electronic energy transfer processes initiated byMeV cosmic-ray particle–induced �-electrons
in the ‘‘ultratrack’’ of MeV ion trajectories; the carbon monoxide–methane ices served as model compounds to
simulate neighboring CO�CH4 molecules in astrophysical ices, as present in cold molecular clouds and in cometary
matter. Upon completion of the high-energy processing, the ice samples sublimed during the heating phase to 293 K,
thus releasing the remaining reactants as well as the newly formed molecules into the gas phase. The experiment was
monitored on line and in situ via a Fourier transform infrared (FTIR) spectrometer in absorption-reflection-absorption
mode (solid state) and a quadrupole mass spectrometer (gas phase). Our investigations were combined with electronic
structure calculations. At 10 K, the primary reaction step involved the cleavage of the carbon-hydrogen bond of the
methane molecule via an electronic energy transfer process from the impinging electron to the methane molecule to
form a methyl radical [CH3(X

2A00
2 )] plus a hydrogen atom [H(2S1/2)]. The H atom contains the excess energy in the

form of translational motion; suprathermal hydrogen atoms can add to the carbon-oxygen triple bond of the carbon
monoxide molecule, overcoming the entrance barrier, to yield the formyl radical [HCO(X 2A0)]. Depending on the
reactant geometry inside the matrix cage, the formyl radical recombined barrierlessly with the neighboring methyl
radical inside the ices at 10 K. Upon warming of the ice sample, the acetaldehyde molecules sublime into the gas
phase. This process mimics the sublimation of molecules from the grain mantles into the gas phase upon the transition
of the molecular cloud to the hot molecular core phase. This mechanism to form acetaldehyde inside interstellar ices
(cold molecular clouds; 10 K) upon high-energy processing, followed by a radical-radical recombination and sub-
limation in the hot core phase (molecular cores; few 100 K), presents a compelling route to account for high fractional
abundances of acetaldehyde of a few times 10�9 toward star-forming regions, as compared to abundances of only
some 10�10 in the cold cloud TMC-1, where solely gas-phase reactions are supposed to synthesize acetaldehyde.

Subject headinggs: astrobiology — astrochemistry — comets: general — ISM:molecules — methods: laboratory —
molecular processes

1. INTRODUCTION

Untangling the synthetic routes to form complex organic mol-
ecules in the interstellar medium presents an important means
to an understanding of the chemical evolution of cold molecular
clouds, hot molecular cores, and star-forming regions (Millar
& Hatchell 1998; Minh & van Dishoeck 2000). Since the tran-
sition from the molecular cloud to the hot core phase depends
strongly on the molecular composition, it is of paramount impor-
tance to unravel the basic physical and chemical processes of
how molecules are formed in these environments. A detailed un-
derstanding of the synthesis of acetaldehyde [CH3CHO(X

1A0)]
is of particular pertinence to testing chemical models of molec-
ular clouds and hot cores, as this molecule plays an important role
in astrobiology (Hjalmarson et al. 2001). So far, acetaldehyde
has been observed in the gas phase in three types of interstellar
environments: (1) in translucent clouds such as CB 17, CB 24,
and CB 228 (Turner et al. 1999); (2) in cold molecular clouds such
as the Taurus molecular cloud (TMC-1) and L134N (Matthews

et al. 1985; Turner et al. 1999;Minh& van Dishoeck 2000); and
(3) toward hot cores and star-forming regions such as Sgr B2,
NGC 6334F, and the Orion compact ridge (Fourikis et al. 1974;
Bell et al. 1983;Turner 1991;Ziurys&McGonagle 1993;Nummelin
et al. 1998; Ikeda et al. 2001; Charnley 2004). A recent survey
carried out by Gibb et al. (2004) using the Infrared Space Ob-
servatory (ISO) also assigned a 7.414 �m (1438 cm�1) absorp-
tion feature to acetaldehyde found in interstellar ices toward 12
of 23 infrared sources studied (mostly young stellar objects
[YSOs] surrounded by icy grains), including W33A and AFGL
7009S. In addition, the presence of acetaldehyde in comets, such
as C/1995O1 (Hale-Bopp), has recently been confirmed (Crovisier
et al. 2004).

Despite the important role of acetaldehyde as an evolutionary
tracer in astronomy, astrochemistry, and astrobiology, no conclu-
sive evidence has been given so far on its formation processes.
The majority of mechanistic information on potential synthetic
routes has been derived from chemical reaction networks that ac-
tually model the formation of complex organic molecules in in-
terstellar environments. Models of pure gas-phase chemistry in
cold molecular clouds focus on ion-molecule reactions to form
C2H5O

+ ions via radiative associations, followed by a dissocia-
tive recombination to yield the desired acetaldehyde molecule
(Fairley et al. 1996; El-Nawawy et al. 1997).Assuming a standard
cosmic-ray ionization rate of 1 ; 10�17 s�1, these models repro-
duce nicely the observed fractional abundances of acetaldehyde
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of (3 6) ; 10�10 relative to molecular hydrogen in cold clouds
like TMC-1.

However, ion-molecule reaction networks were not able to re-
produce fractional abundances of acetaldehyde in hot cores and
star-forming regions, where predicted abundances are only 5 ;
10�12 (Millar et al. 1991; Dickens et al. 1997). These data un-
derestimate those obtained from Nobeyama Radio Observatory
(NRO) and Swedish-ESO Submillimetre Telescope (SEST) ob-
servations of Sgr B2 by a factor of at least 1000 (Nummelin et al.
1998). Therefore, pure gas-phase reaction networks failed to
model the observed fractional abundances up to a few times 10�9.
Compared to cold molecular clouds, hot core regions hold higher
temperatures of up to 200 K, compared to 10 K in molecular
cloud environments. In hot cores, the enhanced temperature trig-
gers a sublimation of molecules from the icy grains into the gas
phase. To explain the increased abundances of acetaldehyde in
hot cores compared to cold molecular clouds, Millar et al. (1997)
simulated these sublimation processes and injected molecules
from the solid state into the gas phase to enhance the production
of acetaldehyde via gas-phase ion-molecule reactions. Never-
theless, thesemodels could not reproduce the abundances of com-
plex molecules such as acetaldehyde, dimethylether (CH3OCH3),
and methanol (CH3OH) simultaneously; depending on the phys-
ical and chemical conditions in the models, molecular abun-
dances are a factor of 100 too high or too low.

Alternative scenarios propose the formation of acetaldehyde via
grain-surface reactions of hydrogen, carbon, and oxygen atoms in
cold molecular clouds through radical-radical reactions on inter-
stellar grains at 10 K (Tielens &Hagen 1982) and then liberation
into the gas phase via sublimation in hot cores when the sur-
rounded matter is heated by the embedded protostar (Millar &
Hatchel 1998). However, even this refined model could not fit ob-
served abundances of acetaldehyde. Very recently, Ruffle &Herbst
(2001) incorporated effects of surface photochemistry in quiescent
dense cores into a combined gas-phase and grain-surface model.
Although this approach did not investigate the formation of ac-
etaldehyde explicitly, the authors concluded that the inclusion
of these processes only slightly increases molecular abundances
and that grain-surface photochemistry has only a minor role be-
cause of the small ultraviolet photon flux and the mitigating effect
of hydrogen atoms. Here atomic hydrogen migrates more rapidly
than any other atom or radical on the 10 K grain surfaces, thus sat-
urating the free valences of radical intermediates and inhibiting
the formation of complex organic molecules.

These considerations make it exceptionally clear that neither
gas-phase ion-molecule reactions nor grain-surface processes
can explain the enhanced abundances of acetaldehyde in star-
forming regions of a few times 10�9; key production routes to
form acetaldehyde are still missing. The postulate that the mate-
rial inside the nanometer-thick ice mantles of grains in molec-
ular clouds—predominantly water (H2O), methanol (CH3OH),
carbon monoxide (CO), carbon dioxide (CO2), and minor com-
ponents such as ammonia (NH3), formaldehyde (H2CO), hydro-
gen cyanide (HCN), carbonyl sulfide (OCS), and methane (CH4)
(Ehrenfreund & Schutte 2000; Gibb et al. 2000, 2004; Fraser
et al. 2002)—is chemically inert at 10 K presents the crucial
drawback. This assumption limits the validity even of sophisti-
cated grain-surface models dramatically, since the chemical evo-
lution of interstellar and cometary ices by bombardment with
broadband ultraviolet (UV) photons (Gerakines et al. 1996;
Allamandola et al. 1999; Dartois et al. 1999; Schutte 1999;
Bernstein et al. 2002; Muñoz Caro & Schutte 2003) and MeV
cosmic rays and keV solar wind particles is well established
(Johnson 1990, 1996; Brucato et al. 1997; Kaiser & Roessler

1997, 1998; Smith 1997; Lecluse et al. 1998; Strazzulla &
Palumbo 1998; Hudson & Moore 1999; Kaiser et al. 1999;
Palumbo et al. 1999, 2000; Bennett et al. 2004; Gerakines et al.
2004). Therefore, pristine ice mantles can be processed chem-
ically by the high-energy cosmic radiation field. Once complex
molecules such as acetaldehyde have been formed inside ices,
the inherent temperature increase from 10 to up to 200 K that
goes along with the transition from the cold molecular cloud
to the hot core phase could lead to a sublimation of the newly
formed molecules into the gas phase. If the assignment by Gibb
et al. (2004) of acetaldehyde being present in icy grains is
correct, then this accentuates the likelihood of a large propor-
tion of the acetaldehyde observed in the gas phase that can be
explained by sublimation from ices. However, the question as
to the formation mechanism of acetaldehyde inside these grains
presents a new problem to be answered, and is likely to come
from studying the processing of simpler precursor molecules
already firmly established as present within these grains.
Despite the importance of high-energy particle–induced

chemical alterations of pristine extraterrestrial ices to form new
molecules, these processes have never been included compre-
hensively into astrophysical reaction networks modeling the
formation of acetaldehyde. Therefore, novel laboratory experi-
ments on the formation of acetaldehyde in extraterrestrial ices are
clearly desired. The prime objective of this project is to investi-
gate experimentally the formation of acetaldehyde in interstellar
ices via charged particles of the cosmic-ray radiation field and to
carry out simulation experiments under well-defined physico-
chemical conditions that mimic the high-energy particle com-
ponent, the temperatures, and the chemical composition of cold
molecular clouds and hot cores in an ultrahigh vacuum scattering
machine. These experiments are augmented by electronic struc-
ture calculations to investigate the reactivity of radiolytically
produced radicals and reactive intermediates involved in the for-
mation of acetaldehyde theoretically. Both sets of data will help
to provide synthetic routes to synthesize acetaldehyde in cold
molecular clouds, hot cores, and also in cometary ices.

