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ABSTRACT

The formation of carbon dioxide from the processing of carbon monoxide (CO) and molecular oxygen (18O2) via
radiolysis is studied within the context of its formation in interstellar ices in quiescent clouds. With the help of
isotopic labeling, we were able to “trace” the atoms and provide mechanistical information on how carbon monoxide
is decomposed, and carbon dioxide is formed in interstellar ices. Here, we quantify the production of 18O3, O18O2,
18OO18O, C18O, CO2, 18OCO, and C18O2. In contrast to experiments using ultraviolet irradiation, we find that
upon exposure to energetic electrons, isolated carbon monoxide molecules are able to undergo unimolecular
decomposition to give suprathermal carbon (C) and oxygen (O) atoms. Molecular oxygen decomposes to two
oxygen atoms. The free oxygen atoms can react with carbon monoxide via addition to form the carbon dioxide
isotopomers as observed experimentally. This mechanism to form carbon dioxide is distinctly different to the one
observed in pure carbon monoxide ices where electronically excited carbon monoxide reacts with a neighboring
carbon monoxide molecule to form solely carbon dioxide and a carbon atom.

Key words: astrochemistry – comets: general – cosmic rays – infrared: ISM – ISM: molecules – methods:
laboratory – molecular processes

1. INTRODUCTION

The main focus of this paper is to provide insights into
the formation and destruction mechanisms of carbon monox-
ide (CO) and carbon dioxide (CO2) within interstellar ices.
Both molecular compounds have long been recognized as con-
stituents of molecular clouds in the gas phase (Wilson et al.
1970; d’Hendecourt & Jourdain de Muizon 1989) as well as
components of the icy mantles of interstellar grains (Soifer et al.
1979; de Graauw et al. 1996). In the gas phase, carbon monox-
ide is the most abundant interstellar molecule besides molecular
hydrogen, where the abundance ratio is typically of the order
of 10−4. Sheffer et al. (2008) recently produced sophisticated
chemical models of a large number of both high- and low-
density molecular clouds, whereby they were able to reproduce
the column density of carbon monoxide in which they indicated
that the two major reactions responsible for actually producing
carbon monoxide were

CO+ + H → CO + H+ (1)

HCO+ + e− → CO + H. (2)

The depletion of gas-phase carbon monoxide is commonly
associated with its adsorption onto interstellar grains during
the collapse of a prestellar core (Aikawa et al. 2001, 2008).
The abundance of carbon monoxide within interstellar ices
from a recent survey of 23 infrared sources using the Infrared
Space Observatory (ISO) showed its percentage composition
typically between 3% and 25% relative to water (Gibb et al.
2004). Based on the fundamental band position and profile,
the carbon monoxide molecule was found to reside in two
different chemical environments: polar ices dominated by water
and nonpolar ices where carbon monoxide is dominant, but
other nonpolar species such as molecular nitrogen and molecular
oxygen are thought to be also present but are infrared inactive.
In the same survey, Gibb et al. also monitored solid carbon
dioxide with typical abundances of 8%–35% relative to water,

which was also found to be present within polar and nonpolar
ices. Considering the fact that carbon dioxide is typically more
abundant within interstellar ices than carbon monoxide, it is
surprising that its gas-phase abundance is much lower, where
the ratio of CO2/H2 is typically only a few 10−7 (Boonman
et al. 2003). Even as a young stellar object begins to warm,
triggering sublimation of the surrounding ices and releasing
the volatile components to the gas phase the abundance of gas
phase carbon dioxide is still very low (Dartois et al. 2000). This
leads us to conclude that there must be very efficient destruction
mechanisms (Talbi & Herbst 2002) such as a speculated reaction
with hydrogen atoms to produce carbon monoxide and the
hydroxyl radical:

CO2 + H → CO + OH. (3)

Additionally, the formation of carbon dioxide in the gas phase
is thought to be slow (Millar et al. 1991). This leads to the
conclusion that it may only be efficiently formed either on
the surface of icy grains or within the interstellar ices, most
likely from precursors such as carbon monoxide, as well as
the probable involvement of other oxygen bearing precursors
such as water or molecular oxygen. Indeed, Pontoppidan (2006)
reported that there is a direct correlation between the freeze-out
of carbon monoxide onto interstellar grains and the increase in
the abundance of carbon dioxide ices for several young stellar
objects within the Oph-F star forming core.

Under the premise that carbon dioxide is formed from
carbon monoxide within interstellar ices, we need to investigate
how this process can actually occur. Let us first consider a
reaction that could take place on the surface of a grain. Firstly,
there is the possibility of an oxygen atom directly colliding
with a surface-bound carbon monoxide molecule (the Eley–
Rideal mechanism). Alternatively it is possible for the two
species to condense onto the grain separately, and then migrate
across the surface through diffusion until reaction occurs (the
Langmuir–Hinshelwood mechanism). For processes such as
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these, it is of paramount importance that they must occur
without barrier, or with only a small barrier as some of the
quiescent clouds where carbon dioxide ices have been found in
high abundance have low temperatures of around 20 K (Whittet
et al. 2007). Both these processes only occur on the surface of
grains.

Fournier et al. (1979) utilized UV photons (λ = 147 nm; E =
8.4 eV) to irradiate a 1:1 mixture of dinitrogen monoxide (N2O)
with carbon monoxide dispersed within an argon matrix held at
7 K. Mass spectrometry was used to confirm the production of
carbon dioxide at m/z = 44 (CO2

+). They speculated that this
could either be produced from reaction of carbon monoxide with
electronically excited O(1S) atoms or with ground-state O(3P)
atoms. The latter would help explain a thermoluminescence
continuum (3800–5000 Å) which the sample began emitting
when warmed to just 9 K. They proposed that through inter
system crossing, the matrix may assist the following spin-
forbidden process occurring via an excited triplet carbon dioxide
species (not shown):

CO(X1Σ+) + O(3P) → CO2
(
X1Σ+

g

)
. (4)

