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ABSTRACT

Pure ices of amorphous methanol, CH3OH(X
1A0), were irradiated at 11 K by 5 keVelectrons at 100 nA for 1 hr.

These energetic electrons simulate electronic energy transfer processes that occur as interstellar ices, comets, and icy
solar system bodies are subjected to irradiation fromMeV ions and secondary electrons produced in this process. The
results were analyzed quantitatively via absorption-reflection-absorption Fourier transform infrared (FTIR) spectros-
copy, with the identification of new species aided by high-level electronic structure calculations. The unimolecular
decomposition of methanol was found to proceed via the formation of (1) the hydroxymethyl radical, CH2OH(X

2A00),
and atomic hydrogen, H(2S1=2), (2) the methoxy radical, CH3O(X

2A0), plus atomic hydrogen, (3) formaldehyde,
H2CO(X

1A1) plus molecular hydrogen, H2(X
1�þ

g ), and (4) the formation of methane, CH4(X
1A1), together with

atomic oxygen, O(1D). The accessibility of the last channel indicates that the reverse process, oxygen addition into
methane to formmethanol, should also be feasible. A kinetic model is presented for the decomposition of methanol
into these species, as well as the formyl radical, HCO(X 2A0), and carbon monoxide, CO(X 1�þ). During the sub-
sequent warming up of the sample, radicals previously generated within the matrix were mobilized and found to
recombine to form methyl formate, CH3OCHO(X

1A0), glycolaldehyde, CH2OHCHO(X
1A0), and ethylene glycol,

HOCH 2CH2OH(X
1A). Upper limits for the production of these species by the recombination of neighboring rad-

icals produced during irradiation as well as during the warm-up procedure are presented. The generation of these
molecules by irradiation of ices in the solid state and their subsequent sublimation into the gas phase can help ex-
plain their high abundances as observed toward hot molecular cores and underlines their importance in astrobiology.

Subject headinggs: cosmic rays — ISM: molecules — methods: laboratory — molecular processes —
planets and satellites: general

1. INTRODUCTION

One of the recent challenges in astrochemistry is to explain the
production pathways for the increasingly complex molecules
continuing to be discovered in the interstellar medium. Complex
organic molecules of particular astrobiological interest include
two groups of structural isomers (molecules with the same chem-
ical formula, but different chemical structures). These are three
isomers from both the C2H4O group (acetaldehyde [CH3CHO],
vinyl alcohol [H2C¼CHOH], and ethylene oxide [c-C2H4O])
and the C2H4O2 group (glycolaldehyde [CH2OHCHO], methyl
formate [CH3OCHO], and acetic acid [CH3COOH]); all thesemol-
ecules have now been identified in hot molecular cores (Gottlieb
1973; Brown et al. 1975; Dickens & Irvine 1997; Mehringer et al.
1997; Hollis et al. 2000; Turner & Apponi 2001).

Interestingly, chemical models of hot molecular cores rely on
rapid, high-temperature gas-phase chemistry to explain the abun-
dance of these molecules; the physical processes are thought to be
triggered by the sublimation ofmethanol-rich icy grains. This pro-
cess is thought to provide high abundances of large organic mol-
ecules for periods up to 104Y105 yr (Charnley et al. 1992; Rodgers
& Charnley 2001). It has recently been noted, however, that mol-
ecules subliming from these grains will have lifetimes of only a
few hundred years before collapsing into the protostar; unlikely
enough time to form complex molecules by methanol-induced
gas-phase chemistry (Schöier et al. 2002; Rodgers & Charnley
2003). In addition, the majority of the reaction pathways to form
these molecules via gas-phase processes involve ion-molecule
reactions, processes that have not all been studied experimen-

tally. Recent studies indicated that ion-molecule reactions of,
for instance, CH3OH2

+, already included in these models, pro-
ceed slower than predicted and cannot explain the observed abun-
dances of the C2H4O and C2H4O2 isomers quantitatively (Horn
et al. 2004). Thus, one of ourmain research goals is to establish al-
ternative pathways to form these complex molecules, which are
proposed to be formed within the icy grains themselves in cold
molecular clouds and are detected as the ices sublime when the
protostar develops. It is well known that the icy grains present
within interstellar clouds are subjected to irradiation fromGalac-
tic cosmic rays (GCRs) throughout the lifetime of an interstellar
cloud of about (4Y6) ; 108 yr (Jones 2005). These GCR particles
can have high kinetic energies up to the GeVenergy range; for in-
stance, values assumed in the literature for the flux of 1 MeV
protons include: � ¼ 10 protons cm�2 s�1 (Strazzulla & Johnson
1991), � ¼ 0:6Y3 protons cm�2 s�1 (Jenniskens et al. 1993), and
� ¼ 1:0 protons cm�2 s�1 (Mennella et al. 2003). Chemically
speaking, the cosmic-ray radiation field comprises about 98%
protons ( p, H+) and 2% helium nuclei (�-particles, He2+). These
GCRparticles can also induce an internal ultraviolet field, holding
a fluence � ¼ 103 photons cm�2 s�1, even deep within cold mo-
lecular clouds (Prasad & Tarfdar 1983).
Methanol itself has long been known to be a constituent of the

icy mantle on interstellar grains; however, its abundance relative
to water is highly variable on which band is used to derive the
column density (Grim et al. 1991; Palumbo et al. 1999). A recent
survey of 23 infrared sources carried out by Gibb et al. (2004)
using the Infrared Space Observatory (ISO) found large discrep-
ancies for the derived methanol abundance reported, in partic-
ular, between when the 3.53 �m (2828 cm�1 [�3, C-H stretch])
and 3.95�m (2531 cm�1 [�6+�11, combination band]) bandswere
used. In the case of the high-mass young stellar object (YSO)
OrionBN, an upper limit of 4% (relative towater) is derived using
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the 3.53 �m band, whereas the 3.95 �m band gives an upper limit
of 27%.On the other hand, for the intermediate-massYSOAFGL
989 using the 3.53 �m band gives an abundance of about 23%,
whereas in this case, the 3.95�mband gives a value of only 1.7%.
Despite these inconsistencies, a general trend between methanol
abundance and the amount of energetic processing occurringwithin
the astronomical environment was suggested. The ices in the line
of sight from Elias 3-16 are thought to be in a quiescent environ-
ment fromwhich a methanol abundance of only 3%was reported.
On the other hand, the ices surrounding high-mass YSOs, which
are thought to highly process their surrounding ices such asW33A
andAFGL 7009S, have abundances as high as 15%Y30% relative
to water.

The formation of methanol itself is still a matter of dispute; the
main gas-phase formation process is considered to be through
radiative association of a methyl ion with water

CHþ
3 þ H2O ! CH3OH

þ
2 þ h�: ð1Þ

Followed by dissociative recombination of the CH3OH 2
+ ion,

CH3OH
þ
2 þ e� ! CH3OHþ H: ð2Þ

Chemical models of dense molecular cores fall short on repro-
ducing the methanol abundances, even without incorporating
the recently determined rate constant for reaction (1), which was
found to be 3 orders slower than predicted at 10 K (Maret et al.
2005). Alternative production routes for methanol that have been
suggested include its formation on the surface of interstellar grains
by the successive hydrogenation of carbon monoxide:

CO(X 1�þ)þ H(2S1=2) ! HCO(X 2A0); ð3Þ

HCO(X 2A0)þ H(2S1=2) ! H2CO(X
1A1); ð4Þ

H2CO(X
1A1)þ H(2S1=2) ! CH2OH(X

2A00)=CH3O(X
2A0);

ð5Þ

CH2OH(X
2A00)=CH3O(X

2A0)þ H(2S1=2) ! CH3OH(X
1A0):

ð6Þ

However, this process is not very efficient at forming methanol
at low temperatures, as revealed by recent experiments byHiraoka
et al. (2005). At low temperatures, the thermalized hydrogen atoms
would not bear enough kinetic energy to efficiently overcome the
entrance barriers that may be present; reaction (3) has a computed
barrier of 11.2 kJ mol�1 (0.12 eV), reported by Bennett et al.
(2005), and reaction (5) of 21.2 kJ mol�1 (via CH3O[X

2A0]) or
48.2 kJ mol�1 (through CH2OH[X

2A00]) (Chang & Lin 2004).
Alternatively,methanol could actually be synthesizedwithin these
interstellar ices as they are subjected to MeV ions as well as UV
photons. Laboratory experiments on the irradiation of binary ice
mixtures containing water and carbon monoxide (5 : 1), as well
as water andmethane (10 : 1) both report the production of meth-
anol (Hudson & Moore 1999; Wada et al. 2006). The fact that
higher methanol abundances are reported toward the center of
YSOs is consistent withmethanol subliming from grains, and the
higher reported abundances in more processing environments
may indicate irradiation-driven solid-state formation (Gibb et al.
2004; Maret et al. 2005).