2. SIMULATION CONDITIONS

2.1. High-Energy Components

Simulation experiments of the formation of complex organic
molecules in extraterrestrial ices can never mimic the complexity
of interstellar environments, i.e., the wide energy range of the
high-energy photons and charged particles (and their chemical
composition), the temperatures, and the composition of ice tar-
gets itself, simultaneously. Therefore, an understanding of these
processes must first be based on simulation experiments involv-
ing relatively simple model systems under controlled conditions,
before these studies are extended to more complex systems. First
and foremost, it is essential to select the appropriate class of
high-energy radiation, i.e., UV photons versus charged cosmic-
ray particles, which interact with the astrophysically important ice
mixtures. Here, a cosmic-ray–induced internal ultraviolet radia-
tion (k <13:6 eV) is present even in the deep interior of dense
clouds, holding a fluence � ¼ 103 photons cm�2 s�1 (Prasad &
Tarafdar 1983). The particle component consists of about 98%
protons ( p, H+) and 2% helium nuclei (� -particles, He2+) and
has a distribution maximum at about 10 MeV with � ¼ 10 par-
ticles cm�2 s�1 (Strazzulla & Johnson 1991). Although the
fluence of the UV field is 2 orders of magnitude larger than the
cosmic-ray particle fluence, we would like to recall that UV
photons are absorbed within the first tens of nanometers of the
ice via single-quantum processes (i.e., interaction with only one
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molecule per photon); on the other hand, MeV cosmic-ray par-
ticles can penetrate the ice layer and induce collision cascades
and generate up to 102 suprathermal particles within the sur-
rounding ice matrix (by suprathermal, we are referring to parti-
cles that, because of the excess energy they have gained from
the impinging radiation, are not in thermal equilibrium with their
environment, in this case at 10 K, also referred to as ‘‘hot atom’’
chemistry). Consequently, the lower fluence of the cosmic-ray
field is clearly eliminated by the capability of cosmic-ray MeV
particles to generate multiple reactive atoms within a single
collision cascade (Kaiser et al. 1997). Charged particles divert
their kinetic energy via electronic and nuclear interaction to
the ice target, and the ratio of this electronic versus nuclear en-
ergy transfer depends strongly on the kinetic energy of the im-
plant. For example, solar wind particles have kinetic energies
on the order of 1 keVamu�1; they interact predominantly (>95%)
through nuclear (elastic) interaction processes. On the other hand,
10 MeV cosmic-ray particles, as present in the deep interior of
cold clouds, lose their energy almost exclusively (99.999%) via
electronic interaction to the target molecules. As a high-energy
cosmic-ray particle penetrates an ice, it produces an ‘‘infratrack’’
(or ‘‘primary ionization track’’) a few angstroms perpendicu-
lar to the trajectory, within which these electronic interaction
processes lead primarily to bond ruptures and ionization of the
molecules. Detailed collision cascade calculations show that in
molecular crystals, up to a few keV could be transferred from the
implant into a single molecule. Considering the ionization energy
of, for example, methane of 12.7 eV, this few keV of energy is
sufficient to form not only singly, but also multiply positively
charged CH4

n+ ions. During the ionization process, secondary
electrons are released, named �-electrons (or �-rays), which leave
themolecule almost perpendicularly to the trajectory of the cosmic-
ray implant and have a range of a few hundreds of nanometers,
generating an ‘‘ultratrack’’ around the infratrack, leading to fur-
ther bond rupture processes via inelastic energy transfer from
the �-electrons to the molecules residing within the ultratrack.
Within the infratrack, the departing electrons leave positive
charges behind; this can lead to Coulomb explosions, either
intramolecular (within one molecule) or intermolecular (repul-
sion of various charged CH4

n+ ions), and generates more supra-
thermal atoms and ions with kinetic energies of up to a few keV.
The chemical nature of these particles depends on the compo-
sition of the ices, but is dominated by H/H+ with minor contri-
butions of atoms/ions of oxygen, carbon, and nitrogen.Henceforth,
the electronic energy transfer process generates suprathermal
species inside the infratrack via a conversion of potential en-
ergy into kinetic energy. These considerations suggest that in
order to untangle the cosmic radiation field–induced formation
of acetaldehyde in interstellar ices and to extract the underlying
mechanisms comprehensively, it is necessary to carry out three
discrete batches of irradiation experiments: (1) UV photolysis
to mimic the internal UV field; (2) a charged particle irradiation
of ices by keV protons and ions of oxygen, carbon, and nitrogen
to simulate the suprathermal particles generated via Coulomb
explosion; and (3) keVelectron bombardment of ice samples to
mimic the �-electrons in the ultratrack. In this paper, we focus on
keV electron bombardment and hence the formation of acetal-
dehyde via electronic energy transfer processes, which contrib-
utes to about 99% of the energy loss of the Galactic cosmic-ray
particles; the charged particle and photon-induced syntheses of
acetaldehyde are subjects of forthcoming articles.

In our experiments the ices are processed by bombardment
with 5 keVelectrons. The Galactic cosmic-ray field consists pre-
dominantly of protons, which have a distribution maximum of

about 10 MeVand lose 99.99% of their kinetic energy via trans-
fer of their kinetic energy to the electronic system of the target
molecules (here carbon monoxide and methane). This electronic
energy transfer generates energetic electrons (�-electrons) with
energies of a few keV; in addition, the electronic linear energy
transfer (LET) of MeV protons to the ice target holds a similar
value as the 5 keVelectrons used in the present experiments, i.e.,
a few keV �m�1 (Johnson 1990; Bennett et al. 2004). Therefore,
our laboratory experiments mimic the formation of acetaldehyde
in carbonmonoxide–methaneneighboring complexes via charged
particles through electronic energy-loss processes in interstellar
ices, as condensed on grains in molecular clouds at 10 K. Once
the cold cloud passes through the hot molecular core stage, the
elevated temperatures can cause the newly formed acetaldehyde
molecules to sublime, whereby they are detected in the gas phase
via radio telescopes.

2.2. Temperature Conditions

Since our primary goal is to untangle the formation of acet-
aldehyde in ices deep inside molecular clouds and the sublima-
tion of the icy component in the hot molecular core stage, the
irradiation experiments have to be carried out at 10 K. This tem-
perature is representative for ices condensed on interstellar grain
material (Tielens & Allamandola 1987). The hot core phase is
simulated by simply warming up the target after the irradiation
and monitoring the newly formed species on line and in situ (see
x 3). Note that if ices sublime close to the embedded YSO, the
subliming molecules may also be photolyzed (Staüber et al. 2004).
In the present simulation experiments, the destruction of the
subliming molecules by photons is not considered, but it will be
simulated in future experiments via photolysis of the ices dur-
ing the warming up phase. Therefore, the extracted formation
rates of acetaldehyde present upper limits (because of destruc-
tion processes in the gas phase) once the sublimation process is
engaged in hot cores.

2.3. Chemical Composition

It is important to elucidate the possible mechanisms as to
how acetaldehyde might be formed inside interstellar ices via
electronic energy transfer processes. Synthetic routes are derived
combining concepts of suprathermal chemistry (Roessler 1992;
Kaiser 2002) together with a classical retrosynthetic approach.
This will ultimately identify those molecules that are potential
precursors to the acetaldehyde molecule and guide the selection
of ice mixtures in our simulation experiments. Figure 1 compiles
the retrosynthetic approach comprehensively. Acetaldehyde holds
three nonequivalent single bonds (� bonds), which can be cleaved
homolytically (both species retain one electron of the pair pre-
viously involved in the chemical bond) to yield theHþ CH2CHO
(box 1), CH3 þ CHO (box 2), and CH3COþ H (box 3) radi-
cal pairs (electronic states are omitted for clarity). Formally, the
polyatomic radicals can undergo a second homolytic bond rup-
ture to form Hþ Hþ HCCHO (box 1.1), Hþ Hþ H2CCO
(boxes 1.2, 3.1), Hþ CH2 þ HCO (boxes 1.3, 2.1), and Hþ
CH3 þ CO (boxes 2.2, 3.2). The resulting atoms and radicals
can recombine to yield four reactive systems that can essentially
form acetaldehyde in interstellar ices: H2 þ HCCHO (R1), H2 þ
H2CCO (R2), CH2 þ H2CO (R3), and CH4 þ CO (R4).