Thus, it was initially presumed in reaction models of grain-
surface chemistry that the reaction had no entrance barrier
(Tielens & Hagen 1982). However, subsequent experiments
by Grim & d’Hendecourt (1986) gave contradictory results to
this study. They subjected 1:1 mixture of CO:O2 diluted in
an argon matrix with UV photolysis (λ = 115–220 nm, E =
5.6–10.8 eV) at 10 K, which was then subsequently warmed
to 28 K. They found that both carbon dioxide and ozone
were produced during the irradiation period, but only ozone
could be synthesized via diffusion of oxygen atoms during the
warm-up process indicating that a barrier is indeed present
for reaction (4), but showing that production via radiolysis
may be a viable alternative formation mechanism. Later, Roser
et al. (2001) were able to codeposit 18O atoms (generated
from radio-frequency dissociation of 18O2) with 13CO onto a
surface at 5 K. Utilizing temperature programmed desorption
and mass spectrometry, they monitored the channel at m/
z = 47 (18O13C16O). The experiment was repeated with the
addition of a water-cap (∼100 layers), delaying the sublimation
temperature to ∼150 K as compared to ∼40 K for pure carbon
monoxide. Here, the formation of carbon dioxide (18O13C16O)
was observed. They modeled the diffusion processes of both
CO and O through a water lattice, whereby recombination could
occur if they occupied the same cavity and overcame any energy
barrier (if present). Their results indicated that the reaction
barrier was around 290 K (0.02 eV). However, when Ruffle
& Herbst (2001) attempted to model the formation of CO2 ice
around Elias 16, and reported that in order to fit the observed
column density (Nummelin et al. 2001), the barrier for reaction
(4) could not exceed 130 K (0.01 eV).

Because of the ambiguity considering the existence of a bar-
rier for reaction (4), the potential energy surface of CO2 has
been subjected to several theoretical studies, most recently by
Talbi et al. (2006) who carried out both high level ab initio and
density functional calculations. For the gas-phase reaction, they
reported the value for the barrier to be 49 kJ mol−1 (2970 K;
0.26 eV), an order of magnitude larger than that reported by
Roser et al. (2001). They also considered the effects that sur-
rounding water molecules may have on lowering the energy
barrier, but reported that the effects were negligible, as previ-
ously reported (Woon 2002). It was also reported that the re-

action between O(1D) and CO(X1Σ+) could form CO2(X1Σg
+)

without barrier, in agreement with previous studies (Xantheas
& Ruedenberg 1994; Hwang & Mebel 2000).

Thus, the most attractive alternative is the formation of CO2
from radiolysis via nonequilibrium chemistry. Indeed, there
have been a large number of experiments studying the effects of
UV radiation (Gerakines et al. 1996; Gerakines & Moore 2001;
Cottin et al. 2003; Loeffler et al. 2005), MeV/keV ions (Baird
1972; Haring et al. 1984; Chrisey et al. 1986; Gerakines &
Moore 2001; Trottier & Brooks 2004; Loeffler et al. 2005), and
keV electrons (Jamieson et al. 2006a) on pure carbon monoxide
ices. In addition to the formation of carbon dioxide, a variety
of other species have been determined to be produced. Species
identified by infrared spectroscopy include linear carbon chains
such as C3 and C6, linear carbon oxide chains of the series
CnO (n = 2−7) as well as of the series CnO2 (n = 3−5,7),
and ozone, O3. It is interesting to note however, that the
underlying mechanisms may vary between UV irradiation and
ion/electron irradiation since only UV irradiation processes
have to follow optical selection rules. As Gerakines & Moore
(2001) suggested, MeV/keV ions (as well as keV electrons)
are capable of dissociating the carbon monoxide molecule as
depicted in reaction (5):

CO(X1Σ+) → C(3P/1D) + O(3P/1D). (5)

A recent experimentally determined value for this dissocia-
tion energy is given as 11.09 eV (Bakker & Parker 2000), and
requires photons of wavelength below 112 nm for photodisso-
ciation to occur (Okabe 1978). A typical broadband hydrogen
discharge lamp has the most intense band at 121 nm (10.2 eV;
Lyman-α); this source has only considerable flux for photons
within the range 7.3–10.5 eV (Muñoz Caro & Schutte 2003).
It is obvious that a different mechanism is responsible for initi-
ating the reactions. It has been considered that the most likely
explanation is a two-step process, whereby a first photon ex-
cites the carbon monoxide into an excited state, which can then
react with a neighboring carbon monoxide molecule to produce
carbon dioxide and ground-state carbon atoms:

CO(X1Σ+) → CO∗ (6)

CO∗ + CO(X1Σ+) → CO2
(
X

1Σ+
g

)
+ C(3P). (7)

The reaction is endoergic by 5.64 eV, and there is experimen-
tal evidence supporting the fact that the excited state involved
is the metastable a3Π state (Martin et al. 2000), which lies
6.0 eV above the ground state (Zetner et al. 1998). This pro-
duction mechanism seems to support the species observed in ex-
periments on the irradiation of carbon monoxide by UV photons
(Gerakines et al. 1996; Gerakines & Moore 2001), in particu-
lar when carbon dioxide failed to be produced when exposed
to irradiation within a nitrogen matrix (Cottin et al. 2003). It
was also identified as a mechanistic pathway by Jamieson et al.
(2006a) as the only destruction pathway when carbon monoxide
ices were subjected to 5 keV electrons. This is supported by the
fact that electron impact and inelastic energy loss processed by
energetic electrons have been shown to excite carbon monox-
ide into the a3Π state (Zetner et al. 1998). But is there any
evidence for reaction (5) proceeding within electron irradiated
carbon monoxide ices?
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In the present set of experiments, we aim to investigate the
destruction processes of carbon monoxide, and also to address
the question of whether free oxygen atoms can react with
carbon monoxide to form carbon dioxide. We irradiated ice
samples composed of carbon monoxide as well as isotopically
enriched molecular oxygen (18O2) with 5 keV electrons. Refer
to the discussion for a justification of using keV electrons as
an irradiation source. From studying the kinetic profiles of
the products produced we should be able to determine the
destruction pathways of carbon monoxide and the formation
mechanism of carbon dioxide.

2. EXPERIMENTAL DETAILS

The details of our experimental setup as well as the calcu-
lation of column densities and ice thicknesses can be found
elsewhere (Bennett et al. 2004; Jamieson et al. 2006a). Briefly,
the experiments are conducted in an ultrahigh vacuum (UHV)
chamber where oil-free magnetically suspended pumps are used
to bring the base pressure down to around 5 × 10−11 Torr.
The gases are condensed onto a freely rotatable highly pol-
ished silver monocrystal situated in the center of the chamber
which is cooled to 10 K by a closed cycle helium refrigera-
tor. This condensed phase is sampled by a Nicolet 510 DX
Fourier transform infrared (FTIR) spectrometer operating in
absorption–reflection–absorption mode at a reflection angle of
75◦ (spectra are recorded in succession over the range 6000–
400 cm−1 at a resolution of 2 cm−1, each integrated over
2.5 min). Meanwhile, gaseous species may be analyzed by a
quadrupole mass spectrometer (Balzer QMG 420) operating in
residual gas analyzer mode.