Methanol is also a known component of comets and other so-
lar system bodies. Mumma et al. (2005) compared the compo-
sitions of volatiles from Oort cloud comets, finding methanol
abundance to be typically of 1%Y3% relative to water. Methanol

has also been detected on a number of other solar system bodies,
such as the centaur 5145 Pholus (Cruikshank et al. 1998) and has
been incorporated into models of reflectance spectra for outer
solar system bodies (Cruikshank et al. 2003).

Although the effects of radiolysis by both ions and UV pho-
tons has been studied on pure and mixed methanol systems, the
identification of several previously assigned species still needs to
be substantiated, and their mechanistic formation pathways eluci-
dated. Allamandola et al. (1988) exposed a thin layer (<1 �m) ice
of water and methanol (2:1) to UV photons generated by a hy-
drogen discharge lamp (� � 2 ; 1015 photons s�1, predominantly
Ly� [10.2 eV]) for 45minutes. The following products were iden-
tified by mid-infrared spectroscopy: formaldehyde (at 1720 and
1500 cm�1), methane (3012 and 1304 cm�1), carbon monoxide
(2137 cm�1), carbon dioxide (2343 and 657 cm�1), and the formyl
radical (1850 cm�1).

Gerakines et al. (1996) exposed a pure methanol ice sample of
about 0.1 �m thickness to 1 hr of UV irradiation from a micro-
wave discharge flow lamp (typically the flux of photons is esti-
mated to be 1015 photons cm�2 s�1 with energies greater than 6 eV,
but predominantly the photons produced are Ly� photons). The
products were studied via mid-infrared spectroscopy, whereby
they were also able to identify formaldehyde (at 1720, 1494, and
1244 cm�1), methane (1302 and 3011 cm�1), carbon monoxide
(2138 cm�1, and its 13C isotopomer at 2092 cm�1), carbon diox-
ide (2342 and 655 cm�1, 13C at 2278 cm�1), and the formyl radical
(1850 and 1863 cm�1). In addition, they also reported absorp-
tions from the hydroxymethyl radical (1197 and 1352 cm�1) and
methyl formate (1718, 1160, and 910 cm�1) and assigned a band
appearing at 1088 cm�1 to ‘‘alcohols.’’

Baratta et al. (1994) used 3 keV He+ ions to bombard pure
methanol as well as binary 1:1 water and methanol samples a
few hundred angstroms thick, exposing them to a dose up to
60 eV per 16 amu (atomic mass units). In accordance with stud-
ies by UV photolysis, they were also able to identify formal-
dehyde (1720 cm�1), methane (1308 cm�1), carbon monoxide
(2136 cm�1), and carbon dioxide (2344 cm�1). Although they
were unable to identify the formyl radical, additional assignments
were made to the production of water (1655 cm�1 and inferred by
modification to the OH-stretching band of methanol) as well as to
acetone (1720, 1444, 1232, and 1090 cm�1).

Moore et al. (1996) exposed ice films of about 4 �m thickness
to a dose of 34 eVmolecule�1 by irradiation from a 1MeV proton
beam.Again, absorptionswere reported of the formation of formal-
dehyde (1721, 1497, and 1246 cm�1), methane (1302 cm�1), car-
bon monoxide (2134 cm�1), carbon dioxide (2339 and 650 cm�1),
and the formyl radical (1844 cm�1). They found no evidence for
water and reassigned the band occurring at 1090 cm�1 to ethanol,
rather than acetone. However, they did attribute a broad feature
between 532Y516 cm�1 to acetone, whose presence was also in-
ferred by data from their mass spectrometer incorporated into the
apparatus that detected fragmentation patterns at m/e 58 and 43,
consistent with the presence of this molecule. They also noted that
after heating the sample, features that resembled those of ethylene
glycol could be identified.

Palumbo et al. (1999) irradiated pure methanol with 3 keV He+

ions at a dose of 52 eV per 16 amu but did not report new features:
formaldehyde (1720 cm�1), methane (1305 and 3010 cm�1), car-
bonmonoxide (2136 cm�1), carbon dioxide (2344 and 660 cm�1),
as well as water (1655 cm�1), and they noted that acetone likely
contributed to the 1720 cm�1 feature.

Hudson&Moore (2000) carried out experiments on puremeth-
anol ices using 0.8 MeV protons, with several changes to their in-
terpretation of the previously assigned bands. They report some of
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the previously detected species, such as formaldehyde (1712,
1499, and 1248 cm�1), methane (1303 cm�1), carbon monoxide
(2135 cm�1), carbon dioxide (2341 and 654 cm�1), and the formyl
radical (1848 cm�1). However, they found no evidence for ethanol,
water, or acetonewithin their experiments. Instead, they assigned
absorptions appearing at 1088, 1046, 885, 861, and 524 cm�1 to
ethylene glycol and bands appearing at 1589, 1384, and 1353 cm�1

to the formate ion.
Baratta et al. (2002) compared the effects of UV photons (Ly�)

and 30 keVHe+ ion irradiation onmethanol samples around 74 nm
thick. They reported a quantitative comparison of the irradiation
sources on the destruction of methanol, as well as the production
of formaldehyde,methane, carbonmonoxide, and carbon dioxide.
Recent studies on the irradiation effects of 30 keV He+ ions on
methanol ices by Brunetto et al. (2005), which focused on a dif-
ferent spectral region (the near-infrared), questioned the forma-
tion of ethylene glycol, whose absorption features in this region
could not be identified.

Thus, it is clear that further work is needed to establish not only
what molecules are present in these ices, but also what their pro-
duction mechanisms are and to what extent they can be justified.
To our knowledge, however, no previous experiments studying
the irradiation effects of high-energy electrons on solid methanol
under ultrahigh vacuum conditions have been carried out. The
choice of energetic electrons as an irradiation source serves to
simulate not only the irradiation of icy surfaces by energetic elec-
trons (e.g., the Jovian system), but also the effects of �-electrons
released in the track of MeV ions (see Bennett et al. [2005] for a
detailed discussion). The linear energy transfer through electronic
interactions to the ice sample from keV electrons is also of the
same order to that of MeVH+ and He+ ions (e.g., Johnson 1990).

2. EXPERIMENTAL

Briefly, an ultrahigh vacuum (UHV) chamber is evacuated
down to a base pressure of typically 5 ; 10�11 torr using oil-free
magnetically suspended turbomolecular pumps. A closed cycle
helium refrigerator is used to cool a highly polished silver (111)
mono crystal to 11:4 � 0:3 K, which is held in the center of the
chamber and is freely rotatable. The methanol (CH3OH) frost
was prepared by depositing methanol (99.9% Fisher Chemicals,
further purified by a foreline liquid nitrogen cold trap) for 1minute
at a background pressure of 10�8 torr onto the cooled silver crys-
tal. A Nicolet 510 DX Fourier transform infrared spectrom-
eter (242 scans over 5 minutes from 5000Y400 cm�1, resolution
2 cm�1) running in absorption-reflection-absorption mode (re-
flection angle � ¼ 75�) is used to monitor the condensed sam-
ple. A quadrupole mass spectrometer (Balzer QMG420) operating
in residual gas analyzer mode with the electron impact ionization
energy at 90 eV allows us to detect any species in the gas phase
during the experiment.

The methanol samples were irradiated isothermally at 11 K with
5 keVelectrons generated with an electron gun (Specs EQ 22/35)
at beam currents of 100 nA for 1 hr by scanning the electron beam
over an area of 3:0 � 0:4 cm2. In theory this would mean during
the irradiation the sample would be exposed to a total of 2:2 ;
1015 electrons (7:5 ; 1014 electrons cm�2); however, not all of the
electrons generated by our electron gun actually reach the target;
the manufacturer states an extraction efficiency of 78.8%, mean-
ing the actual number of electrons that hit the sample is reduced to
1:8 ; 1015 electrons (5:9 ; 1014 electrons cm�2). After the irradia-
tion is complete, the sample is then left isothermally for 1 hr, be-
fore being heated to 300 K at a rate of 0.5 K minute�1.