To actually design realistic simulation experiments, we have
to compare these reactants with those molecules actually ob-
served in interstellar ices. If one of the reactants has not been
observed on icy grains, this system can be eliminated from be-
ing studied. Most importantly, the HCCHO molecule presents a
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reactive carbene that has been detected neither in the gas phase
nor in the solid state. Note that the carbene could undergo a [1,2]-
hydrogen migration to yield the ketene molecule H2CCO; the
latter presents also a necessary reactant in R2, but has only been
observed in the gaseous interstellar medium. Likewise, the car-
bene diradical in R3 has not been detected in interstellar ices;
therefore, R3 likely plays no role in the synthesis of acetalde-
hyde. Note, however, that suprathermal carbene species can be
generated inside methane-containing ices via nuclear interaction
through inelastic energy transfer from a cosmic-ray particle to
the CH4 molecule (Kaiser & Roessler 1998). This possibility
will be investigated in a forthcoming paper dealing exclusively
with nuclear energy transfer processes.

With these considerations, R4 presents the only system whose
reactants were observed in interstellar ices. Carbon monoxide
has been identified in polar and apolar ice matrices toward quies-

cent dark clouds (Elias 16) and YSOs of lowmass (Elias 29), in-
termediate mass (e.g., AFGL 989), and high mass (e.g., Orion BN,
W33A, andAFGL 7009S); typically abundances from3% to 30%
(relative to water) are found (Tielens et al. 1991; Ehrenfreund
et al. 1996; Schutte 1999; Gibb et al. 2000, 2004). Likewise,
methane has also been identified in such regions, where abun-
dances of 1%–6% are commonly found (Sandford et al. 1988;
Boogert et al. 1996, 1997, 1998; Ehrenfreund et al. 1997; Gibb
et al. 2000, 2004; Keane et al. 2001). It should, however, be
noted that the majority (>70%) of the carbon monoxide detected
is associated with an outer apolar layer, which is suspected to
be composed mostly of CO, N2, and O2. Thus, we would not
expect to find methane as a neighboring molecule to this frac-
tion of the carbon monoxide detected; typically the polar abun-
dance is closer to 2%–10% (Schutte 2002). However, even if
carbon monoxide and methane may not be initially condensed

Fig. 1.—Retrosynthetic approach on the formation of acetaldehyde in extraterrestrial ices, which details that acetaldehyde can be formed by the recombination of the
radical pairs in boxes 1, 2, and 3; these in turn can be formed by the recombination of the species shown in boxes 1.1–3, 2.1–2, and 3.1–2, which can be formed from a
bond cleavage of the initial reactants R1–R4.
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onto a grain in proximity to one another, as they are both irra-
diation products from methanol we can still expect neighboring
carbon monoxide and methane molecules to occur within inter-
stellar ices (Baratta et al. 2002). Note that both carbon mon-
oxide (2%–23%) and methane (1%) have also been assigned in
cometary ices (Crovisier 1998; Biver et al. 2002). On the basis
of these considerations, we selected CO/CH4 mixtures to test
whether acetaldehyde can be formed in interstellar ices via the
reaction sequences outlined in Figure 2. Again, we would like
to stress that no ices that contain solely carbon monoxide and
methane have been identified so far. The choice of this ice mix-
ture mimics rather neighboring CO�CH4 molecules in astro-
physical ices to address specific mechanisms of a high-energy
induced formation of acetaldehyde in astrophysical ices.

3. EXPERIMENTAL APPROACH

The simulation experimentswere carried out in a contamination-
free ultrahigh vacuum (UHV) chamber; the top view of this
machine is outlined in Figure 3. This setup consists of a 15 liter
cylindrical stainless steel chamber of 250 mm diameter and
300 mm height, which can be evacuated down to 8 ; 10�11 torr
by a magnetically suspended turbopump backed by an oil-free
scroll pump. A two-stage closed-cycle helium refrigerator, inter-
faced to a differentially pumped rotary feedthrough, is attached
to the lid of the machine and holds a polished silver monocrystal.
This crystal is cooled to 10:4� 0:3 K, serves as a substrate for
the ice condensate, and conducts the heat generated from the
impinging electrons to the cold head. To minimize the radiative
heat transfer from the chamber walls to the target, a 40 K alu-
minum radiation shield is connected to the second stage of the
cold head and surrounds the crystal. The ice condensation is as-
sisted by a precision leak valve. The latter is connected to a gas
reservoir and rests on a linear transfer mechanism; during the
actual gas condensation, the deposition system can be moved to
5 mm in front of the silver target. This setup guarantees a repro-
ducible thickness and composition of the frosts. To allow a selec-
tion of the target temperature, a temperature sensor, a 50� cartridge
heater, and a programmable controller are interfaced to the target.

The CO-CH4 ices were prepared at 10 K by depositing pre-
mixed gases onto a cooled silver crystal. Blank checks of the pure
gases (CH4, 99.99%; CO, 99.99%: The SpecialtyGasGroup) via
a quadrupole mass spectrometer (QMS) and of the frosts via a
Fourier transform infrared (FTIR) spectrometer showed no ac-
etaldehyde contamination in the samples. Table 1 compiles the
absorptions present in the methane–carbon monoxide mixture.
To determine the ice composition quantitatively, we integrated
numerous absorption features and calculated the column density,
i.e., the numbers of absorbing molecules per cm2 inside the ice,
via a modified Lambert-Beer relationship (Bennet et al. 2004).
For carbon monoxide we used the 13CO isotope peak to quantify

the abundance (multiplied by 100/1:1 to get the total CO thick-
ness), which was composed not only of the fundamental band
appearing at 2090 cm�1, but also a shoulder feature at 2086 cm�1

(ratio of the areas�6:1), whichwas attributed to the formation of
a CO�CH4 complex, similar to that observed in thin films of
CO :CH4 by Alsindi et al. (2003). For methane, we chose to use
the weaker bands absorbing at 3849 cm�1 (3�4 overtone band)
and 4203 cm�1 (�1 þ �4 combination band). The integrated ab-
sorption features, the corresponding integral absorption coeffi-
cients, and the column densities are summarized in Table 2. These
data suggest a carbonmonoxide–rich ice and a CO :CH4 ratio of
6:1, with column densities of 2:9 ; 1018 and 5:2 ; 1017 cm�2,
respectively. Considering a density of 0.53 g cm�3 for CH4 ice
(Wyckoff 1965) and 1.03 g cm�3 for CO ice (Krupskii et al.
1973) at 10 K, this translates into a thickness of 0:26� 0:02 �m
methane and 1:31� 0:05 �m carbon monoxide ices (giving an
estimated total ice thickness of 1:57� 0:05 �m).

These ices were irradiated isothermally at 10 K with 5 keV
electrons generated in an electron gun (Specs EQ-22/35) at beam
currents of 100 nA (30 minutes) by scanning the electron beam
over an area of 3:0� 0:4 cm2. Accounting for irradiation times,
as indicated in parentheses, and the extraction efficiency of
78.8% of the generated electrons, this exposes the target to 8:8 ;
1014 electrons. Higher beam currents should be avoided to rule
out overlapping cascades and to limit the temperature increase of
the frost surface to less than 1 K. After the actual irradiation, the
sample was kept isothermal at 10 K for 60 minutes and heated
then by 0.5 K minute�1 to 273 K. We used the CASINO code
(Drouin et al. 2001) to simulate the electron trajectories within
the ice, with input parameters defined by our previously deter-
mined CO :CH4 ratio. The results give a distribution maximum
at a penetration depth of 620 nm, therefore exposing our sample
to an average dose of 1:1� 0:2 eV per molecule and giving us an
average LET of 8 keV �m�1.

To guarantee an identification of the reaction products in the
ices and those subliming into the gas phase on line and in situ,
two detection schemes are incorporated: (1) an FTIR spectrom-
eter and (2) a QMS. The chemical modifications of the ice targets
are monitored during the experiments to extract time-dependent
concentration profiles and hence production rates of newly formed
molecules and radicals in the solid state. The latter is sampled
via a Nicolet 510 DX FTIR spectrometer (6000–500 cm�1)
operating in an absorption-reflection-absorption mode (reflec-
tion angle� ¼ 75�; Fig. 3), each spectrum comprising 282 scans
operating at a resolution of 2 cm�1. The infrared beam is coupled
via a mirror flipper outside the spectrometer, passes through
a differentially pumped potassium bromide (KBr) window, is
attenuated in the ice sample prior to and after reflection at a pol-
ished silver wafer, and exits the main chamber through a sec-
ond differentially pumped KBr window before being monitored

Fig. 2.—Proposed possible pathways to form acetaldehyde in carbon monoxide–methane ice mixtures via initial bond rupture of the methane molecule initiated by
electronic energy transfer processes from the impinging energetic electron and two subsequent reaction channels to form the acetaldehyde molecule via reaction of either
the radical (a) or atom (b) to the carbonmonoxidemolecule followed by barrierless recombination of the remaining radical or atom; electronic states are omitted for clarity.
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TABLE 1

Infrared Absorptions of the Carbon Monoxide–Methane Frost at 10 K (6 :1)

Band Position

[cm�1 (�m)] Assignment Characterization

2906 (3.44)................................... �1 (CH4) Symmetric stretch

1529 (6.54)................................... �2 (CH4) Degenerate deformation

3003 (3.33), 3018 (3.31) ............. �3 (CH4) Degenerate stretch

1295 (7.72), 1308 (7.65) ............. �4 (CH4) Degenerate deformation

2595 (3.85)................................... 2�4 (CH4) Overtone

3849 (2.60)................................... 3�4 (CH4) Overtone

2817 (3.55)................................... �2 + �4 (CH4) Combination

4118 (2.43)................................... �2 + 2�4 (CH4) Combination

4203 (2.38)................................... �1 + �4 (CH4) Combination

4301 (2.33)................................... �3 + �4 (CH4) Combination

4529 (2.21)................................... �2 + �3 (CH4) Combination

2142 (4.67)................................... �1 (CO) (apolar) C�O stretch

2090 (4.79), 2086sh (4.79).......... �1 (
13CO) Isotope peak, [13CO�CH4] complex

4247 (2.36)................................... 2 �1 (CO) Overtone

Note.—Assignment of the observed bands according to Kaiser et al. (1998) (CH4), Sandford et al.
(1988), Zou & Varanasi (2002), and Alsindi et al. (2003) (CO).