In this case, the gas mixture under study consists of 136
mbar of carbon monoxide and 35 mbar of molecular oxygen
(18O2). During the 3 min of condensation, these gases are
deposited through a glass capillary array held 5 mm from the
target, while the pressure in the main chamber was monitored
at 1 × 10−7 Torr in order to give reproducible conditions.
To calculate the resulting oxygen thickness, we approximated
that the same condensation conditions hold as for a previous
experiment where molecular oxygen was used (Bennett &
Kaiser 2005). Here, pure oxygen deposited at 1 × 10−7 Torr for
5 min produced an ice thickness of 3.5 μm when an integrated
absorption constant of 5 × 10−21 cm molecule−1 is used.
Taking into account the time and partial pressure, we estimated
that the column density of 18O2 within the sample is about
1.6 × 1018 molecules cm−2, i.e. a thickness of around 554 nm.
In deriving the column density of carbon monoxide, we used the
overtone band at 4250 cm−1 because it can easily be monitored
during the irradiation. Here, taking an absorption coefficient
of 1.6 × 10−19 cm molecule−1 (Gerakines et al. 2005), we
derived a column density of 2.71 ± 0.09 × 1017 molecules cm−2,
i.e. a thickness of around 122 nm. Thus, the determined ratio of
carbon monoxide to the isotopically labeled molecular oxygen
is roughly 1:6; the total thickness is around 676 nm. The sample
was then irradiated using 5 keV electrons generated by an
electron gun (Specs EQ 22) for 1 hr at a beam current of 100 nA
over a sample area of 1.8 ± 0.3 cm2, noting that the manufacturer
states an electron extraction efficiency of 78.8%. The sample
was then left isothermally at 10 K for 80 min to check the
stability and reactivity of the molecular species generated within
the ice sample before the sample was heated to 300 K by a
controlled heating program at a rate of 0.5 K min−1.

Table 1
Species Identified in the Infrared Spectrum of the CO:18O2 Ice Prior to

Irradiation

Band Position Assignment Characterization

4250 CO (2ν1) Overtone band
3706 CO2 (ν1 + ν3) Combination band
3600 CO2 (2ν2 + ν3) Combination band
2346 CO2 (ν3) Asymmetric stretch
2329 18OCO (ν3) Isotope peak
2280 13CO2 (ν3) Isotope peak
2200br CO (ν1+ νL) Fundamental + lattice mode
2137 CO (ν1) Fundamental
2111 CO–Ag (ν1) Fundamental
2092 13CO (ν1) Isotope peak
2089 C18O (ν1) Isotope peak
2035br . . . . . .

2027 . . . . . .

2002 . . . . . .

1995 . . . . . .

1485 18O2 ν1 Fundamental
659, 646, 618 CO2 ν2 In-plane/out-of-plane bend
539 . . . . . .

Note. “br” indicates a broad feature.

3. RESULTS

3.1. Infrared Spectroscopy

The infrared spectra of the CO:18O2 ices prior to the irradia-
tion are shown in Figure 1 (gray line); the absorptions are listed
in Table 1. The fundamental of the carbon monoxide species
is found at 2137 cm−1, in good agreement to studies where it
has been studied within oxygen matrices (Ehrenfreund et al.
1996; Minenko et al. 2000). Other features, such as the broad
lattice band centered around 2200 cm−1, the overtone band at
4250 cm−1, and an absorption band attributed to the forma-
tion of silver adsorbed carbon monoxide at 2111 cm−1 have all
been discussed previously (Jamieson et al. 2006a). Two bands
associated with the 13CO and 12C18O isotopomers of carbon
monoxide are characterized by their fundamental absorptions
at 2092 and 2089 cm−1, respectively. Again, these are in good
agreement with the absorptions of these species isolated in argon
matrices where they appear at 2091 and 2087 cm−1 (Schriver
et al. 1999). Although it is infrared inactive, the fundamental
of molecular oxygen (18O2) was observed at 1485 cm−1, which
is in agreement to previous studies (Jones et al. 1986). Carbon
dioxide was also found in trace quantities, identified through its
absorption bands at 618–659 (v2), 2346 (v3), 3706 (v1+ ν3), and
3600 (2v2+ ν3) cm−1, respectively (Sandford & Allamandola
1990; Bennett et al. 2004); this originated from the carbon
monoxide gas (99.9999%). Two more bands associated with
the isotopomers of carbon dioxide, 18OCO and 13CO2 were
identified through their v3 asymmetric stretches at 2329 and
2280 cm−1, respectively (Cahill 1977). Also present in the spec-
trum are five unidentified bands, which appear at 2035, 2027,
2002, 1995, and 539 cm−1. As none of these bands were present
in our experiments with either pure carbon monoxide or the iso-
topically labeled molecular oxygen ices, it is postulated that they
might be associated with complexes between the two molecules,
possibly involving the silver surface.

Figure 1 (black line) also shows the infrared spectrum of the
ice sample after the irradiation; the assigned peaks are compiled
in Table 2. We shall first discuss briefly the effects of irradiation
on the carbon monoxide bands; although a notable decrease in
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(a) (b)

Figure 1. Infrared spectra over the range of 500–4500 cm−1 of the CO:18O2 ice held at 10 K prior to irradiation (gray) and after being subjected to 100 nA of 5 keV
electrons for 1 hour (black). Inset (a) shows the region 3500–3750 cm−1 expanded to highlight the relative amounts of the combination bands of the observed carbon
dioxide isotopomers. Similarly, inset (b) shows the v3 asymmetric stretching mode of the observed ozone bands within the region 950–1050 cm−1.

the intensity of the overtone band at 4250 cm−1 is observed
upon irradiation as it is destroyed while the fundamental band
at 2137 cm−1 broadens slightly upon irradiation, as previously
noted (Palumbo & Strazzulla 1993; Jamieson et al. 2006a).
Deconvolution of this band reveals that this is due to the
formation of a CO:CO2 complex which produces two shoulder
bands at 2144 and 2135 cm−1, where they have previously been
identified at 2143 and 2135 cm−1 (Raducu et al. 1995). An
additional shoulder at 2140 cm−1 appears to be associated with
a CO:O3 complex, which again agrees to prior studies on this
complex at 2140 cm−1 (Raducu et al. 1994). As expected, the
13CO fundamental at 2092 cm−1 is found to decrease upon
irradiation, while the C18O isotopomer at 2089 cm−1 grows.