Figure 1 (dashed line) depicts a typical infrared spectrum of
the condensed methanol frost prior to the irradiation at 11 K; the

assignments of these bands are presented in Table 1. Previous
studies showed that whenmethanol is condensed below 128K, it
should form an amorphous solid, which is stable until around
145 K, transforming into the �-phase (Lucas et al. 2005). The
column density of methanol (molecules cm�2) can be calculated
via a modified Lambert-Beers relationship as in equation (7).

N ¼ ln 10

2
cos �

R �̃2
�̃1

A �̃ð Þ d�̃
A

; ð7Þ

where the division by a factor of 2 corrects for the ingoing and
outgoing infrared beam, � is the angle between the normal of
the surface mirror and the infrared beam,

R �̃2
�̃1

A(�̃) d�̃ is the in-
tegral of the infrared absorption feature for our sample (cm�1),
and A is the integral absorption coefficient (cmmolecule�1), often
referred to as an ‘‘A value.’’ Using a recently determined A value
from Palumbo et al. (1999) of 1:3 ; 10�17 cm molecule�1 for the
band appearing at 1037 cm�1 (�8 and �11 fundamentals), we de-
rive a column density of (1:64 � 0:04) ; 1017 molecules cm�2.
Taking a density of 1.020 g cm�3 (Tauer & Lipscomb 1952), we
can derive a thickness of 85 � 2 nm. The electron trajectories
were simulated using the CASINO code (Drouin et al. 2001). The
results indicate that the distribution maximum for the energy of
electrons after they have been transmitted through the sample is
4:61 � 0:01 keV. This means that they transfer a total of 390 �
10 eV per electron into the sample. This value corresponds to an
average linear energy transfer (LET) of 4:6 � 0:2 keV�m�1 and,
therefore, exposes our sample to an average dose of 1:4 � 0:2 eV
per molecule.

3. THEORETICAL CALCULATIONS

The molecules for which the electronic structures have been
investigated can be placed into two groups: those that we expect
to be produced from the radiolysis of methanol itself (Fig. 2;
Table A6) and those that we expect to form from the recombina-
tion of radicals generated in situ, in addition to the structures of
molecules reported in previous studies (Fig. 3; Table A7). The
molecules were studied computationally by employing the hybrid
density functional B3LYP (Lee et al. 1988; Becke 1993) with the
6-311G(d,p) basis functions to obtain the optimized molecular

Fig. 1.—Comparison of the infrared spectra of themethanol frost at 11K before
irradiation (dashed line) and after irradiation (solid line; offset by 0.05). The corre-
sponding assignments for methanol before irradiation are given in Table 1 and are
given for the products identified after irradiation in Table 2.
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TABLE 1

Band Positions of the Underlying Gaussians Used to Fit the Observed Infrared Absorptions of the Methanol Frost and Assignments,

along with Characterizations and Band Assignments Compared to Several Previous Studies

Band Position (cm�1)

Assignment Characterization This Work Amorphous 93 Ka Crystalline 93 Ka Crystalline 15 Kb Ar Matrix 15 Kc Liquidd

�2/�9 + �4 /�6 /�10 ......................................... Combination 4402 4420

�2/�9 + �7? ................................................... Combination 4270 4097?

�2/�9 + �8..................................................... Combination 3991 4000

?.................................................................... ? 3856

?.................................................................... ? 3735

�1 .................................................................. Fundamental 3426, 3389, 3274, 3187, 3080 3235 3443, 3284, 3187 3284, 3194 3672, 3667 3483, 3363, 3349, 3145, 3038

�2 .................................................................. Fundamental 2987 2982 2982 3006 2983

�9 .................................................................. Fundamental 2961 2951 2955 2968 2962 2946

2�4? .............................................................. Overtone? 2956

�4 + �5 /�4 + �10 /�5 + �10 /2�4 /2�10/2�5 ..... Combination /Overtone 2920 2912 2903 2930, 2921, 2915, 2908 2917

2�5/2�10........................................................ Overtone 2864 (2893)e 2872

�3 .................................................................. Fundamental 2828 2828 2829 2831 2848 2833

2�6 ................................................................ Overtone 2811 2809

�4 + �11/�7 + �4 /�6 /�10 ............................... Combination 2601 2581 2601

�6 + �11 ........................................................ Combination 2527 2520

�6 + �8 ......................................................... Combination 2443 2440

2�11/2�7 ........................................................ Overtone 2237 2226 2226

2�8 ................................................................ Overtone 2040 2057 2054 2046

?.................................................................... ? 1771

�8 + �12? ...................................................... Combination 1495 1514 1508 1555

�4 .................................................................. Fundamental 1478 1470 1473 1470

�10 ................................................................ Fundamental 1461 1450, 1451 1458 1451 1466

�5 .................................................................. Fundamental 1444 1445 1452 1451

�6 .................................................................. Fundamental 1428 1415 1426 1411 1415

�11 + �12? ..................................................... Combination? 1407 (1414)e

2�12 .............................................................. Overtone 1188 1256 1256 1250 1208?

�7 .................................................................. Fundamental 1157, 1137, 1128, 1120, 1113 1124 1162, 1146, 1142 1129 1145 1117

�11................................................................. Fundamental 1047 1046 1077 1088

�8 .................................................................. Fundamental 1041, 1031 1032 1029 1032 1034, 1028 1039, 1031

�8 .................................................................. Fundamental (13C) 1011 1019 1019

�12 ................................................................ Fundamental 834, 713 730 790, 685 782, 694 272 677, 633, 614, 400

a Values from Falk & Whalley (1961).
b Values from Wen et al. (1998) via electron-energy-loss spectroscopy (EELS).
c Values from Serrallach et al. (1974).
d Values from Bertie & Zhang (1997).
e Gas-phase value.



structures, vibrational frequencies, and infrared intensities. The en-
ergies were then 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) including the
B3LYP/6-311G(d,p) zero-point energy corrections at the B3LYP/
6-311G(d,p) optimized geometries. All calculations were carried
out with theGAUSSIAN 98 program package (Frisch et al. 2001).
At this level of theory, the calculated intensities are typically ac-
curate to about 20% compared to gas-phase values (Galabov et al.
2002); however, experimentally derived solid-state intensities are
used where possible.

4. RESULTS

4.1. Infrared Spectroscopy: Qualitative Analysis

Figure 1 shows the pristine methanol ice at 11 K, as well as
after it was subjected to irradiation from 5 keVelectrons at 100 nA
for 1 hr. Figures 4a and 4b highlight the differences between the
methanol ice at 11K before irradiation, after irradiation, and after
it has been warmed to 113 K within the spectral regions 2500Y
1500 cm�1 and 1500Y500 cm�1.We now describe the new absorp-

tion features as a result of irradiation first with comparison to
other experiments, and then those observed during the subsequent
warm-up of our sample up to 273 K. A list of the observed species
can be found in Table 2.
The hydroxymethyl radical, CH2OH(X

2A00), was identified
via its �4 (CO-stretching) fundamental at 1192 cm�1, which is in
agreement with previous studies that have identified the radical
either inmatrix isolation studies at 1183 cm�1 (Jacox 1981), or at
1197 cm�1 in UV irradiation experiments (Gerakines et al. 1996).
Note that we were unable to unambiguously confirm the presence
of the �5 (CH2, OH-rocking) 1352 cm�1 band also reported by
Gerakines et al. (1996), which our calculations estimate to be half
as strong. Note that this feature was also identified in irradiation ex-
periments carried out by Hudson & Moore (2000) at 1353 cm�1,
but reassigned tentatively to the absorption to the formate ion
(HCOO�).
We were unable to directly confirm the generation of the

methoxy radical, CH3O(X
2A0), due to the fact thatmost of the ab-

sorptions overlap with either methanol or other species covered
in this study. Our calculations indicate that the strongest absorp-
tion, the �1 (CO-stretching) fundamental should be the easiest to

Fig. 2.—B3LYP/6-311G(d,p) optimized structures of molecules expected to form from the breakdown of methanol covered by the theoretical calculations in this study.
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Fig. 4.—Comparison of the infrared spectra of the methane frost at 11 K before irradiation (gray line), after irradiation (solid black line), and during the warm-up
process at 113K (dashed line) highlighting regions between (a) 2500Y1500 cm�1 and (b) 1500Y500 cm�1. The characterizations are given in Table 2. GA: glycolaldehyde,
MF: methyl formate, EG: ethylene glycol.