Fig. 3.—Top view of the experimental setup. The cooled silver mirror target (10 K) is rotated to face a glass capillary array attached to the linear transfer mechanism,
which is extended to within 5 mm of the target, and the CO :CH4mixture is deposited via a precision leak valve. Then the target is rotated and aligned with the FTIR to a
reflection angle of 75�, where it remains throughout the irradiation from the electron gun and during the warm-up process so that newly formed species can be detected.
Species subliming into the gas phase are monitored throughout via the mass spectrometer.



via a liquid nitrogen–cooled detector (mercury-cadmium-
telluride detector type B [MCTB]). Compared to room temper-
ature DTGS (deuterated triglycine sulfate) detectors and a data
accumulation in transmission mode, two effects enhance the sen-
sitivity of this detection scheme by almost 2 orders of magnitude.
These are (1) the lower background noise level of our liquid
nitrogen–cooled detector by a factor of 10 compared to room
temperature detectors and (2) the operation of the spectrometer
in absorption-reflection-absorptionmode rather than in transmis-
sion mode, which enhances the sensitivity by a factor of f ¼
2/cos � � 8; the factor 2 accounts for the fact that the beam
passes the sample twice (incoming and outgoing beam). The gas
phase is monitored by a quadrupole mass spectrometer (Balzer
QMG 420; 1–200 amu mass range) with electron impact ioniza-
tion of the neutral molecules in the residual gas analyzer mode at
electron energies of 90 eV.

4. ELECTRONIC STRUCTURE CALCULATIONS

We have examined the C2H4O potential energy surface
of the reaction of methane (CH4) with carbon monoxide (CO)
in the gas phase in terms of ab initio molecular orbital methods.
In this paper, we focus on the initial carbon-hydrogen bond
cleavage of the methane molecule and the successive reaction of
the fragments, i.e., the potential energy surfaces of H(2S1/2 ) þ
CO(X 1�þ) and CH3(X

2A00
2 )þ CO(X 1�þ). Although the re-

action pathways of H(2S1/2 )þ CO(X 1�þ) ! HCO(X 2A0) and
CH3(X

2A00
2 )þ CO(X 1�þ) ! CH3CO(X

2A0) have been stud-
ied extensively in previous papers (see our discussion), we also
explored the formation pathways of the corresponding HOC
and CH3OC isomers. We employed the hybrid density func-
tional B3LYP method (Lee et al. 1988; Becke 1993) with the
6-311G(d,p) basis functions in order to optimize the molecular
structures at the energy minima and transition states. The relative
energies were refined by using the coupled cluster CCSD(T)
method (Purvis & Bartlett 1982; Raghavachari et al. 1989) with
the aug-cc-pVTZ basis functions (Dunning 1989) at the struc-
tures obtained by the B3LYP method. All relative energies were
corrected by the zero-point vibrational energies calculated with
the B3LYPmethodwithout scaling.We use the CCSD(T) values
for the discussion of energetics in this paper, as they correlate
more accurately to the experimental results. All calculations were
carried out with the Gaussian 98 program package (Frisch et al.
2001). In order to analyze the infrared spectra for the species
obtained by the present experiments, we have calculated the
vibrational frequencies and infrared intensities for the structures
obtained with the B3LYP/6-311G(d,p) method (Table A1, be-
low). Comparison of the experimental data with the theoretical
calculations of the vibrational frequencies suggests that a scal-
ing factor of 0.98 should be applied. The infrared intensities

are accurate within 20% at this level of theory (Galabov et al.
2002).

5. RESULTS

5.1. Computational Results

Figure 4 shows the potential energy surfaces and opti-
mized geometries at the stationary points (all energies given are
relative to the initial reactants) of H(2S1/2 )þ CO(X 1�þ) !
HCO(X 2A0) /HOC(X 2A0) in the top left of the figure,
CH3(X

2A00
2 )þ CO(X 1�þ) ! CH3CO(X

2A0) / CH3OC(X
2A0)

in the top right, and finally the complete CH3CHO(X
1A0) !

CH4(X
1A1)þ CO(X 1�þ) at the bottom. Note that the relative

energies are not altered whether the reaction proceeds forward
or backward. In order to demonstrate how these potential energy
surfaces can give us detailed insights into the expected formation
routes in our experiment, recall that our proposed synthesis of
acetaldehyde (see Fig. 2) is based initially on the cleavage of a
carbon-hydrogen bond in the methane molecule. Since energy
barriers tend to be underestimated with the B3LYP method, the
relative energies that should be used for the discussion of ener-
getics in this system are the values obtained with the CCSD(T)
method, which are shown in parentheses in Figure 4 and also
listed in Table 3. The electronic structure calculations indicate
that the initial carbon-hydrogen bond cleavage of the methane
molecule is endoergic by 427 kJ mol�1 (bear in mind that CH4 þ
CO lies 27 kJ mol�1 below acetaldehyde in the diagram), which
is in good agreement with an experimental value of 454 kJmol�1.
We must now turn to the fate of the radicals produced and how
they may subsequently react with carbon monoxide, specifically
the reactions of H(2S1/2 )þ CO(X 1�þ) and CH3(X

2A00
2 )þ

CO(X 1�þ) to form HCO(X 2A0), HOC(X 2A0), CH3CO (X 2A0),
and CH3OC(X

2A0). All four reactions have entrance barriers of
the hydrogen atom or methyl radical attack to carbon monoxide.
The calculated energies with the B3LYP and CCSD(T) methods
and the enthalpies obtained with the G2 (Curtiss et al. 1991) and
G3 (Curtiss et al. 1998) methods are compared with the experi-
mental heats of formation in Table 3. All theoretical values are in
good agreement with the experimental data, although the exper-
imental values cited from Smith et al. (1991) differ slightly from
those data obtained from the NIST Web site.5

We have calculated an energy barrier of 11.2 kJ mol�1 and a
heat of formation of�59.5 kJ mol�1 for the reaction H(2S1/2 )þ
CO(X 1�þ) ! HCO(X 2A0); the barrier for the reverse reaction
[hydrogen elimination from HCO(X 2A0 )] is therefore calculated
to be 70.7 kJmol�1. Keller et al. (1996),Woon (1996), and Jursic
(1998) studied this system extensively and reported that the best
estimated theoretical values of the energy barrier and the heat

TABLE 2

Integral Absorption Coefficients Used to Determine the Column Densities of Methane

and Carbon Monoxide, Integrated Peak Area of the Absorptions in Our Experiments,

and Estimated Target Thickness of the Carbon Monoxide and Methane Ices

Peak Limits

(cm�1)

Peak Area

(cm�1)

A

(cm molecule�1)

n

(molecules cm�2 )

d

(�m)

4226–4180 ....................... 2.909 1.6 ; 10�18 5.42 ; 1017 0.27

3859–3841 ....................... 0.328 2.0 ; 10�19 4.89 ; 1017 0.25

2096–2072 ....................... 1.395 1.3 ; 10�17 2.91 ; 1018 1.31

Notes.—Integral absorption coefficients were taken from Kaiser et al. (1998) (methane) and Gerakines
et al. (1995) (carbon monoxide). Note that the 13CO peak is multiplied by 100 / 1:1 to get the total CO
thickness.

5 See http://webbook.nist.gov/chemistry.
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of the reaction are 10.5 and �59.8 kJ mol�1, respectively. The
corresponding experimental values are 8:3� 1:7 (Wang et al.
1973) and �58.6 kJ mol�1 (Werner et al. 1995), respectively.
The heat of formation calculated from the values of the NIST
Web site gives �64 kJ mol�1 for the same reaction, which is
slightly larger than the values mentioned above. The formation
of the HOC(X 2A0) radical is calculated to be 111 kJ mol�1

endoergic and has a barrier (TS2) of 139 kJ mol�1, while the
energy barrier of hydrogen elimination (TS2) from HOC(X 2A0)
is calculated to be 28 kJ mol�1.
For the reaction CH3(X

2A00
2 )þCO(X 1�þ)!CH3CO(X 2A0),

we calculate an energy barrier of 38 kJ mol�1 and a heat of for-
mation of �36 kJ mol�1. The reverse of this process is the dis-
sociation of the CH3CO(X

2A0) species, as observed as one of

Fig. 4.—Schematic potential energy surfaces of the methane–carbon monoxide system: hydrogen reacting with carbon monoxide (top left), methyl radical with
carbon monoxide (top right), and the formation /dissociation pathways of acetaldehyde and carbon monoxide /methane (bottom).
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the secondary decomposition products in the photodissociation
of acetyl derivatives (North et al. 1994; Kurosaki & Yokoyama
2003). Our computed value of the barrier involved in the de-
composition of CH3CO(X

2A0) of 74 kJ mol�1 agrees very well
with a recent experimental value of 71 kJ mol�1 (North et al.
1994). The potential energy surface for this reaction has also
been extensively studied (Yadav & Goddard 1986; Belbruno
1997; Mordaunt et al. 1998); in comparison of our calculated
value of �36 kJ mol�1 for the heat of formation with a recent
theoretical CASSCF calculation by Diau et al. (2002), a value of
�58 kJ mol�1 is given. This value, however, seems to be over-
estimated, and the heat of formation from the NIST database
gives �47.2 kJ mol�1. Although our CCSD(T) value of �36 kJ
mol�1 might be too small compared to the experimental heat of
formation, the G2 and G3methods also give similar values of�41
and�39 kJmol�1, respectively. Note that the barrier of themethyl
radical addition is larger by about 27 kJ mol�1 compared to the
addition of the hydrogen atom to carbon monoxide. The forma-
tion of the CH3OC(X

2A0) species from the methyl radical and
carbon monoxide is much more endoergic (+194 kJ mol�1) than
the formation of HOC(X 2A0), and the transition state TS4 of the
C-O bond cleavage of the CH3OC(X

2A0) radical is calculated to
be only 2 kJ mol�1—the energy of TS4 obtained with B3LYP
method becomes lower than that of CH3OC(X

2A0) when we
correct the zero-point vibrational frequencies.