The production of carbon dioxide during irradiation could
clearly be seen. The 18OCO isotopomer was shown to be the
most abundant isotopomer produced, where new absorptions
can be seen through the combination bands at 3665 (ν1+ ν3)
and 3561 (2ν2+ ν3). The C18O2 isotopomer could be identified
through its ν3 fundamental at 2311 cm−1 and its combination
bands at 3626 (ν1+ ν3) and 3518 (2ν2+ ν3) could also be clearly
identified (Berney & Eggers 1964; Cahill 1977; Toth et al.
2007). In addition, bands due to 18O13CO at 3581 (ν1+ ν3),
3490 (2ν2+ ν3), and 2263 (ν3) were observed (Berney & Eggers
1964; Cahill 1977; Toth et al. 2008). A band at 2245 cm−1 is
assigned to the ν3 fundamental of 13C18O2 (Berney & Eggers
1964; Cahill 1977; Toth et al. 2008). Note that the additional
band structure of the ν3 isotopomers as listed in Table 2 is likely
due to the formation of various Van der Waals complexes with
different species within the matrix; however, their nature was
not further investigated. The relative abundances of the different
carbon dioxide isotopomers can be seen in Figure 1(a).

Considering the identification of ozone, the most abundant
isotopomer was established to be 18O3 which was found to
lie in its most stable bent (C2v) geometry, where the bands at
663 (ν2), and 985 (ν3) cm−1 are in good agreement with the
values for this species within an oxygen matrix where they are
found to occur at 664 and 982/984 cm−1, respectively (Schriver-

Mazzuoli et al. 1995). We also searched for evidence of the
metastable cyclic (D3h) isomer of this species, where theoretical
calculations by Qu et al. (2005) predict that the most intense
band should lie around 747 cm−1, but were unable to find any
trace of this species; all forms of ozone found were in their
bent geometries. All six different isotopomers of ozone could
be identified through their asymmetric stretching mode (ν3), as
depicted in Figure 1(b). Here, the other isotopomers, O18O2,
18OO18O, O18OO, 18OO2, and O3 were found to absorb at
994, 1018, 1007, 1027, and 1041 cm−1, respectively, in good
agreement with previous studies where they were found to lie
at 992/993, 1017/1019, 1007/1008, 1026/1027, and 1040/
1041 cm−1, respectively (Schriver-Mazzuoli et al. 1995). The
band occurring at 1712/1722 cm−1 was assigned to the (ν2 +
ν3) band of indistinguishable isotopomers of ozone (Brewer &
Wang 1972).

While they are not the subject of this investigation, a brief
mention of other carbon oxide species found after irradiation
should be made. Several different isotopomers of the CO3(C2v)
and CO3(D3h) molecules can be identified (Table 2). These ab-
sorptions agree very well with previous measurements (Ben-
nett et al. 2004; Jamieson et al. 2006b, 2007a). The CO4(C2v),
CO5(C2), and CO6(Cs) molecules could also be identified
(Jamieson et al. 2007a, 2007b, 2008).

3.2. Mass Spectrometry

The majority of the matrix sublimes within the range of 23–
43 K, in two overlapping episodes. The first maximum cor-
responds to carbon monoxide sublimation monitored via the
CO+ ion (m/z = 28) which peaks at 32 K (compared to 31 K
for pure carbon monoxide; Jamieson et al. 2006a). The second
peak is predominantly molecular oxygen, traced through the
18O2

+ ion (m/z = 36) whereby a maximum was found at 37 K
(found to be 38 K for pure molecular oxygen; Bennett & Kaiser
2005). Concurrent signals corresponding to the isotopomers of
both carbon monoxide, C18O+ (m/z = 30) and molecular oxy-
gen formed during irradiation, 16O2

+ (m/z = 32) and 18O16O+
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Table 2
Identification of Bands from New Species Formed During the Irradiation of the CO:18O2 Ice Sample at 10 K

Band Position Assignment Characterization

3706a CO2 (ν1+ ν3) Combination band
3665 18OCO (ν1+ ν3) Isotope peak
3626 C18O2 (ν1+ ν3) Isotope peak
3600a CO2 (2ν2+ ν3) Combination band
3581 18O13CO (ν1+ ν3) Isotope peak
3561 18OCO (2ν2+ ν3) Isotope peak
3518 C18O2 (2ν2+ ν3) Isotope peak
3490 18O13CO (2ν2+ ν3) Isotope peak
2351, 2346a CO2 (ν3) Asymmetric stretch
2336, 2329a, 2325 18OCO (ν3) Isotope peak
2311 C18O2 (ν3) Isotope peak
2280a 13CO2 (ν3) Isotope peak

Carbon oxides . . .

2263 18O13CO (ν3) Isotope peak
2245 13C18O2 (ν3) Isotope peak
2254, 2250, 2239, 2230, 2222, 2192 Carbon oxides . . .

2144, 2140, 2137a, 2135 CO (ν1) Fundamental
2109a CO–Ag (ν1) Fundamental
2092a Isotope peak 13CO (ν1)
2089a Isotope peak C18O (ν1)
2066, 2060 Carbon oxides . . .

2044, 2040, 2027, 2014 C16/18O3 (C2v; ν1) Fundamental
2036, 2032 Carbon oxides . . .

2002a . . . . . .

1995a . . . . . .

1947, 1943, 1932 O = C16/18O3 (C2v; ν1) Fundamental
C2

18O (ν1)b Fundamental
1927, 1922 Carbon oxides . . .

1912 O = C16/18O4 (C2; ν1) Fundamental
1906, 1900 18O = C16/18O3 (C2v; ν1) Fundamental
1871 18O = C16/18O4 (C2; ν1) Fundamental

CO3 (C2v; Fermi) Fermi resonance
O = CO5 (Cs; ν1) Fundamental

1863, 1856, 1842, 1832 C16/18O3 (C2v, Fermi) Fermi resonance
18O = C16/18O5 (Cs; ν1) Fundamental

1822 Carbon oxides . . .

1712, 1722 16/18O3 (ν2 + ν3) Combination band
1598 Carbon oxides . . .

1545b 16O2 (ν1) Isotope peak
1485a 18O2 (ν1) Fundamental
1357, 1253, 1227, 1182 Carbon oxides . . .