Fig. 3.—B3LYP/6-311G(d,p) optimized structures of molecules we expect to observe as products of radical-radical recombination, along with the structures of other
molecules that may form.



detect at around 694 cm�1 (Petraco et al. [2002] using the more
accurate RCCSD(T)/TZ2P(f,d) level of theory indicate this
absorption may occur closer to 745 cm�1). RAIRS studies of the
methoxy radical chemisorbed on copper surfaces show this in-
tense band absorbs closer to 998 cm�1 (Andersson et al. 2002),
which was hidden by the methanol absorptions occurring in this
region. However, a weaker band at 1940 cm�1 (2�1 overtone)
might become detectable at higher concentrations.

Formaldehyde, H2CO(X
1A1), could be identified via three of

its fundamentals: the �2 (CH2 rocking) at 1245 cm�1, �3 (CH2

scissoring) at 1496 cm�1, and �4 (CO stretching + CH2 scissor-
ing) at 1726 cm�1. These bands were also identified by Gerakines
et al. (1996) at 1244, 1497, and 1719 cm�1 as well as by Hudson
& Moore (2000) at 1248, 1499, and 1712 cm�1. Palumbo et al.
(1999) also observed a band at 1720 cm�1 but admitted that there
could be other species, such as acetone, contributing to this fea-
ture. These absorptions are found to be in good agreement with
polycrystalline formaldehyde at 4 K, where they appear at 1250,
1494, and 1715 cm�1 (Harvey & Ogilvie 1962).

The presence of the formyl radical, HCO(X 2A0), was con-
firmed via its fundamental �2 (CO stretching) at 1842 cm�1 (found
to consist of two underlying bands at 1849 and 1841 cm�1 in
a 1:4 ratio). Because of its low abundance and overlap from
methanol vibrations, the other bands were unlikely to be de-
tected. Hudson & Moore (2000) report also identifying this mol-
ecule at 1848 cm�1. Gerakines et al. (1996) also report two
different band positions for this absorption, at 1850 and 1863 cm�1,
and conclude the molecule is formed in two different matrix
sites.

The fundamental of carbon monoxide, CO(X 1�þ), could be
found at 2134 cm�1, in accordance with previous experiments
fromGerakines et al. (1996) at 2138 cm�1, Palumbo et al. (1999)
at 2136 cm�1, and Hudson & Moore (2000) at 2135 cm�1. This
band position is found to be in accordance with carbon mon-
oxide in several different matrices, such as in an oxygen matrix
at 2136 cm�1 (Sandford et al. 1988).
Weak absorptions arising from the fundamental �3 (asym-

metric stretch) of carbon dioxide, CO2(X
1�þ

g ), could be found
at 2345 cm�1. Gerakines et al. (1996) found absorptions at
2342 cm�1 (as well as from the 13C isotope at 2278 cm�1) and
from the �2 (out-of-plane bend) at 650 cm

�1. Palumbo et al. (1999)
found corresponding absorptions at 2344 and 660 cm�1, respec-
tively. Hudson & Moore (2000) also reported the molecule ap-
pearing at 2341 and 654 cm�1. These band positions conform to
those of carbon dioxide in different matrix sites, for example, in
oxygenmatrices at 2342 and 662 cm�1 (Sandford &Allamandola
1990)

Methane, CH4(X
1A1), could clearly be identified via absorp-

tion from the fundamental �4 (deformation) at 1303 cm�1. This
absorption was also observed by Hudson &Moore (2000) at the
same frequency. This value is also in agreement with experiments
from Gerakines et al. (1996), which found the methane molecule
at 1304 cm�1, and also at 3011 cm�1, due to the absorptions from
the �3 (degenerate stretch) fundamental. Palumbo et al. (1999)
report the same findings at 1305 and 3010 cm�1, respectively.
The presence of the �3 fundamental could not be fully established.
In argon matrices, these absorptions are found to occur at 1304
and 3025 cm�1 (Govender & Ford 2000).

TABLE 2

Observed Peak Positions, Assignments, and Characterizations after 1 hr of Irradiation via 5 keV Electrons at 0.1 �A,
Together with Comparisons from Previous Studies and Their Assignments

Assignment

Present Work

Band Position

(cm�1)

Gerakines et al.

(1996)

Hudson & Moore

(2000)

Palumbo et al.

(1999)

�4 CH2OH........................................ 1192 1197

�5 CH2OH/�2HCOO
�?.................... 1352 1353

�4 H2CO........................................... 1726 1719 1712 1720b

�3 H2CO........................................... 1496 1497 1499

�2 H2CO........................................... 1245 1244 1248

�2 HCO ............................................ 1849,1841 1850, 1863 1848

�1 CO ............................................... 2134 2138 2135 2136

�1 CO (13C)...................................... 2092

�3 CO2.............................................. 2345 2342 2341 2344

�3 CO2 (
13C) .................................... 2278

�2 CO2.............................................. 655 654 660

�4 CH4.............................................. 1303 1304 1303 1305

�3 CH4.............................................. 3011

�14 CH3OCHO................................. 1718 1718

�8 CH3OCHO .................................. 1160a 1160

�5 CH3OCHO .................................. 916a 910

�9 HOCH2CH2OH ........................... 1090 1088c 1088

�7 HOCH2CH2OH ........................... 889a 885

�6 HOCH2CH2OH ........................... 865a 861

�5 HOCH2CH2OH ........................... 525a 524

�14 HCOCH2OH.............................. 1747

�1 H2?............................................... 4140

�2 HCOO
�? ..................................... 1384

�5 HCOO
�? ..................................... 1589

�2 H2O ............................................. 1655

a Visible only during warm-up.
b Authors note band could also have contributions from acetone.
c Assigned to ‘‘alcohols.’’
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It is of note that although the followingmolecules were searched
for, they could not be identified unambiguously in the present set
of experiments. These include the hydroxyl radical, OH(X 2� ),
from which the fundamental absorption may overlap with meth-
anol, which has been experimentally determined in matrix iso-
lated experiments to absorb at 3548 cm�1 (Cheng et al. 1988). The
methyl radical, CH3(X

2A00
2 ), could also not be unambiguously

identified in these experiments, seen easiest by its �1 (CH3 wag-
ging) fundamental, which absorbs in, for example, nitrogen ma-
trices at 611 cm�1 (Milligan & Jacox 1967).

No evidence was found for the presence of water, H2O(X
1A1),

in these experiments, in contrast to experiments by Palumbo et al.
(1999), who report absorptions arising from the �2 (bending) fun-
damental at 1655 cm�1. Matrix isolation studies, for example, in
nitrogen find this band to absorb at 1598 cm�1 (Fredin et al. 1977).

Both cis and trans isomers of hydroxymethylene,HCOH(X 1A0),
were searched for, but asmost of the absorptions underlie stronger
absorptions frommethanol, identification of this species would be
difficult.

The band appearing at 1091 cm�1 was initially assigned to
‘‘alcohols’’ byGerakines et al. (1996);Moore et al. (1996) claimed
that this absorptionwas exclusively fromethanol, C2H5OH(X

1A).
However, our calculations show that the �8 fundamental of ethanol
that would be responsible for this absorption is one of the least
intense and is therefore unlikely.

Regarding the presence of acetone, CH3COCH3(X
1A1), whose

presence has been postulated by both Baratta et al. (1994) from
bands appearing at 1720, 1444, 1232, and 1090 cm�1, and also by
Moore et al. (1996) for a feature occurring around 532Y516 cm�1.
However, our calculations indicate that again, more intense bands
should be visible if this molecule is present, in particular, the �11
fundamental at 1193 cm�1 and the �13 fundamental at 1344 cm�1.