This may indicate that the CH3OC(X
2A0) radical may not lie

in an energy minimum and, if formed, would instantaneously
dissociate back to the reactants, therefore being unlikely to be ob-
servable in our experiment, whereas the HOC(X 2A0) radical is
located at the energy minimum and should be experimentally ob-
servable.We have also tried to find the transition state of the isom-
erization fromHOC(X 2A0) and CH3OC(X

2A0) to HCO(X 2A0) and
CH3CO(X

2A0), but we were unsuccessful.
Note that with regard to the formation of acetaldehyde, both of

the reactions CH3(X
2A00

2 )þ HCO(X 2A0) ! CH3CHO(X
1A0)

and CH3CO(X
2A0)þ H(2S1/2) ! CH3CHO(X

1A0) were found
to proceed without barrier and to be exoergic by 340 and 364 kJ
mol�1, respectively; since both reactants are open-shell species,
this is not surprising. Finally, we should stress that we also found
two transition states for the one-step reaction of methane with
carbon monoxide to acetaldehyde; however, the transition states
isolated (TSa and TSb) are very high in energy compared to the
separated reactants.

5.2. Infrared Spectroscopy

The analysis of the infrared spectra is carried out in three con-
secutive steps. First, we investigate the new absorptions quali-

tatively and assign their carriers. Then, the temporal develop-
ments of these absorptions upon electron irradiation are inves-
tigated quantitatively as outlined in x 3. Finally, these data are
fitted to calculate production rates of synthesized molecules in
units of molecules cm�2 (column density).

5.2.1. Qualitative Analysis

As the focus of this paper is on the formation of acetaldehyde,
the focus of this section is on the identification of only spe-
cies relevant to acetaldehyde formation. The effects of the elec-
tron bombardment of the binary ice mixtures are compiled in
Figures 5a–5f. We also compare our experimental results with
recent experiments carried out by Moore & Hudson (2003),
whereby binary ice mixtures of CO :CH4 at ratios of 50 :1 and
100:1 were irradiated with UV irradiation from a microwave-
discharged hydrogen flow lamp and 0.8 MeV protons, respec-
tively. A comparison of the unirradiated sample with the exposed
ices at 10 K clearly identifies novel absorption features of
the methyl radical [CH3(X

2A00
2 )] at 612 cm

�1 (�2 [out of plane];
Fig. 5a; Tables 4 and A1). The position of this band is in close
concurrence with previous matrix isolation studies of the methyl
radical in neon (617 cm�1; Snelson 1970), argon (603 cm�1;
Milligan & Jacox 1967), and nitrogen (611 cm�1; Milligan &
Jacox 1967) samples. Moore & Hudson (2003) were able to iden-
tify the same feature for the methyl radical located at 619 cm�1.

We were also able to identify the formyl radical [HCO(X 2A0)]
in all irradiated samples at 1853 cm�1 (�3 [CO stretch]) and
1090 cm�1 (�2 [bendingmode]; Figs. 5b and 5c; Tables 4 andA1).
Both peak positions are also in nice agreementwith previousmatrix
studies depicting bands at 1863 cm�1 (argon; Milligan & Jacox
1969), 1858 cm�1 (xenon; Pettersson et al. 1999), and 1861 cm�1

(carbon monoxide; Ewing et al. 1960; Milligan & Jacox 1964),
as well as 1087 cm�1 (argon; Milligan & Jacox 1969) and
1090 cm�1 (carbon monoxide; Ewing et al. 1960; Milligan &
Jacox 1964). Moore & Hudson (2003) were able to assign bands
at 2489, 1859, and 1090 cm�1 to the formyl radical [HCO(X 2A0)];
however, the reaction mechanisms to form these species were
not discussed by these authors.

Finally, four absorptions at 1728, 1351, 1123, and 1426 cm�1

could be attributed to the �4 (CO stretching), �7 (CH3 deforma-
tion), �8 (CH3 deformation), and �12 (CH3 deformation) modes
of the acetaldehyde molecule [CH3CHO(X

1A0)], respectively
(Figs. 5c–5f ; Tables 4 andA1). Note that the �4 band is quite sen-
sitive to its environment; it is shifted to a lower wavenumber with
respect to the gas phase at 1743 cm�1, but to a higher wavenum-
ber compared to the liquid phase at 1714 cm�1 (Shimanouchi1972).
Moore & Hudson (2003) were also able to identify acetaldehyde

TABLE 3

Experimental and Theoretical Values of Reaction Enthalpies in kJ mol�1

Reaction Experimentala
Experimental

(�H )b B3LYP

CCSD(T)

(�E )

G2

(�H )

G3

(�H )

Hþ CO ! HCO................................ �58 �64 �80 �60 �61 �63

Hþ CO ! HOC................................ . . . . . . 97 111 117 114

CH3 þ CO ! CH3CO....................... �51 �47 �48 �36 �41 �39

CH3 þ CO ! CH3OC....................... . . . . . . 185 194 194 197

CH3 þ HCO ! CH3CHO ................. �348 �360 �325 �340 �357 �347

CH3COþ H ! CH3CHO ................. �355 �377 �356 �364 �378 �372

CH3 þ Hþ CO ! CH3CHO ............ �406 �439 �405 �400 �418 �410

CH3CHO ! CH4 þ CO.................... �26 �15 �23 �27 �25 �23

a Reference from Smith et al. (1991). Note that at T ¼ 0 K, reaction energies and enthalpies are identical.
b Taken from the NIST database, http://webbook.nist.gov/chemistry.
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Fig. 5.—(a–f ) New absorption features in the CO/CH4 ice mixture before (dashed line) and after (solid line) 30 minutes of irradiation of 5 keVelectrons at 100 nA.
For further information please refer to the text and Table 4.



at 1727, 1429, 1349, and 1122 cm�1. Hawkins&Andrews (1983)
also observed acetaldehyde when they irradiated mixtures of
Ar :O3 :C2H4 (200 : 2 :1) by UV irradiation from a mercury arc
lamp. They observed acetaldehyde at 1731, 1430–1435, 1350–
1354, 1121, and 774 cm�1. Recently, Schriver et al. (2004) ir-
radiated thin films of ethylene oxide (c-C2H4O) in rare gas ma-
trices, as a pure ice, and in water mixtures with UV irradiation
from a microwave-discharged hydrogen flow lamp. They found
that in irradiated ices of pure ethylene oxide, they observed bands
at 1719, 1429, 1349, 1122, and 770 cm�1, which were attributed
to acetaldehyde. In our experiments we also observed a peak at
759 cm�1; however, comparison of the theoretical intensities
(TableA1)with the ratios of the peak areas lead us to conclude that
the absorption was too strong to be associated solely to acetal-
dehyde, although it could be a minor contributor. Experiments car-
ried out by Jacox (1982) on the irradiation of acetaldehyde showed
that the absorbance at 765 cm�1 in their experiments could be
attributable to the formyl methyl radical [CH2CHO(X

2A0)]. Note
that we were unable to identify any absorptions of the acetyl
radical [CH3CO(X

2A0)] around 1840 cm�1 and in the 1330–
1420 cm�1 region (Jacox 1982). We were also unable to detect
any absorptions that could be associated with either of the more
unstable isomers, HOC(X 2A0) and CH3OC(X

2A0).

5.2.2. Quantitative Analysis

Figures 6a and 6b depict the temporal development of the
column density of the carbon monoxide and methane reactant

molecules based on the absorption bands, as discussed in x 3.
Figures 7a–7c show the temporal development of the methyl
radical, formyl radical, and acetaldehyde products. The choice of
baseline represents the largest source of error upon peak integra-
tion; the error bars shown in the figures are given as 1 � values.
The integrated absorption coefficients used to quantify the col-
umn densities of the reactants are the same as those discussed in
x 3 (Table 2). The integrated absorption coefficients used to cal-
culate the column densities of the products are listed in Tables A1
and 4; note that we use theoretical values for the intensities. Al-
though, again, there has been some work carried out attempting
to put experimental values to the intensities of radicals, the val-
ues derived previously will always have a large uncertainty at-
tributed to the fact the measurements are always taken indirectly,
as the radicals must be made in situ. In the case of the formyl
radical, for example, we can refer to examples from Gerakines
et al. (1996), wherein an assumed value for the �3 fundamental
integrated absorption coefficient was listed as 1:0 ; 10�17 cm
molecule�1; an experimental upper limit of 2:1 ; 10�17 cm
molecule�1 has been given as an upper limit from Hudson &
Moore (1999). Therefore, our theoretical value of 1:48 ; 10�17 cm
molecule�1 is quite reasonable. Acetaldehyde also has a lack of
data regarding its solid-state band strengths; values given for the
�4 and �7 fundamentals listed as 1:3 ; 10�17 and 1:5 ; 10�18 cm
molecule�1, respectively, by Schutte et al. (1999) are traced
back to Wexler (1967), from a study that covered aldehydes in
general, but did not specifically mention acetaldehyde. Being

TABLE 4

New Infrared Absorptions of the Processed Carbon Monoxide–Methane Sample

and Calculated Integral Absorption Coefficients

Observed Frequency

[cm�1 (�m)] Species Assignment

A

(cm molecule�1)

612 (6.43)................................................. CH3 �2 (out of plane) 1.4 ; 10�17

1853 (5.40)............................................... HCO �3 (CO stretch) 1.5 ; 10�17

1090 (9.17)............................................... HCO �2 (bending) 5.5 ; 10�18

1728 (5.79)............................................... CH3CHO �4 (CO stretch) 3.0 ; 10�17

1351 (7.40)............................................... CH3CHO �7 (CH3 deformation) 4.5 ; 10�18

1123 (8.91)............................................... CH3CHO �8 (CH3 deformation) 4.3 ; 10�18

1426 (7.01)............................................... CH3CHO �12 (CH3 deformation) 3.6 ; 10�18

Note.—All values for a sample at 10 K and after an irradiation time of 30 minutes (see text for details).