1171 CO3 (D3h; ν1) Fundamental
1160 16OC18O2 (D3h; ν1) Fundamental
1146 16OC18O2 (D3h; ν2) Fundamental
1130, 1124 Carbon oxides . . .

1065 C16/18O3 (C2v; ν2) Fundamental
1041 O3 (ν3) Isotope peak
1027 18OO2 (ν3) Isotope peak
1018 18OO18O (ν3) Isotope peak
1007 O18OO (ν3) Isotope peak
994 O18O2 (ν3) Isotope peak
985 18O3 (ν3) Fundamental
1000, 830 Carbon oxides . . .

681 16/18O3 (ν2) Isotope peak
663 18O3 (ν2) Fundamental
659a, 647a, 651, 633, 618a C16/18O2 (v2) Fundamental
576, 567, 554, 540 C16/18O3 (C2v; ν5) Fundamental
521b . . . . . .

Notes. a These bands were present in the sample prior to irradiation. b Tentative
detection. “Carbon oxides” refers to bands believed to be associated with CxOy (x�1,
y�1) species which could not be specifically determined.

(m/z = 34), were also detected. Although the majority of the
ozone isotopomers were found to sublime with the bulk of the

ice from 23 to 43 K, a later sublimation event occurred be-
tween 59 and 69 K, with a maximum at 62 K. Here, the signal
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was attributed to the isotopomers of ozone as 18O3
+ (m/z =

54) and 16O18O2
+ (m/z = 52). The last molecule identified as

it sublimated from the ice was carbon dioxide over the period
of 76–90 K (maximum signal recorded around 89 K), again
in good agreement with previous studies (91–94 K; Bennett
et al. 2004). Here, the signals from carbon dioxide were mon-
itored at CO2

+ (m/z = 44), 18OCO+ (m/z = 46), and C18O2
+

(m/z = 48).

4. DISCUSSION

4.1. Formation of Ozone

As molecular oxygen is the dominant chemical species within
our ice mixture, let us first consider the formation of ozone;
the only observed product when pure ices are subjected to keV
electrons (Bennett et al. 2005). The temporal profile of the 18O3
isotopomer of ozone was taken from the ν3 asymmetric stretch
found at 985 cm−1; the absorption coefficient of 1.4 × 10−17 cm
molecule−1 for this band was used for all isotopomers (Smith
et al. 1985). Our previous work showed that the formation
of ozone followed pseudo-first-order kinetics. Formerly, the
radiolysis induced bond cleavage within molecular oxygen
generates free suprathermal oxygen atoms, which then react
with neighboring molecular oxygen (in excess) to generate
ozone as depicted in reaction (8)

[18O2 . . .18 O2]
k1−→ [18O . . .18 O . . .18 O2]

fast−→ [18O . . .18 O3]. (8)

Note that the addition of an oxygen atom to form the bent
(C2v) ozone structure requires passing a barrier of only around
100 cm−1 (144 K; 1 kJ mol−1; Schinke & Fleurat-Lessard
2004). This justifies fitting the temporal profiles using pseudo-
first-order kinetics, as the reaction will occur rapidly with
suprathermal oxygen atoms. Conversely, in the 6:1 (O2:CO)
ice, we observe a decrease in the observed column density,
indicating that ozone is either reacting with other chemical
species present within the ice, or being dissociated by the
impinging electrons. Dissociation is likely to generate molecular
oxygen and suprathermal oxygen atoms; in the case of pure
molecular ices it is anticipated that this will ultimately cause the
regeneration of a second ozone molecule, indiscernible from the
original. However, within mixed ices, these oxygen atoms can
be intercepted by other chemical species, here labeled simply
as X:

[18O2 . . .18 O2 . . . X]
k1−→ [18O . . .18 O3 . . . X]
k2−→ [18O . . .18 O2 . . .18 OX] (9)

for which we obtain the following rate equation (Steinfeld et al.
1999):

[18O3]t = k1a

k2 − k1
(e−k1t − e−k2t ). (10)

Here, we find that a = 4.18 ± 0.03 × 1015 molecules cm−2,
k1 = 1.44 ± 0.02 × 10−3 s−1, and k2 = 9.35 ± 0.36 × 10−5 s−1;
the results are shown in Figure 2(a). As a consequence of the low
barrier involved in the generation of ozone, it is anticipated that
if free oxygen 16O atoms are available as generated through
reaction (5), the temporal profile of the O18O2 isotopomer

should be consistent with these findings. The proposed reaction
sequence is shown below:

[CO . . .18 O2]
k3−→ [C . . . O . . .18 O2]

fast−→ [C . . . O18O2]. (11)

Here, the temporal profile should be fit via pseudo-first-order
kinetics:

[O18 O2]t = b(1 − e−k3t ), (12)

where the results of the fit (shown in Figure 2(b)) give b =
1.93 ± 0.01 × 1015 molecules cm−2 and k3 = 1.08 ± 0.01 ×
10−3 s−1. The rate constant is of the same order as that found for
the 18O3 isotopomer, although we should bear in mind it is likely
that a small proportion of this isotopomer is being destroyed in
accordance with the previous result, although at a rate below the
sensitivity of our analysis.

It is interesting that we were also able to fit the temporal profile
of the 18OO18O isotopomer of ozone, which was produced from
the ν3 asymmetric stretch at 1018 cm−1, using pseudo-first-order
kinetics as follows:

[18OO18O]t = c(1 − e−k4t ). (13)

The results of this fit being, c = 7.81 ± 0.40 × 1014 molecules
cm−2 and k4 = 4.02 ± 0.34 × 10−4 s−1. The fit is shown
in Figure 2(c). The lower rate constant could be interpreted
found here could be explained by a lower reactive cross section
for the “insertion” of the oxygen 16O atom into the molecular
oxygen which would have a lower cone of acceptance compared
to adding to a terminal atom. However, theoretical calculation
by Siebert et al. (2002) shows that the direct insertion process
does not occur, indicating the possible involvement of a cyclic
intermediate which can subsequently ring open to form this
isotopomer. Instead, these calculations suggest that the 16O
atom must add to a terminal oxygen atom initially, and then
may transiently form the cyclic species (overcoming a barrier of
around 1.3 eV (15,086 K; 125 kJ mol−1)) before ring opening
to form the 18OO18O isotopomer.