Hudson&Moore (2000) also claim to have identified the formate
ion, HCOO�, based on absorptions at 1589, 1384, and 1353 cm�1.
None of these absorption features could be found in our experi-
ment, and these assignments are in disagreement with both ma-
trix isolation and calculated frequencies (Forney et al. 2003).

As our previous work on the irradiation of methane and meth-
ane mixed with carbon monoxide has shown, radicals formed
within thematrix can recombinewith neighboring radicals to form
new species both during the irradiation period and on warm-up of
the ice when these radicals become mobile (Bennett et al. 2005,
2006). In the case ofmethane, methyl radicals, CH3(X

2A00
2 ), gen-

erated recombined to form ethane, C2H6(X
1A1g). In the case of

methane mixed with carbon monoxide, the hydrogen atom left
over from the production of themethyl radical initially reactedwith
carbon monoxide to produce the formyl radical, HCO(X 2A0),
which could then subsequently recombine with the methyl rad-
ical to produce acetaldehyde, CH3CHO(X

1A0).We therefore also
searched for the species thought to form via recombination of
important radical reactions as shown in Figure 5.

Gerakines et al. (1996) also claimed that the bands at 910,
1160, and 1718 cm�1 were due to the presence ofmethyl formate,
CH3OCHO (X 1A0). In our experiments, the band at 1718 cm�1

could be identified as the �14 fundamental from methyl formate.
The �5 and �8 fundamentals, however, can only clearly be seen in
the warm-up procedure at 1160 and 916 cm�1, respectively.

Hudson & Moore (2000) were able to identify ethylene
glycol, HOCH2CH2OH (X 1A), from absorptions appearing at
1088, 1046, 885, 861, and 524 cm�1. In our experiments, wewere
also able to identify these peaks at 1090(�9), 889(�7), 865(�6), and
525(�4) cm

�1; however, only the �9 fundamental is visible during
the irradiation period, with the rest only becoming visible during
warm-up (Fig. 6).

Glycolaldehyde, CH2OHCHO(X
1A0), could only be identi-

fied by its �14 fundamental at 1747 cm�1. This is in good agree-
ment with previous matrix isolation studies of glycolaldehyde
in an Argon matrix at 13 K where it can be seen at 1747 cm�1

(Aspiala et al. 1986).We also find that a second band at 1705 cm�1

was not identified. This band has been disputed previously over
whether or not it is assigned to a second matrix site of glycolal-
dehyde, or the keto-enol tautomer ethene-1,2-diol, which can be
found as either the trans-HOCH¼CHOH(X 1Ag) or cis-HOCH¼
CHOH(X 1A1) isomer. Although the second of these does have
an infrared active absorption in this region, the DFTcalculations
show that there should be several more intense bands observable
if this molecule is present. Thus, it seems more likely that where
this second band is seen it originates from a second matrix site as
concluded by Yeom & Frei (2003).

None of the other species speculated to form via the recom-
bination of radicals as listed in Table 4 could be detected un-
ambiguously in our experiments.

4.2. Quantitative Analysis

The temporal development of the column density of methanol
was traced by fitting Gaussians to the �8 (CO stretching) and �11
(CH2 rocking) bands, which combined have been determined to
have a band strength of 1:3 ; 10�17 cmmolecule�1 (Palumbo et al.
1999). Using this value, the column density of methanol prior to
irradiationwas found to be (1:64 � 0:04) ; 1017 molecules cm�2.
After 1 hr of exposure to 5 keV electrons at a beam current of
100 nA, the column density was found to be (1:39 � 0:02) ;
1017 molecules cm�2, indicating that (2:44 � 0:43) ; 1016 mol-
ecules cm�2 of methanol were destroyed during irradiation.
Recalling from x 2 that the number of electrons hitting the sam-
ple is 5:9 ; 1014 electrons cm�2, we can estimate that each elec-
tron destroys 41 � 7 molecules of methanol. During the warm-up
period, the column density ofmethanol remains unchanged (within
error limits), and an increase in the abundance is seen around 108Y
124 K, which is assumed to be accounted for by a change in the
absorption coefficient during transformation into the �-phase.
The methanol sublimes quickly starting at 141 K, with no traces
of methanol being present by 152 K.

For the hydroxymethyl radical, the �4 (stretch) at 1192 cm�1

was used to follow the column density using a calculated Avalue
of 1:6 ; 10�17 cm molecule�1. This gives a column density after
irradiation of (5:02 � 0:17) ; 1015 molecules cm�2. Taking into
account the number of electrons, we can conclude that each elec-
tron generated 8:5 � 0:3molecules of the hydroxymethyl radical.
The column density of the hydroxymethyl radical remains con-
stant until the heating program is initiated, after which around
25 K it increases steadily up to a maximum at 49 K, after which
the column density begins to fall rapidly until about 103 K, where
it remains constant (could be due to underlying absorptions from
another molecule). Here, it remains constant until about 160 K
when it begins to sublime, with no trace left after 178 K.

Considering the column density of formaldehyde, the �4
band at 1726 cm�1 was used, with a calculated A value of 1:8 ;
10�17 cm molecule�1. Here, the column density after irradiation
was found to be (1:39 � 0:12) ; 1015 molecules cm�2, or 2:4 �
0:2 per electron. The column density remains the same after the
irradiation period and until the warm-up reaches 63K, after which
it decreases steadily until 108 K. Possibly, the phase transforma-
tion of the methanol lattice causes a slight increase in its abun-
dance until around 118 K, after which it again decreases rapidly,
undetectable at 131 K.

The column density of the formyl radical was traced through
the 1842 cm�1 (�2) mode, employing a calculated A value of
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1:5 ; 10�17 cm molecule�1. The column density after irradiation
was found to be (2:26 � 0:42) ; 1014 molecules cm�2, or 0:4 �
0:1 per electron. The column density of the formyl radical appears
to decrease again at around 25 K, disappearing (within error lim-
its) by 105 K.
The column density of carbon monoxide was traced through

the �1 (CO stretch) at 2134 cm�1 using an A value of 1:1 ;
10�17 cm molecule�1 (Gerakines et al. 1995). The column den-
sity after irradiation was found to be (7:24 � 0:38) ; 1014 mol-
ecules cm�2, or 1:2 � 0:1 per electron. The column density of
carbon monoxide does appear to increase slightly during the ini-
tial stages of the warm-up to about 69 K, but then begins to de-
crease rapidly between 110K and 122K, bywhich time there is no
sign of this molecule left.
For methane, the �4 band at 1303 cm

�1 was used to derive the
column density using an A value of 7:0 ; 10�18 cm molecule�1

(Kerkhoff et al. 1999). The column density after irradiation was
found to be (2:80 � 0:08) ; 1015 molecules cm�2, or 4:7 � 0:1
per electron. For methane, the column density remains constant
until around 49 K, after which it begins to decrease slowly until
114 K, where it sublimes rapidly, being undetectable within error
limits by 122 K.
For several of the other species, it is possible only to derive

upper limits for their column densities after irradiation. For carbon

Fig. 6.—Infrared spectra of the residue from irradiated methanol after warm-
ing to 173 K (solid line). For comparison, the spectra of pure ethylene glycol ob-
tained from R. L. Hudson et al. (2006, private communication) is overlaid (dashed
line).

Fig. 5.—Species expected to be produced via radical-radical recombination reactions from those radicals previously identified or assumed to be present during the
irradiation of pure methanol ices. Species detected in this experiment are highlighted in bold.
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dioxide, CO2(X
1�þ

g ), using the 2342 cm�1 band (�3) with an
Avalue of 7:6 ; 10�17 cm molecule�1 (Yamada & Person1964)
we found an upper limit of (1:51 � 0:75) ; 1014 molecules cm�2,
or 0:26 � 0:13 per electron. The amount of carbon dioxide pres-
ent seems to decrease on warm-up, subliming rapidly at 114 K,
with no trace left by 122 K.

For glycolaldehyde, we used its �14 band at 1747 cm
�1 and an

A value of 2:6 ; 10�17 cm molecule�1 (Hudson et al. 2005) to
derive an upper value of (1:8 � 0:3) ; 1014 molecules cm�2, or
0:30 � 0:05 per electron. During warm-up, the column density
increases slightly after around 25 K, rising sharply with the onset
of the phase change, and reaching a maximum value of (8:61 �
0:8) ; 1014 molecules cm�2 by 116 K. The column density falls
steadily, completely sublimating at 193 K.