Fig. 6.—Temporal development of the column density of the reactant molecules: (a) carbon monoxide calculated via the integrated absorption for �1 (
13CO) at

2090 cm�1 and (b) methane calculated via the integrated absorption for �1 þ �4 (CH4) at 4203 cm
�1 during the experiment, the isothermal phase, and the heating period.

The corresponding temperature profile is overlaid (dotted line).
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a stable molecule rather than a radical, some solid-state informa-
tion has been measured for a H2O :CH3CHO (20 : 1) mixture,6

fromwhich a value of 6:1 ; 10�18 cmmolecule�1 was derived for
the �7 fundamental (Moore & Hudson 1998). Thus, our theo-
retical values of 2:97 ; 10�17 (�4) and 4:5 ; 10�18 (�7) cm mol-
ecule�1 again compare favorably to and are more reliable than
previous studies. The column densities of the methyl radical, for-
myl radical, and acetaldehyde after irradiation of the products are
(2:23� 0:38) ; 1015, (9:04� 1:47) ; 1014, and (8:73� 4:54) ;
1014, which, if we account for the area and electron current, gives
us 7:6� 1:5, 3:1� 0:6, and 3:0� 1:8 species of the methyl
radical, formyl radical, and acetaldehyde, respectively, produced
per implanted electron.

Within the error limits, the column densities of the reactants,
carbonmonoxide andmethane, aswell as the products, themethyl
radical, formyl radical, and acetaldehyde, all remain constant
during the isothermal stage (with the formyl radical possibly
being the only exception, which does appear to decrease slightly
during this time frame). Upon the initiation of the heating pro-
gram, however, we note an immediate decrease in the column
densities for both the methyl radical and the formyl radical,
characteristic of their enhancedmobility and subsequent reaction

(destruction). Carbon monoxide sublimes at around 30 K,
whereas methane typically sublimes around 35–50 K (Alsindi
et al. 2003). For the carbon monoxide, the column density be-
comes slightly erratic between 20 and 30 K, where the shoulder
feature at 2086 cm�1 appears to increase slightly; this could be
due to the fact that the binding energy of carbonmonoxidewithin
the CO�CH4 complex (�14 kJ mol�1) is higher than in pure
carbon monoxide (�7.6 kJ mol�1). The presence of the reactant /
product falls can no longer be observed spectroscopically at 30K
(formyl radical), 39 K (methyl radical), and 44 K (methane and
carbon monoxide), whereas acetaldehyde actually remains ob-
servable until 180 K (not shown in Fig. 7c).

5.3. Mass Spectrometry

In comparison of the infrared observations with the mass
spectrometric analysis of the gas phase, during the irradiation
phase of the sample only signal at m /e ¼ 2 (H2) was observed.
The temporal development of the molecular hydrogen ion is
shown in Figure 8. Since no CHx species except methane and the
methyl radical has been observed in the solid state, it is likely that
the molecular hydrogen is formed via recombination of two
hydrogen atoms in the matrix. In addition, we would like to em-
phasize that m /e ¼ 2 presents the only signal detected with the
mass spectrometer during the irradiation of the sample at 10 K

Fig. 7.—Temporal development of the column density of (a) the methyl radical calculated via the integrated absorption at 612 cm�1, (b) the formyl radical calculated
via the integrated absorption at 1090 cm�1, and (c) the acetaldehyde molecule calculated via the integrated absorption at 1728 cm�1 during the experiment, the
isothermal phase, and the heating period. The corresponding temperature profile is overlaid (dotted line).

6 See http://www-691.gsfc.nasa.gov/cosmic.ice.lab/spectra.htm.
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(Fig. 8 [i]). None of the CHx (x ¼ 1 4) species were found in the
gas phase during the irradiation phase. This clearly demonstrates
that m /e ¼ 2 is not a fragment from methane molecules in the
gas phase. The mass spectrometric data also show that after the
irradiation, the matrix stores thermalized hydrogen atoms; these
atoms diffuse uponwarming of thematrix and recombine to form
molecular hydrogen. The latter is released into the gas phase,
starting at temperatures of 10–11 K, which may be from mo-
lecular hydrogen already formed but weakly bound to the surface
(Fig. 8 [ii]). A larger amount of hydrogen is observed coming off
between 12 and 21 K, which is likely to be from the recombi-
nation of the stored thermalized hydrogen atoms within the lat-
tice and subsequent sublimation (Fig. 8 [iii]), although as all the
methyl, formyl, and methane column densities are decreasing
during this period, a thermal reaction involving the release of
hydrogen cannot be ruled out. This result alone demonstrates the
necessity of a sample temperature low enough, as done in the
present experiments, to suppress the diffusion of thermalized hy-
drogen atoms (10K); if the target temperature is too high, it is not
feasible to discriminate between suprathermal and thermal reac-
tion mechanisms.

We also probed the temporal evolution of the acetaldehyde
molecule. Since acetaldehyde has a mass-to-charge ratio m /e of
44, this pattern would overlap with carbon dioxide, which is also
a product formed during the irradiation of carbon monoxide ma-
trices (Gerakines et al. 1996; Jamieson et al. 2005). Therefore,
we probed the acetaldehyde molecule at m /e ¼ 43, i.e., at the
C2H3O

+ fragment ion; note that this ion is unlikely to origi-
nate from any neutral C2H3Omolecule, since neither CH3CO nor
CH3OCwas observed spectroscopically in our experiment. Again,
no signal was detected during the irradiation and the isothermal
phase. As the temperature increased to 34 K, the signal atm /e ¼
43 began to appear and increased; a maximum ion current was
observed at 39 K (Fig. 8 [iv]). Note that it is now coming off with
the bulk of the rest of the ice lattice.

6. DISCUSSION

Our data suggest that the initial step in the formation of ac-
etaldehyde is the cleavage of the carbon-hydrogen bond of the
methane molecule,

CH4(X
1A1) ! CH3(X

2A00
2 )þ H(2S1=2): ð1Þ

The experimental enthalpy for this reaction is that it is en-
doergic (energetically unfavorable) by 439 kJ mol�1 (4.5 eV).
Our experiment indicates that each electron generates 28� 18
methyl radicals within the ice (x 5.2.2); therefore, an energy
transfer of 126 eV per implant is necessary to account for the
spectroscopically observed column density of the methyl rad-
ical. Since the electron is being absorbed in our sample, 5 keV
are available; this means that about 2.5% of the kinetic energy
of each impinging electron is used to generate reactive methyl
radicals and hydrogen atoms via equation (1). This calculation
assumes that all the methyl radicals are formed in their vibra-
tional ground states; in addition, the hydrogen atoms have no
excess translational energy. However, to escape the matrix cage,
each hydrogen atom must have at least 0.5 eVexcess kinetic en-
ergy; if its kinetic energy is less than the lattice bonding en-
ergy, the hydrogen atom will react back with the methyl radical
to regenerate a methane molecule. To fit the experimentally ob-
tained methane column density, we assumed that the methane
molecule undergoes first-order ‘‘decay’’ upon electron bombard-
ment, similar to a radioactive decay. Therefore, a velocity law,

�d½CH4�=dt ¼ k1½CH4�; ð2Þ

was used to fit the column density of the methane molecule
during the irradiation phase via

½CH4�(t) ¼ ½CH4�(t ¼ 0)ek1t: ð3Þ

In a similar manner, the column density of carbon monoxide
follows

½CO�(t) ¼ ½CO�(t ¼ 0)ek2t: ð4Þ

The best fit of themethane profile yields ½CH4�(t ¼ 0) ¼ 5:46�ð
0:04Þ ; 1017 cm�2 and k1 ¼ (8:35� 6:81) ; 10�6 s�1. It is ac-
tually very difficult to fit the decay of the carbon monoxide col-
umn density, simply because our experimental conditions were
chosen so that less than 1% of the species were destroyed by the
electrons. This condition guarantees nonoverlapping cascades
and trajectories, whichwould not occur in the interstellar medium.
Here, we find that ½CO�(t ¼ 0) ¼ (2:93� 0:02) ; 1018 cm�2; the
k2 constant has, because of the reasons described above, large un-
certainties and is on the order of a few times 10�6 s�1.