4.2. Formation of Carbon Dioxide

Here, considering we have already established the presence of
free suprathermal 18O atoms within our ice, we should initially
consider their reaction with carbon monoxide to form the 18OCO
isotopomer of carbon monoxide. The temporal profile for this
species was produced from monitoring the ν3 asymmetric
stretch at 2329 cm−1, using the integrated absorption coefficient
of 7.6 × 10−17 cm molecule−1 (Gerakines et al. 1995). During
irradiation, two shoulder bands at 2336 and 2325 cm−1 become
apparent, causing artificially large error bars due to nonunique
solutions within the deconvolution procedure. These are likely
associated with complexes between 18OCO with CO and/or O3.
The proposed reaction is

[CO . . .18 O2]
k5−→ [CO . . .18 O . . .18 O]

fast−→ [OC18O . . .18 O], (14)

where the temporal profile should be fit by

[18OCO]t = d(1 − e−k5t ) (15)
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(a) (b)

(c) (d)

(e)

(g) (h)

(f)

Figure 2. Kinetic fits to the temporal profiles of the column densities during the irradiation period for (a) 18O3, (b) O18O2, (c) 18OO18O, (d) 18OCO, (e) C18O, (f)
C18O2, (g) CO2, and (h) CO (see for details).
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the results were found to be d = 1.73 ± 0.02 × 1016 molecules
cm−2, and k5 = 4.31 ± 0.08 × 10−4 s−1, and are shown in
Figure 2(d). This is consistent with the theoretical calculations
of Talbi et al. (2006) as the suprathermal oxygen atoms are
able to overcome the barrier to this reaction. Note that we cannot
exclude the involvement of excited 18O(1D) oxygen atoms which
can react without barrier to form carbon dioxide.

The production of the C18O2 isotopomer was investigated to
discern whether or not there was evidence for the reaction of free
suprathermal carbon atoms with molecular oxygen. Here, the
theoretical calculations of Hwang & Mebel (2000) predict that
this pathway is feasible, passing through both linear and cyclic
intermediates. The temporal profile was produced from the ν3
asymmetric stretch at 2311 cm−1. We were unable to identify
these intermediates, and in addition, the profile for this species is
not consistent with this mechanism. Instead, we propose that this
molecule can be produced in a two-step sequential mechanism
whereby it is most likely that the initial step is the generation
of the C18O species, and its production must be accounted for
before further investigation into the formation of C18O2. Here,
there are three main pathways to consider: (1) the recombination
of atomic carbon and oxygen atoms, (2) the isotopic exchange
reaction from reaction of suprathermal 18O atoms with carbon
monoxide as investigated by Brunsvold et al. (2008) to be
relatively inefficient, and (3) the reaction of carbon atoms with
molecular oxygen. This process is found to occur rapidly, even
at low temperatures as studied by Chastaing et al. (2000).
Investigations by Geppert et al. (2002) indicate that the process
can occur without barrier, and produces carbon monoxide and an
electronically excited oxygen atom. We consider this the most
likely pathway, which is depicted as follows:

[18O2 . . . CO]
k6−→ [18O2 . . . C . . . O]

fast−→ [18O . . . C18O . . . O]. (16)

The temporal profile for this species was produced from the
ν1 fundamental occurring at 2089 cm−1 with the absorption
coefficient of 1.1 × 10−17 cm molecule−1 (Jiang et al. 1975).
Here, the kinetic fit used is given as

[C18 O]t = f (1 − e−k6t ). (17)

From the results, we find f = 1.58 ± 0.03 × 1016 molecules
cm−2 and k6 = 3.14 ± 0.16 × 10−4 s−1. The results can
be seen in Figure 2(e); note that due to the presence of this
isotopomer prior to irradiation, an additional column density of
1.19 ± 0.05 × 1015 molecules cm−2 was added as a constant to
Equation (17). Now, we can return to the proposed two-
step formation of C18O2, which may form via the addition
of a suprathermal 18O atom to a previously generated C18O
molecule:

[CO . . .18 O2]
k7−→ [O . . .18 OC . . .18 O]
k8−→ [O . . . C18O2]. (18)

Now, the temporal profile can be fit using the following kinetic
equation:

[C18O2]t = g

(
1 − k8

k8 − k7
e−k7t +

k7

k8 − k7
e−k8t

)
. (19)

For this isotopomer, it was necessary to fix the value of g =
1.70 × 1016 molecules cm−2; using this value, we determined
k7 = 3.89 ± 0.03 × 10−5 s−1, and k8 = 2.23 ± 0.08 × 10−3 s−1.
The results are depicted in Figure 2(f); the dashed line shown
indicates the required column density of C18O molecules nec-
essary to make this pathway feasible.

Finally, for the CO2 isotopomer of carbon dioxide, we
expect that the ratio of our ice mixture discriminates against
the likelihood of reactions (6) and (7) occurring to any great
extent, similar to the observations by Cottin et al. (2003).
This is verified by the temporal profile, which cannot be
fitted by first-order kinetics. Here, we assumed that an initially
generated 16O atom would have to react via an intermediately
generated species, following pseudo-first-order kinetics, and
then the process may be repeated to generate the carbon dioxide
molecule:

[CO . . . X . . . CO]
k9−→ [C . . . OX . . . CO]
k10−→ [C . . . X . . . CO2]. (20)

Again, this profile can be fitted using a two-step sequential
mechanism via

[CO2]t = h

(
1 − k10

k10 − k9
e−k9t +

k9

k10 − k9
e−k10t

)
. (21)

The results are shown in Figure 2(g); here, we find that h =
1.73 ± 0.19 × 1016 molecules cm−2, k9 = 1.42 ± 0.20 ×
10−4 s−1, and k10 = 2.38 ± 0.21 × 10−3 s−1. Note due to the
presence of a small amount of the CO2 in the sample prior to
irradiation, a constant of 1.03 ± 0.02 × 1015 molecules cm−2

was added as a constant to Equation (21). The amount of species
X required to participate in this reaction sequence to make it
feasible is indicated by the dotted line.