An upper limit for the column density of methyl formate
of (1:3 � 0:5) ; 1015 molecules cm�2 was found by using the
�5 (CO stretch) band at 916 cm�1 using a calculated A value of
4:0 ;10�18 cm molecule�1. This would correspond to 2:2 �
0:9 produced per electron. During the warm-up period, a maxi-
mum column density of (4:05 � 0:70) ; 1015 molecules cm�2

was found at 113 K. From this point, the column density drops
sharply but steadies out at 133 K. It then sublimes around
164Y176 K.

For ethylene glycol, using anAvalue of 3:65 ; 10�18 cmmole-
cules�1 (calculated from relative areas and using the value from
Hudson et al. [2005]) for the band appearing at 1090 cm�1 (�9) gives
an upper limit of (8:0 � 0:2) ; 1015 molecules cm�2 at the end of
irradiation (13:6 � 0:3 per electron), which increases onwarm-up
to 113 K to a value of (3:21 � 0:50) ; 1016 molecules cm�2. The
column density steadily declines until about 193K, where it begins
to sublime rapidly, with no trace left after 211 K. Figure 6 shows a
comparison of the residue at 173 K compared to the spectra of pure
ethylene glycol (obtained from R. Hudson) showing that the resi-
due at this temperature is almost exclusively this molecule.

5. DISCUSSION

5.1. Reaction Scheme

We now attempt to fit the column densities of the species pro-
duced by irradiation of the sample with a kinetic model. The
reaction scheme is shown in Figure 7; the resulting system of
coupled differential equations was solved numerically (Frenklach

et al. 1992). The underlying rate constants found for each process
are compiled in Table 3, and the resulting kinetic fits to the column
densities of each species are shown in Figure 8 (note that as we
were unable to produce the temporal development of the column
density of the methoxy radical, only the fitted results from our
scheme are presented). Note that the scheme does not cover the
observed products assumed to be produced via radical-radical
recombination reactions in the warm-up phase. Considering first
the initial radiolysis-induced decomposition of methanol, differ-
ent pathways are feasible:

CH3OH(X
1A0) ! CH2OH(X

2A00)þ H(2S1=2); ð8Þ

! CH3O(X
2A0)þ H(2S1=2); ð9Þ

! H2CO(X
1A1)þ H2(X

1�þ
g )=2H(

2S1=2); ð10Þ

! cis=trans-HCOH(X 1A
0)þ H2(X

1�þ
g )=2H(

2S1=2); ð11Þ

! O(1D)þ CH4(X
1A1); ð12Þ

! CH2(a
1A1)þ H2O(X

1A1); ð13Þ

! OH(X 2� )þ CH3(X
2A00

2 ): ð14Þ

However, as we were only able to identify products from reac-
tions (8), (10), and (12), only these reactions were included in
our reaction scheme. In addition, reaction (9) is proposed to be
present based on the identification of methyl formate, which, if
we assume it is generated by the recombination of radicals, re-
quires a production pathway for the methoxy radical. The rate
constants for reactions (8), (9), and (12) and reaction (10) were
found to be k1 ¼ 6:95 ; 10�5, k2 ¼ 1:04 ; 10�4, k3 ¼ 6:15 ;
10�6, and k4 ¼ 5:09 ; 10�6 s�1, respectively. Theoretical calcu-
lations on the CH4O potential energy surface at the CCSD(T)/
6-311+G(3df,2p) level of theory carried out by Chang & Lin
(2004) suggest that the energy needed to be overcome for these
reactions are 4.03, 4.36, 5.86, and 3.94 eV, respectively. Thus,
the lower reaction rate found for the generation of methane and
an oxygen atom (reaction [12]) could be explained by the higher
energy to be overcome. The low reaction rate of reaction (10),

Fig. 7.—Reaction scheme used to fit the column densities of the products ob-
served during irradiation (excluding glycolaldehyde, methyl formate, and ethyl
glycol).

TABLE 3

Rate Constants Derived via Iterative Solution

to the Reaction Scheme Depicted in Fig. 6

Reaction Rate Constant

CH3OH ! CH2OH + H.......................... k1 = 6.95 ; 10�5

CH3OH !CH3O + H.............................. k2 = 1.04 ; 10�4

CH3OH ! CH4 + O ............................... k3 = 6.15 ; 10�6

CH3OH ! H2CO + 2H/H2 .................... k4 = 5.09 ; 10�6

CH2OH ! H2CO + H ............................ k5 = 2.55 ; 10�6

CH3O ! H2CO + H ............................... k6 = 7.59 ; 10�5

H2CO ! HCO + H................................. k7 = 4.40 ; 10�4

HCO ! CO + H ..................................... k8 = 6.04 ; 10�9

H2CO ! CO + 2H/H2 ........................... k9 = 4.62 ; 10�4

CH2OH + H ! CH3OH.......................... k10 = 8.17 ; 10�20

CH3O + H ! CH3OH ............................ k11 = 5.61 ; 10�20

H2CO + H ! CH2OH ............................ k12 = 7.04 ; 10�23

H2CO + H ! CH3O ............................... k13 = 1.07 ; 10�22

HCO + H ! H2CO................................. k14 = 2.57 ; 10�19

CO + H ! HCO..................................... k15 = 3.79 ; 10�20

Note.—Units are s�1 (unimolecular decomposition; k1Yk9) and
cm2 s�1 (bimolecular reactions; k10Yk15).
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i.e., the formation of formaldehyde and molecular hydrogen, is
low despite this pathway having a lower energy to overcome.
Reactions leading to the generation of the hydroxymethyl (re-
action [8]) and methoxy (reaction [9]) radicals and atomic hy-
drogen via the unimolecular decomposition of methanol and a
simple atomic hydrogen loss appear to be the dominant path-
ways. Note that k1 may be underestimated in this current model
as pathways to form ethylene glycol were omitted from the
model. As the radiolysis proceeds, more hydrogen atoms are
available in the matrix, and the possibility for them to react with
the previously formed radicals via reactions (8) and (9) to reform
methanol increases; these reactions were also included in the
model,

CH2OH(X
2A00)þ H(2S1=2) ! CH3OH(X

1A0); ð15Þ

CH3O(X
2A0)þ H(2S1=2) ! CH3OH(X

1A0): ð16Þ

The rate constants for reactions (15) and (16) were found to be of
the same order, k10 ¼ 8:17 ; 10�20 and k11 ¼ 5:61 ; 10�20 cm2

molecule�1 s�1, suggesting the presence of a barrierless atomY
radical recombination reaction.

Considering next the production of formaldehyde, we have al-
ready considered its formation frommethanol (reaction [10]) but

would now also like to consider the two following pathways via
unimolecular decomposition by atomic hydrogen loss,

CH2OH(X
2A00) ! H2CO(X

1A1)þ H(2S1=2); ð17Þ

CH3O(X
2A0) ! H2CO(X

1A1)þ H(2S1=2): ð18Þ

Here, the rate constants were found to be k5 ¼ 2:55 ; 10�6 and
k6 ¼ 7:59 ; 10�5 s�1; the calculated energies are 2.80 and
1.85 eV, respectively. This indicates that it is easier to produce
formaldehyde through the methoxy intermediate (CH3O) than
through the hydroxymethyl radical (CH2OH); this pathway
contributes to the formation of formaldehyde in addition to the
one-step route from the unimolecular decomposition of meth-
anol itself. For completeness, the back reactions were also in-
cluded, where the rate constants of k12 ¼ 7:04 ; 10�23 and k13 ¼
1:07 ; 10�22 cm2 molecule�1 s�1. Note that these reactions are
found to occur much slower than the hydrogen additions to the
open shell species (reactions [15] and [16]), indicative that in this
case an entrance barrier must be overcome for the reaction to
proceed. The rates of these reactions reflect well from the calcu-
lated energy barriers that were reported as 0.50 eV and 0.22 eV,
respectively.