What is the fate of the generated hydrogen atoms and
methyl radicals?Wewere able to fit the temporal evolution of the
methyl and formyl radicals as well as of the acetaldehyde mole-
cule with the following scenario (Fig. 9). Considering a [CO�CH4]
van der Waals complex in the solid, the carbon-hydrogen bond
cleavage releases a hydrogen atom to form a methyl radical and
a hydrogen atom in the matrix cage:

½CO�CH4�! ½CO(X 1�þ) : : : H(2S1=2) : : : CH3(X
2A00

2 )�:
ð5Þ

Because of energy and angular momentum conservation, the
hydrogen atom holds an excess kinetic energy (suprathermal
hydrogen atoms), which can be used either to escape from the
matrix cage or to overcome the barrier to add to the carbon
monoxide molecule (11 kJ mol�1 [0.12 eV]), forming the for-
myl radical within the matrix cage:

½CO(X 1�þ) : : : H(2S1=2) : : : CH3(X
2A00

2 )� !
½HCO(X 2A0) : : : CH3(X

2A00
2 )�:

ð6Þ

Fig. 8.—Temporal developments of the ion current of m /e ¼ 2 (molecular
hydrogen, solid line) and of m / e ¼ 43 (the C2H3O

+ fragment ion of acetalde-
hyde, dashed line). The corresponding temperature profile is overlaid (dotted
line). See x 5.3 for further details.
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This mechanism would be first order with respect to the ap-
pearances of the methyl and the formyl radicals. In addition, we
would expect a methyl radical to formyl radical ratio of 1:1, if
each released hydrogen atom reacted with a carbon monoxide
molecule to the formyl radical species. Therefore, we used

½CH3�(t) ¼ a 1� e�k3t
� �

; ð7Þ

½HCO�(t) ¼ b 1� e�k 4t
� �

; ð8Þ

as derived from first-order rate laws, to fit the column densities of
(1) the methyl radical and (2) the pseudo–first-order rate law of
the formyl radical with the rate constants of the formation of the
formyl and methyl radicals, k3 and k4, respectively. This pro-
cedure yields rate constants of k3 ¼ (1:75� 0:28) ; 10�3 and
k4 ¼ (3:80� 0:60) ; 10�3 s�1 as well as a and b values of
(2:33� 0:14) ; 1015 and (9:05� 0:31) ; 1014 cm�2, respec-
tively. It is important to stress that the rate constant to form the
formyl radical is larger than that for the generation of the methyl
radical (Figs. 9a and 9b). This is indicative of a reaction of su-
prathermal hydrogen atoms (which are not in thermal equilib-

rium with the surrounding 10 Kmatrix), released and reacted via
equations (5) and (6). However, it should be noted that we are
generating more methyl radicals than formyl radicals; compari-
son of the a and b values suggests that as t ! 1, only about 39%
of the suprathermal hydrogen atoms formed from the destruction
of methane go on to form formyl radicals. This leads to the con-
clusion that not every suprathermal hydrogen atom reacts with a
neighboring carbon monoxide molecule within the matrix cage
to form the formyl radical species; for example, it can escape the
matrix cage, thermalize, and/or react with a second hydrogen
atom to form molecular hydrogen via

H(2S1=2)þ H(2S1=2) ! H2(X 1�þ
g ): ð9Þ

These considerations help us to understand the experimental
observation of the methyl and formyl radicals as well as of the
molecular hydrogen as detected via the quadrupole mass spec-
trometer. However, how can this model account for the synthesis
of acetaldehyde?We have to keep in mind that the methyl radical
and the formyl radial do not diffuse at 10 K. Therefore, the bar-
rierless recombination of formyl and methyl radicals can only be

Fig. 9.—Column densities and fits of (a) the methyl radical at 612 cm�1, (b) the formyl radical averaged from peaks at 1090 and 1853 cm�1, and (c) the acetaldehyde
molecule at 1728 cm�1 during irradiation using eqs. (7), (8), and (11), respectively.
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between neighboring radical species generated in a matrix cage
via

½HCO(X 2A0) : : : CH3(X
2A00

2 )� ! CH3CHO(X
1A0): ð10Þ

If the rate constant for reaction (10) is much faster than those
derived from the synthesis of the methyl and formyl radicals,
then the temporal evolution of acetaldehyde can also be fittedwith
a pseudo–first-order reaction,

½CH3CHO�(t) ¼ c 1� e�k5t
� �

: ð11Þ

This mechanism requires that each methyl and formyl radical
reaction via equations (5) and (6) have the appropriate geometry
in the matrix cage that allows both radical centers to recombine.
If the geometry criterion is not fulfilled, the reaction stops with
equation (6), and formation of acetaldehyde cannot take place.
Using equation (11) to fit the experimental data (Fig. 9c) yields
k5¼ (5:36� 2:28) ; 10�4 s�1 and c ¼ (1:41�0:42) ; 1015 cm�2.

Recall that the overall reaction energy to form acetaldehyde
from the methane and carbon monoxide reactants is experi-
mentally determined to be endoergic by about 15 kJ mol�1

(Table 3). Therefore, thermal reactants cannot form acetalde-
hyde in the low-temperature ices, as present on interstellar grains
and in our solar system. An external energy source such as en-
ergetic cosmic-ray particles triggering �-electrons is clearly re-
quired to compensate for the endoergicity of the reaction and to
generate suprathermal hydrogen atoms, which can overcome the
barrier for addition to the carbon-oxygen triple bond of the car-
bonmonoxide molecule. These considerations underline the role
of nonequilibrium (suprathermal) chemistry in the formation
of organic molecules in extraterrestrial ices.

Finally, we would like to address briefly the failed detection/
formation of the HOC(X 2A0), CH3CO(X

2A0), and CH3OC(X
2A0)

radicals. Considering the reaction of a hydrogen atom with the
carbon monoxide molecule, the formation of the formyl radical,
HCO(X 2A0), is exoergic and requires passing a lower entrance
barrier of only 11 kJ mol�1, compared to 139 kJ mol�1 for the
production of the isoformyl species, HOC(X 2A0) (Fig. 4). There-
fore, our data suggest that suprathermal hydrogen atoms can
easily pass TS1, but not TS2. This could put an upper limit of the
energies of the suprathermal hydrogen atoms to less than 1.4 eV
(139 kJ mol�1). The enhanced reactivity of the carbon center is due
to the fact that the lowest unoccupied molecular orbital (LUMO)
of the carbon monoxide molecule, with which the 1s orbital of
the reacting hydrogen atom overlaps, has a larger overlap inte-
gral coefficient with the wave function at the carbon atom com-
pared to the oxygen atom. This would explain the formation of
the formyl radical instead of the isoformyl species. Likewise,
the barriers involved in the formation of CH3CO(X

2A0) and
CH3OC(X

2A0) are located higher in energy than TS1. This sit-
uation becomes even more interesting, as the methyl radical ac-
tually has no excess kinetic energy to overcome the barrier (the
methyl radicals cannot diffuse in 10 K ices). After the initial
carbon-hydrogen bond rupture, they can be formed with an ex-
cess vibrational energy. Since, however, both the formation of
HCO(X 2A0) and that of CH3CO(X

2A0) are exothermic and both
transition states TS1 and TS3 are ‘‘early’’ (reactant-like), ki-
netic energy (such as from the suprathermal hydrogen atom) is
much more effective to overcome any barrier than vibrational
excitation (such as the methyl radical; Levine & Bernstein 1987).
In addition, the vibrational excitation can be coupled with the
surrounding matrix and generate phonons, thus thermalizing
the initially formed nonequilibrium vibration population of the

methyl radicals. Therefore, the dynamics and kinetics of the
reaction favor the addition of the hydrogen atom to the carbon
monoxide molecule followed by a barrierless recombination with
the methyl radical in the matrix cage; a dominating route through
anyCH3CO(X

2A0) can likely be ruled out similarly to the one-step
pathway via TSa and TSb (Fig. 4).

7. ASTROPHYSICAL IMPLICATIONS

Our combined experimental and theoretical studies provided
detailed data on the formation of acetaldehyde in interstellar ices.
The specific identification of acetaldehyde in low-temperature
(10 K) carbon monoxide–methane ices suggested that cosmic
particle–generated �-electrons can initiate a carbon-hydrogen
bond rupture process in the methane molecule, CH4(X

1A1), to
form a methyl radical, CH3(X

2A00
2 ), and a hydrogen atom. The

latter holds an excess kinetic energy and therefore is not in ther-
mal equilibrium with the surrounding 10 K matrix; the excess
kinetic energy can be imparted into the transition state of the ad-
dition of a hydrogen atom to the carbon monoxide molecule to
give the formyl radical, HCO(X 2A0). If the formyl and themethyl
radical have the correct orientation, both species can undergo
a barrierless radical-radical recombination within the matrix
cage to synthesize the acetaldehyde molecule, CH3CHO(X

1A0).
The overall reaction to form acetaldehyde from the reactants is
endoergic by 15 kJ mol�1; this emphasizes the crucial role of
nonequilibrium chemistry and the involvement of suprathermal
hydrogen atoms. Once acetaldehyde has been generated on ice-
coated grains in cold molecular clouds, those molecules can sub-
lime as soon as the cloud reaches the hot molecular core stage.
These studies can account for the ‘‘missing’’ source of acetal-
dehyde in star-forming regions such as Sgr B2, which have
high fractional abundances of acetaldehyde of a few times 10�9

(Nummelin et al. 1998; Ikeda et al. 2001; Chengalur & Kanekar
2003; Charnley 2004), compared to abundances of only some
10�10 in the cold cloud TMC-1, where solely gas-phase reactions
are supposed to form acetaldehyde. Our investigations also sug-
gest that acetaldehydemight indeed be the carrier of the 1348 cm�1

(7.414 �m; CH deformation mode) band observed toward inter-
stellar ices, as surveyed by Gibb et al. (2004), where abundances
of �9% (relative to water) have been reported for the high-mass
YSOs W33A and AFGL 7009S, as well as a detectable presence
of the band in 12 of the 23 sources surveyed. It is also quite cred-
ible that the same synthetic route could help explain the formation
of acetaldehyde at 0.025% abundance (relative to water) in comet
C/1995 O1 (Hale-Bopp) detected by Crovisier et al. (2004).