4.3. Destruction of Carbon Monoxide

The 1:6 ratio within our ice matrix lessens the extent of
reactions (6) and (7) occurring as a reaction pathway to destroy
carbon monoxide, as has been previously commented. If this
were the major destruction pathway, we would expect to see
the first order generation of carbon dioxide so we can safely
assume that this pathway is not a dominant destruction pathway,
but may occur to a small extent. In the previous two sections,
we verified the first-order production of species dependant upon
the generation of both free suprathermal 16O (reactions (11)–
(13)) and C atoms (reactions (16)–(17)). This seems to verify
that reaction (5), the radiolysis-induced dissociation of carbon
monoxide, takes place within our ice matrix. However, we still
cannot assume that reaction (5) is solely responsible for the
destruction of this species. In fact, we have already postulated
that reactions (14) and (20), the addition of suprathermal
16/18O atoms to carbon monoxide to form the CO2 and 18OCO
isotopomers of carbon dioxide, will attribute to the destruction
process. The destruction of carbon monoxide was monitored via
the 2ν1 overtone band at 4250 cm−1, whereby the absorption
coefficient of 1.6 × 10−19 cm molecule−1 was used to derive
the column density (Gerakines et al. 2005). In consideration
of the destruction pathways for this molecule, the column
density was fitted using an exponential decay, whereby the major
contributing pathway is expected to be reaction (5).

[CO]t = [CO]0 e−k11t . (22)
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Here [CO]t is the column density at time t, and [CO]0 is the
initial column density of carbon monoxide. The results from the
fit are depicted in Figure 2(h), where [CO]0 = 2.65 ± 0.02 ×
1017 molecules cm−2 and k11 = 6.24 ± 0.34 × 10−5 s−1.

4.4. Astrophysical Implications

From an astrophysical perspective, the ice environment stud-
ied here may be typical of that of interstellar ices where the
carbon monoxide is found within an apolar ice which is iden-
tified through a narrow feature at 2140 cm−1. Here, the dom-
inant species expected to be constituents of the surrounding
matrix are thought to be carbon monoxide itself, molecular ni-
trogen, molecular oxygen, and carbon dioxide, which is also
found in these environments (Tielens et al. 1991; Chiar et al.
1994, 1995). Whereas carbon monoxide, molecular oxygen and
molecular nitrogen all have similar volatilities, carbon dioxide
is much less volatile, so its presence in such an environment
is possible evidence for its formation there through the pro-
cessing of these ices. It has been previously mentioned that
many of the astronomical environments where this processing
through radiolysis is proposed to occur are actually thought to
be quiescent environments which are not significantly processed
by UV photons such as Elias 16 (Nummelin et al. 2001) and
the dark clouds of the Orion core (Whittet et al. 2007). How-
ever, it is well known that the galactic cosmic radiation (GCR)
can penetrate even within these dark clouds. Here, the particle
component consists of around 98% protons, and 2% helium nu-
clei (α-particles) which have an energy distribution maximum
around 10 MeV, where a fluence of φ = 10 particles cm−2 s−1

(Strazzulla & Johnson 1991). However, the generation of such
high-energy particles is quite difficult and although such exper-
iments have been carried out using particles generated by a cy-
clotron (Kaiser & Roessler 1997; Kaiser et al. 1997), it is more
customary to use lower energy particles typically of around
0.8 MeV generated with a van de Graaff generator (e.g.,
Gerakines & Moore 2001). The linear energy transfer (LET) is
an indicator of how much energy is transferred into the medium
as a particle transverses the medium, and is directly related to the
distribution of excited particles; it explains why different chem-
ical yields can be observed for different energy ranges (Swallow
1973; Magee & Chatterjee 1987; Johnson 1990; Spinks &
Woods 1990). Thus, while the LET for a 10 MeV proton in
carbon monoxide has been calculated to be 4.1 keV μm−1, a
0.8 MeV proton has an LET of 21.1 keV μm−1, as calculated us-
ing the SRIM code (Ziegler et al. 1985). This energy deposition
is split between two different types of collisions; elastic nuclear
collisions (Sn) and inelastic electronic collisions (Se). While
elastic nuclear collisions can transfer large amounts of energy
to generate knock-on particles which may carry up to 10 keV
of kinetic energy, they are sparsely generated, typically several
μm apart (Kaiser & Roessler 1997; Kaiser et al. 1997; Magee
& Chatterjee 1987). In fact, Monte Carlo simulations of ion tra-
jectories using both the SRIM and MARLOWE codes indicate
that a 10 MeV proton typically loses over 99.9% of its energy
through elastic electronic collisions (Ziegler et al. 1985; Kaiser
& Roessler 1997; Kaiser et al. 1997). These elastic electronic
collisions refer to the excitation of electrons through interaction
with the incoming charged particle; if the extent of excitation is
large enough it will create an ionized species and a secondary
electron (δ electrons), otherwise this energy may be internally
dissipated into electronic, vibrational, and rotational energy lev-
els. Recall that if a dissociative electronic state is involved, the

bond may rupture to generate radical species. During these inter-
actions, it is the speed of the charged particle as it transverses a
molecule which is important because the timescale the electrons
within the medium have to react to their influence is important
(Magee & Chatterjee 1987). The speed of a 10 MeV proton is
similar to that of a 5 keV electron, which explains why their
LET is similar; the values often reported for a 5 keV electron
are close to 4 keV μm−1 as calculated by the CASINO code
(Drouin et al. 2001). The only anticipated difference is in the
energies of secondary electrons generated. While the energy
of secondary electrons released from a 10 MeV proton track
can be generated with up to a few 104 eV, compared to around
2500 eV as an upper limit for the electrons generated via 5 keV
electrons, where there is an inverse square relationship to the
likelihood of generating higher energy particles (Magee &
Chatterjee 1987). Thus, here we are directly investigating
the effects of the δ electrons, in an energy regime where
the effects should be comparable to that of a 10 MeV
proton. While elastic nuclear interactions, as well as charge
transfer, and even these ions reacting themselves with the
target medium become increasingly important considera-
tions in ion implantation at lower energies, it is safe
to neglect them within this energy range (Swallow 1973;
Magee & Chatterjee 1987; Johnson 1990; Spinks & Woods
1990).

There is a large amount of evidence supporting the fact
that carbon monoxide is found not only within apolar ices,
but can also be trapped within water-dominated regions of
interstellar grains (Chiar et al. 1994, 1995; Collings et al.
2003). When mixtures of H2O:CO ices are exposed to UV
radiation or energetic ions, the production of carbon dioxide
is readily observed (Moore et al. 1991; Watanabe & Kouchi
2002). This helps explain recent observations by Whittet et al.
(2009), where the spectral features of the carbon dioxide bands
indicate that even for dense molecular clouds, up to 85% of this
molecule reside within a polar (water dominated) matrix. This is
surprising given the fact that carbon dioxide seems more likely
to form within the nonpolar regions which are dominated by
CO, O2, and N2. One possible explanation for this seemingly
paradoxical observation is that as we have shown here, carbon
dioxide can be formed from carbon monoxide wherever there is
a source of suprathermal oxygen atoms. These can be donated
from any oxygen-bearing species to generate carbon dioxide,
although here, the donor is most likely water. In this case,
the left-over hydrogen atoms are free to diffuse within these
porous ices. They may eventually recombine to form molecular
hydrogen which may be released from the ice, or react with
other constituents of the ice. However, as the concentration of
carbon dioxide within these ices without any irradiation source is
expected to be near zero, the relative amounts of CO:CO2 within
the water dominated regions of interstellar ices, could be an
indicator for how much processing these ices have experienced,
and may be linked to the concentrations of other species such
as formaldehyde and methanol.