Fig. 8.—Fit of column densities of (a) methanol, (b) hydroxymethyl, (c) methoxy (fit only), (d) formaldehyde, (e) formyl, ( f ) carbon monoxide, and (g) methane.
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The formaldehydemolecule can be further processed via reac-
tions (19) and (20),

H2CO(X
1A1) ! HCO(X 2A0)þ H(2S1=2); ð19Þ

H2CO(X
1A1) ! CO(X 1Sþ)þ H2(X

1�þ
g )=2H(

2S1=2): ð20Þ

The rate constants for these reactions are found to be k7 ¼ 4:40 ;
10�4 and k9 ¼ 4:62 ; 10�4 s�1, respectively. The relative ener-
gies are found to be 4.12 and 3.79 eV from a globally fitted
CCSD(T)/aug-cc-PVTZ potential energy surface of CH2O; note
that the reaction rates and energy barriers are similar where the
reaction proceeding quicker has the lower barrier (Zhang et al.
2004). The rate constants for the reverse of reaction (19) was
found to be k14 ¼ 2:57 ; 10�19 cm2 molecule�1 s�1, once again
demonstrating that the reaction of hydrogen with an open shell
molecule proceeds faster.

The last pathway we investigated is the alternative mechanism
on the formation of carbon monoxide via the unimolecular de-
composition of the formyl (HCO) radical,

HCO(X 2A0) ! CO(X 1�þ)þ H(2S1=2): ð21Þ

The reaction endoergicity for this reaction was calculated to
be 0.73 eV using the CCSD(T)/aug-cc-pVTZ level of theory
(Bennett et al. 2005). The rate of this reaction is k8 ¼ 6:04 ;
10�9 s�1, indicating that the predominant pathway to carbon
monoxide formation is reaction (20), although this additional
pathway is also significant. The reverse reaction, calculated to
have a barrier of 0.12 eV, was found to have a rate constant of
k15 ¼ 3:79 ; 10�20 cm2 molecule�1 s�1, slower than the hydro-
gen atomYradical recombination reactions as elucidated in the
previous paragraphs.

The involvement of suprathermal hydrogen atom abstraction
reactions generated primarily by reactions (8) and (9) cannot be
ruled out, although theywere not included in our reaction scheme.
These reactions could be responsible for additional hydrogen ab-
straction reactions as follows:

CH3OH(X
1A0)þ H(2S1=2) ! CH2OH(X

2A00)þ H2(X
1�þ

g );

ð22Þ

! CH3O(X
2A0)þ H2(X

1�þ
g ): ð23Þ

Calculations at the G2 level of theory show that these reactions
have barriers of only 0.39 and 0.61 eV (compared to 4.03 and
4.36 eV from reactions [8] and [9]), which may be overcome by
the kinetic energy the suprathermal hydrogen atoms possess, and
are exoergic due to the favorable formation of molecular hydro-
gen (Blowers et al. 1998). Indeed, hydrogen abstraction reac-
tions by suprathermal reactions analogous to those for hydrogen
elimination reactions can be found (e.g., Woon 2002).

5.2. Energetics

Table 4 summarizes the minimum energy required to be re-
leased from the impinging electron to the matrix to account for
the observed species in this experiment, excluding carbon diox-
ide, glycolaldehyde, ethylene glycol, and methyl formate. As an
example, the minimum energy to produce a molecule of carbon
monoxide would be via the loss of molecular hydrogen from
methanol (3.94 eV) followed by the loss of molecular hydrogen
from formaldehyde (3.79 eV), giving 7.73 eVas listed in Table 4.
To account for the observed column densities of these listed prod-
ucts requires 83:9 � 1:8 eV (recall that the CASINO calculations
tell us that 390 eV will be absorbed into our sample). So far, only
22% of the kinetic energy of the impinging electrons transferred to
the matrix is used to ‘‘chemically modify’’ the methanol sample.

To account for the observed column densities of carbon di-
oxide, ethylene glycol, glycolaldehyde, and methyl formate, the
radical-radical recombination reactions (24)Y(27) are suggested
to occur. Here, it should be stressed that the kinetic model and
the experimental data suggest that HCO, CH2OH, and CH3O are
the most important and abundant radical species involved in the
chemical processing of the methanol sample (Fig. 7; Table 4),

CO(X 1�þ)þ O(1D=3
P) ! CO2(X

1�þ
g ); ð24Þ

CH2OH(X
2A00)þ CH2OH(X

2A00) ! HOCH2CH2OH(X
1A);

ð25Þ

CH2OH(X
2A00)þ HCO(X 2A0) ! CH2OHCHO(X

1A0);

ð26Þ

TABLE 4

Summary of Temporal Changes in Column Density of the Observed Species Based on the Indicated Band Position

and the Corresponding A Value at the End of Irradiation

Species

Band Position

(cm�1)

A

(cm molecule�1)

Change in Column Density

over Irradiation

(molecules cm�2)

Number of Molecules

Produced per Electrona

Minimum Energy per

Molecule

(eV)

Total Energy Translated

to Matrix per Electron

(eV)

Sublimation

Temperature

(K)

CH3OH........ 1031 1.3 ; 10�17c �(2.44 � 0.43) ; 1016 �41.3 � 7.3 . . . . . . 141Y152b

CH2OH........ 1192 1.6 ; 10�17d (5.02 � 0.17) ; 1015 8.5 � 0.3 4.03 34.28 � 1.16 160Y178
H2CO........... 1726 1.8 ; 10�18d (1.39 � 0.12) ; 1015 2.4 � 0.2 3.94 9.28 � 0.80 118Y131
HCO............ 1842 1.5 ; 10�17d (2.26 � 0.42) ; 1014 0.4 � 0.1 8.06 3.08 � 0.57 <105

CO............... 2134 1.1 ; 10�17e (7.24 � 0.38) ; 1014 1.2 � 0.1 7.73 9.48 � 0.50 110Y122
CH4.............. 1303 7.0 ; 10�18f (2.80 � 0.08) ; 1015 4.7 � 0.1 5.86 27.76 � 0.81 114Y122

Notes.—The temperature at which the species sublimated from the matrix is also indicated. The minimum energy required to produce one molecule of each species is
listed in eV (values taken from Chang & Lin 2004; Zhang et al. 2004) combined with the total energy that must be translated to the matrix per impinging electron. Also
listed is the number of carbon atoms within the reported column densities.

a Based on 5:9 ; 1014 electrons cm�2 hitting the target (see x 2).
b Phase change to � at 108Y124 K.
c Value from Palumbo et al. (1999).
d Calculated value (see Appendix).
e Value from Gerakines et al. (1995).
f Value from Kerkhof et al. (1999).
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CH3O(X
2A0)þ HCO(X 2A0) ! CH3OCHO(X

1A0): ð27Þ

The energy required to produce one molecule of carbon di-
oxide via reaction (24) requires the formation of carbon mon-
oxide (minimum of 7.73 eV) and an oxygen atom (5.86 eV),
thus requiring a total of 13.59 eV molecule�1. As before, taking
into account the number of electrons and the column density of
carbon dioxide observed at the end of the irradiation period, we
can determine that 0:26 � 0:13molecules of carbon dioxide are
formed per electron impact, requiring a total of 3:48 � 1:73 eV.
Similarly, the formation of ethylene glycol requires the com-
bination of two hydroxymethyl radicals at 4.03 eVeach, giving
a total energy of 8.05 eV. To account for the observed number
density, we can establish that 13:57 � 0:34 molecules are pro-
duced per electron, therefore requiring an energy of 109:31 �
2:73 eV per electron translated to thematrix. A similar approach
is used to determine that to account for the column densities at
the end of irradiation of glycolaldehyde and methyl formate re-
quires 3:62 � 0:62 and 26:72 � 10:52 eV, respectively. The ad-
dition of these pathways brings the total energy used to chemically
modify the methanol sample to 227:02 � 11:17 eV per electron
(58% of the energy). The remaining energy is released via phonon
interaction to the matrix.

5.3. Carbon/Oxygen Budget

Here, we now briefly discuss the issue of whether or not the
number of carbon/oxygen budget observed from the column den-
sities of the identified products is able to account for the amount
of carbon/oxygen atoms available as methanol decomposes. The
reported number of carbon/oxygen atoms available corresponds
to the change in column density of methanol during the irradia-
tion period, i.e., (2:44 � 0:43) ; 1016 molecules cm�2. In the case
of the number of carbon atoms contained in the products, we ob-
tain a value of (2:92 � 0:08) ; 1016 carbon atoms cm�2. Sim-
ilarly, for the oxygen atoms we determine there are (2:69 �
0:08) ; 1016 oxygen atoms cm�2. Therefore, within the error
limits, the carbon and oxygen budgets are conserved.