The present work is a first step to understanding the forma-
tion of acetaldehyde systematically. Future laboratory experi-
ments should investigate how water additives, the dominating
component of interstellar and cometary ices, will influence the re-
actionmechanism. First, we could expect a dilution of the reaction
centers; however, in order to form acetaldehyde, the conclusions
drawn in the present paper are still correct, i.e., thatwe need neigh-
boring carbon monoxide–methane molecules to form the acetal-
dehyde via the recombination of themethyl with the formyl radical.
Thus, it would also be important to investigate spectroscopically
to what extent methane–carbon monoxide complexes remain in
water-dominated ices. Finally, the water matrix can also influ-
ence the phonon coupling of the internally excited acetaldehyde
molecule. This has to be investigated in future experiments, as well.
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APPENDIX

In order to correctly identify and quantify the new species produced during our experiment via infrared spectroscopy, it is necessary to
carry out theoretical electronic structure calculations to give us information about the frequencies at which these molecules will appear
(given in cm�1 and �m) and how strong these absorptions should be (cm molecule�1). Although some information already exists
regarding some of these data (both theoretical and experimental), it is prudent to use frequencies and intensities all derived from the
same level of theory to avoid unnecessary complications and errors that may arise from combining the assortment of information already
available. The vibrational frequencies and infrared intensities shown here (Table A1) were calculated from structures obtained from
using the hybrid density functional B3LYP method (Lee et al. 1988; Becke 1993) with the 6-311G(d,p) basis functions. The scaling
factor of 0.98 is an average value derived from comparison of the calculated vibrational frequencies to the experimental frequencies
(where available) and is consistent for this level of theory. The accuracy of the infrared intensities is accurate within 20% at this level of
theory (Galabov et al. 2002).

TABLE A1

Calculated Vibrational Frequencies and Integral Absorption Coefficients of Various Species

Band Characterization

Band Position

[cm�1 (�m)]

A

(cm molecule�1)

CO (X 1�+)

�1 (�
+) ....................... Stretching 2176 (4.60) 1.26 ; 10�17

CH4 (X
1A1)

�1 (a1)......................... CH stretching 2965 (3.37) 0

�2 (e) .......................... Bending 1530 (6.54) 1.66 ; 10�19

�3 (t) ........................... CH stretching 3068 (3.26) 4.65 ; 10�18

�4 (t) ........................... Bending 1315 (7.60) 2.82 ; 10�18

CH3 (X
2A00

2 )

�1 (a
0
1) ........................ CH stretching 3042 (3.29) 0

�2 (a
00
2 ) ....................... Out of plane 496 (20.17) 1.39 ; 10�17

�3 (e
0 ) ......................... CH stretching 3217 (3.11) 1.16 ; 10�18

�4 (e
0 ) ......................... Bending 1376 (7.27) 6.64 ; 10�19

HCO (X 2A0 )

�1 (a
0 )......................... CH stretching 2568 (3.90) 1.56 ; 10�17

�2 (a
0 )......................... CO stretching 1902 (5.26) 1.48 ; 10�17

�3 (a
0 )......................... Bending 1089 (9.19) 6.64 ; 10�18

HOC (X 2A0 )

�1 (a
0 )......................... OH stretching 3200 (3.13) 1.06 ; 10�17

�2 (a
0 )......................... CO stretching 1360 (7.35) 6.14 ; 10�18

�3 (a
0 )......................... Bending 1108 (9.02) 1.36 ; 10�17

CH3CO (X 2A0 )

�1 (a
0 )......................... CH3 asymmetric stretching 3047 (3.28) 1.83 ; 10�18

�2 (a
0 )......................... CH3 symmetric stretching 2957 (3.38) 1.83 ; 10�18

�3 (a
0 )......................... CO stretching 1893 (5.28) 2.51 ; 10�17

�4 (a
0 )......................... CH3 deformation 1428 (7.00) 3.65 ; 10�18

�5 (a
0 )......................... CH3 umbrella 1326 (7.54) 2.66 ; 10�18

�6 (a
0 )......................... CH3 rocking 1024 (9.77) 2.49 ; 10�18

�7 (a
0 )......................... CC stretching 829 (12.06) 9.96 ; 10�19

�8 (a
0 )......................... CCO bending 458 (21.85) 8.30 ; 10�19

�9 (a
00 ) ........................ CH3 asymmetric stretching 3052 (3.23) 4.98 ; 10�19

�10 (a
00 ) ...................... CH3 deformation 1425 (7.02) 2.32 ; 10�18

�11 (a
00 )....................... CH3 twisting 933 (10.72) 0

�12 (a
00 ) ...................... Torsion 107 (93.62) 1.66 ; 10�19
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TABLE A1—Continued

Band Characterization

Band Position

[cm�1 (�m)]

A

(cm molecule�1)

CH3OC (X 2A0 )

�1 (a
0 )...................... CH3 asymmetric stretching 3112 (3.21) 9.96 ; 10�19

�2 (a
0 )...................... CH3 symmetric stretching 2998 (3.34) 1.99 ; 10�18

�3 (a
0 )...................... OC stretching, CH2 bending 1455 (6.87) 5.31 ; 10�18

�4 (a
0 )...................... CH3 deformation 1441 (6.94) 0

�5 (a
0 )...................... CH3 umbrella 1311 (7.63) 5.65 ; 10�18

�6 (a
0 )...................... CH3 rocking 1094 (9.14) 0

�7 (a
0 )...................... CH3-O stretching 570 (17.53) 3.32 ; 10�19

�8 (a
0 )...................... COC bending 429 (23.30) 9.96 ; 10�19

�9 (a
00 ) ..................... CH3 asymmetric stretching 3117 (3.21) 1.66 ; 10�18

�10 (a
00 ) ................... CH3 deformation 1444 (6.93) 1.16 ; 10�18

�11 (a
00 ).................... CH3 twisting 1058 (9.45) 1.66 ; 10�19

�12 (a
00 ) ................... Torsion 125 (79.72) 0

CH3CHO (X 1A0 )

�1 (a
0 )...................... CH3 asymmetric stretching 3073 (3.25) 1.99 ; 10�18

�2 (a
0 )...................... CH3 symmetric stretching 2961 (3.38) 4.98 ; 10�19

�3 (a
0 )...................... CH stretching 2798 (3.57) 2.41 ; 10�17

�4 (a
0 )...................... CO stretching 1788 (5.59) 2.97 ; 10�17

�5 (a
0 )...................... CH3 deformation 1431 (6.99) 3.65 ; 10�18

�6 (a
0 )...................... CH bending 1397 (7.16) 1.99 ; 10�18

�7 (a
0 )...................... CH3 umbrella 1348 (7.42) 4.48 ; 10�18

�8 (a
0 )...................... CH3 rocking 1103 (9.06) 4.32 ; 10�18

�9 (a
0 )...................... C-C stretching 865 (11.56) 1.49 ; 10�18

�10 (a
0 ) .................... CCO bending 498 (20.09) 2.32 ; 10�18

�11 (a
00 ).................... CH3 asymmetric stretching 3014 (3.32) 1.66 ; 10�18

�12 (a
00 ) ................... CH3 deformation 1442 (6.94) 1.99 ; 10�18

�13 (a
00 ) ................... HCCH torsion 1112 (8.99) 1.66 ; 10�19

�14 (a
00 ) ................... CH3 twisting 761 (13.13) 1.66 ; 10�19

�15 (a
00 ) ................... CH3 torsion 156 (64.18) 0

TS1 H�CO (X 2A0 )

�1 (a
0 )...................... CO stretching 2146 (4.66) 2.03 ; 10�17

�2 (a
0 )...................... Bending 252 (39.71) 1.66 ; 10�19

�3 (a
0 )...................... H�C stretching 394 (25.38) i 3.32 ; 10�19

TS2 H�OC (X 2A0 )

�1 (a
0 )...................... CO stretching 1799 (5.56) 7.80 ; 10�18

�2 (a
0 )...................... Bending 972 (10.29) 2.99 ; 10�18

�3 (a
0 )...................... H�O stretching 1816 (5.51) i 4.81 ; 10�16

TS3 CH3�CO (X 2A0 )

�1 (a
0 )...................... CH3 asymmetric stretching 3208 (3.12) 6.64 ; 10�19

�2 (a
0 )...................... CH3 symmetric stretching 3033 (3.30) 0

�3 (a
0 )...................... CO stretching 2058 (4.86) 4.43 ; 10�17

�4 (a
0 )...................... CH3 bending 1382 (7.24) 6.64 ; 10�19

�5 (a
0 )...................... CH3 umbrella 804 (12.44) 5.15 ; 10�18

�6 (a
0 )...................... CH3 rocking 501 (19.97) 0

�7 (a
0 )...................... C. . .CO bending 237 (42.17) 1.66 ; 10�19

�8 (a
0 )...................... C. . .C stretching 271 (36.84) i 8.30 ; 10�19

�9 (a
00 ) ..................... CH3 asymmetric stretching 3193 (3.13) 6.64 ; 10�19

�10 (a
00 ) ................... CH3 deformation 1388 (7.21) 8.30 ; 10�19

�11 (a
00 ).................... CH3 twisting 458 (21.85) 0

�12 (a
00 ) ................... Torsion 15 (680.27) 0
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