Note also that carbon dioxide can readily form within the
apolar regions of interstellar ices, where carbon monoxide and
oxygen are two of the three dominating species, very similar to
the ices used here. It is anticipated that during the processing of
such an ice, spectral features from ozone and carbon dioxide will
become apparent. In addition, there may be shoulder bands on
several of these features which are associated with van der Waals
complexes. Recently, Pontoppidan et al. (2003) conducted a
study where they reported spectral features associated with the
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Table 3
Summary of Key Reactions Occurring Within the CO:18O2 Ice Matrix During

the Irradiation

Initial Processes (1) 18O2 → 18O + 18O
(2) CO → C + O

First generation products (3) 18O + 18O2 → 18O3

(4) 18O + CO → 18OCO
(5) O + 18O2 → O18O2 (→ 18OO18O)
(6) C + 18O2 → C18O + 18O

Secondary processes (7) 18O3 → 18O + 18O2

(8) O18O2 → O18O + 18O
→ O + 18O2

(9) 18OO18O → O18O + 18O
(10) 18OCO → C18O + O

→ CO + 18O
Second generation products (11) CO + O → CO2

(12) C18O + 18O → C18O2

fundamental band of carbon monoxide in ices around young, low
mass stars (which may still have significant amounts of apolar
ices). They observed bands centered around 2143.7, 2139.9,
and 2136.6 cm−1, and commented that these spectral features
were not consistent with carbon monoxide trapped within a
polar matrix. It is suggested that these spectral features may be
indicative of complexes between carbon monoxide and carbon
dioxide (also, possibly ozone) where they have previously been
recorded at 2144 and 2135 cm−1 (Raducu et al. 1996). Again,
this may show evidence of the neighboring species to carbon
monoxide and give clues to the amount of processing these ices
have been subjected to.

5. CONCLUSION AND SUMMARY

This paper focused on the destruction of carbon monoxide and
formation of carbon dioxide under the irradiation with energetic
electrons; the subsequently isotopic variants were followed in
order to extract the reaction mechanisms. The key reaction path-
ways identified here, occurring during the irradiation processes,
are compiled in Table 1. The initial processes refer to the dis-
sociation of the precursor molecules within the ice, and are
verified by monitoring the temporal profiles of derived column
densities for each of the first generation products that can be
generated (Table 3), whereby each were found to be consistent
with pseudo-first-order kinetics. Specifically, the generation of
18O atoms from the dissociation of molecular oxygen is verified
by the first-order generation of 18O3 (as previously reported by
Bennett et al. 2005), as well as 18OCO. In a similar manner,
the generation of C and O atoms by the dissociation of car-
bon monoxide through reaction (5) is verified by the first order
production of O18O2, 18OO18O, and C18O. This pathway is not
expected to occur when ices are subjected to UV photons. Here,
it has been shown that instead of dissociation, the UV radiation
causes the generation of electronically excited carbon monoxide
molecules (reaction (6)), which can then react with neighboring
molecules to generate carbon dioxide and a carbon atom (reac-
tion (7)). Evidence for this mechanism is shown, by the fact that
when carbon monoxide is diluted within a 10:1 nitrogen dom-
inated matrix and irradiated by UV photons, carbon dioxide is
not produced (Cottin et al. 2003).

During the irradiation of our ice, it is apparent that the first
generation products are also dissociated during the irradiation.
Though the only temporal profile for which this is clearly
shown is for the 18O3 isotopomer of ozone (Figure 2(a)),

we expect that the radiation-induced dissociation of 18OCO,
O18O2, 18OO18O, and C18O will occur to some extent. Table 3
lists some of the products likely to result from the processing
of these first generation products. Here, we note that we
have several new pathways for producing free suprathermal O
atoms, as well as 18OO. The release of suprathermal O atoms
from these first generation products is in accordance with our
proposed mechanisms for the two-step sequential process we
indicated for the production of CO2 within our ice sample.
The further reaction of C18O with a second suprathermal 18O
atom to produce C18O2 is also consistent with our proposed
mechanisms. Evidence for the presence of 18OO in our sample
comes from mass spectrometry, where we were able to observe
signals corresponding to 18OO+ (m/z = 34) as well as O2

+ (m/z
= 32) which sublimed along with 18O2 during the warm-up of
our ice. The latter represents further evidence for free O atoms
available to recombine within our matrix; which would not be
readily available if reactions (6) and (7) were solely responsible
for the destruction of carbon monoxide.

We have also shown that the production of carbon diox-
ide from carbon monoxide reacting with suprathermal oxygen
atoms is efficient. The fact that any oxygen bearing molecule re-
siding within interstellar ices can produce suprathermal oxygen
atoms when subjected to irradiation by MeV ions is stressed.
This indicates that carbon dioxide can be produced from carbon
monoxide both within the polar as well as apolar regions of inter-
stellar ices. Most importantly, the decomposition and reactivity
of carbon monoxide depends on the chemical environment of the
interstellar ices. Upon exposure to energetic electrons, isolated
carbon monoxide molecules are able to undergo unimolecular
decomposition to give suprathermal carbon (C) and oxygen (O)
atoms. Molecular oxygen decomposes to two oxygen atoms.
The free oxygen atoms can react with carbon monoxide via
addition to form the carbon dioxide isotopomers as observed
experimentally. This mechanism to form carbon dioxide is dis-
tinctly different from the one observed in pure carbon monoxide
ices in the bulk where electronically excited carbon monoxide
reacts with a neighboring carbon monoxide molecule to form
solely carbon dioxide and a carbon atom.

This material is based up work supported by the National
Aeronautics Space Administration (NASA Astrobiology Insti-
tute under Cooperative Agreement no. NNA04CC08A issued
through the Office of Space Science).
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