5.4. Comparison to Previous Experiments

We now would like to compare quantitatively the results of
electron bombardment on pure methanol ices with those from

experiments usingUVphotons and high-energy ions as the source
of irradiation. Table 5 summarizes experiments where quantitative
information regarding the destruction of methanol and production
of newmolecules was presented. The column densities of the spe-
cies that could be produced directly from the decomposition of
methanol (namely methane, the hydroxymethyl radical, and for-
maldehyde) are notably much smaller in each of the other experi-
ments listed, with the possible exception of those byAllamondola
et al. (1988). This is due to the fact that these experiments in gen-
eral exposed the molecules to much larger irradiation doses and
the initial products formed were subsequently destroyed (about
15% of our methanol was destroyed, compared to values between
89% and 96% as listed by other experiments). In the case of ex-
periments byAllamondola et al. (1988), as a 2:1 water matrix was
used, it is possible that additional reactions involving water are
responsible for maintaining their high column densities, in partic-
ular, for formaldehyde. In experiments where high doses were
used, it is clear that formaldehyde has indeed been further pro-
cessed to produce carbon monoxide as indicated by the fact that
higher column densities were reported earlier on during the ra-
diation process.

6. ASTROPHYSICAL IMPLICATIONS

The present study has demonstrated the effects of keVelectrons
on methanol ice, which is a key component identified within
interstellar ices (Gibb et al. 2004). As these ices are bombarded by
MeV particles, up to 99.99% of their kinetic energy can be trans-
ferred into the electronic systems of the target molecules with a
similar LET (a few keV �m�1) to that of the keVelectrons used in
our systems. In both cases, the electronic energy is used to gener-
ate secondary electrons that can have kinetic energies up to a few
keV; these electrons further process the ices through similar elec-
tronic transfer processes. It is therefore expected that the species
found to form during the irradiation of our methanol ices can be
expected to be produced in these interstellar ices. Thesemolecules
can then be injected into the gas-phase as a YSO begins to form
and the ices begin to sublime, resulting in additional formation
pathways to these molecules to supplement gas-phase processes.
The failure of purely gas-phase chemical models, which perpet-
ually underestimate the abundances of complex chemical species,
has lead to the inclusion in several models of surface-grain pro-
cesses. A recent example byGarrod&Herbst (2006) incorporates

TABLE 5

Comparison of Quantitative Results from Electron Bombardment with 5 keV Electrons at 0.1 �A for 1 hr with those from Previous Experiments

Using UV Photolysis and Ion Irradiation

[CH3OH] Destroyed

Irradiation Source

Dose

(eV molecule�1) ;1016 % of Amount Deposited

[CH4]

(%)

[CH2OH]

(%)

[H2CO]

(%)

[HCO]

(%)

[CO]

(%)

[CO2]

(%) Ref.

5 keV electrons .................. 1.4 2.4 15 11 21 6 1 3 0.6 1

UV photons........................ . . . 8.0 . . . 15 . . . 50 . . . 16 4 2

UV photons........................ 7.2 31.0 89 9 . . . 3a 1 43 10 3

UV photons........................ �80 18.4 92 6a . . . 7a . . . 44 14 4

3 keV He+ .......................... 60 150.0 98 5 . . . 9 . . . 7 6 5

30 keV protons .................. �156 19.5 98 1a . . . 2a . . . 25 6 4

Notes.—The irradiation source is stated (refer to the individual papers for more details), the dose used, and the column density of methanol destroyed; the amount
destroyed as a percentage of the amount deposited is also given. The column densities of the products identified in ours and other experiments are listed as a percentage of
the column density of methanol reported destroyed.

a Higher column densities were reported during the irradiation process than at the end.
References.—(1) This work; (2) Allamondola et al. 1988, note 2 : 1 composition (water :methanol); (3) Gerakines et al. 1996; (4) Baratta et al. 2002; (5) Baratta

et al. 1994.
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the recombination of radical species on the surfaces of interstellar
grains to produce these molecules. While the authors conclude
that these processes may contribute to the production of these
complex species, the recombination of radical species is a lim-
ited process that is found to only be efficient within a narrow
temperature range (20Y40 K), restricted by the mobility of the
radicals on the surface and sublimation of necessary reactants.
On the other hand, production of these species by radiolysis in-
duced processes has no such temperature restrictions even at
10 K, without the diffusion of radicals; neighboring molecules
can still react to produce complex species.

The formation of methanol is thought to occur through the suc-
cessive hydrogenation of carbon monoxide on the surface of
interstellar grains. Laboratory experiments studying the conver-
sion of CO to H2CO and H2CO to CH3OH via addition of atomic
hydrogen at low temperatures are found to conflict one another;
Shiraki et al. (2004) find that the conversion rate for CO to H2CO
is twice as fast as that for H2CO to CH3OH; however, Hiraoka
et al. (2005) find that the rate for H2CO toCH3OH is about 1 order
of magnitude faster than for CO to H2CO. Although our re-
action rates are dependant on our matrix composition, we find
that the addition of hydrogen to carbon monoxide proceeds
faster (k15 ¼ 3:79 ; 10�20 cm2 molecule�1 s�1) than the addition
of hydrogen to formaldehyde (k12 ¼ 7:04 ; 10�23/k13 ¼ 1:07 ;
10�22 cm2 molecule�1 s�1) in accordance with the lower energy
barrier required to overcome (0.12 eV vs. 0.50/0.22 eV). The
observed abundance ratios of CH3OH, H2CO, and CO were re-
cently modeled by Maret et al. (2005) for low-mass protostars,
assuming that the relative reaction probability of hydrogen re-
acting with CO and H2CO were equal. However, observations
that the CH3OH/H2CO ratio increases in more processing en-
vironments is yet to be understood. Here, the dust temperature
may be as high as 40 K, where methanol cannot be formed effi-
ciently as hydrogen atoms will not stick to the grain surface (Gibb
et al. 2004; Fuente et al. 2005). This may point to radiolysis
induced synthesis of methanol within the grains as suggested in
laboratory experiments of water ices mixed with carbon mon-
oxide, or methane (Hudson & Moore 1999; Wada et al. 2006).

Comets are often thought to provide a record of the ‘‘pristine
material’’ of the interstellar cloud (i.e., interstellar ices) from
which our solar system was formed (Ehrenfreund et al. 2004).
Indeed, looking at the abundance ratios of CO/H2CO/CH3OH
relative to water in both comets (e.g., Comet 2002 C1 [Ikeya-
Zhang] gives 4.7:0.62:2.5) and interstellar ices (�10:1:5) we
can conclude that they are compositionally very similar (Disanti
et al. 2002; Gibb et al. 2004). Both the detection of ethylene glycol

in comet C/1995O1 (Hale-Bopp) aswell asmethyl formate in, for
example, comets C/2002 T7 (Linear) and C/2001 Q4 (Neat) has
been confirmed (Crovisier et al. 2004; Remijan et al. 2006). This
evidence points toward the possibility that perhaps these mole-
cules have been formed in interstellar ices prior to the formation of
the solar system. If this is the case, it could help explain why such
large discrepancies are found in the methanol abundance. For
example, if themethanol absorption at 9.75�m (1026 cm�1) were
to contain underlying absorption features from a strong absorption
from ethylene glycol at 9.56 �m (1046 cm�1), the reported col-
umn density for methanol may be exaggerated.

In summary, we have identified the most important unimol-
ecular decomposition pathways of methanol by irradiation from
5 keVelectrons at 11 K; these are the formation of (1) the hydro-
xymethyl radical and atomic hydrogen, (2) the methoxy radical
plus atomic hydrogen, (3) formaldehyde and molecular hydro-
gen, and (4) the formation of methane and atomic oxygen. These
can then be further decomposed to produce the formyl radical and
carbonmonoxide.We have also demonstrated that it is possible to
form carbon dioxide, methyl formate, glycolaldehyde, and ethyl-
ene glycol via radical-radical recombination. In addition, the uni-
molecular decomposition of methanol into methane and atomic
oxygen shows that the reverse reaction (oxygen addition into
methane to form methanol) may also occur as predicted by theo-
retical studies (Chang&Lin 2004). From an astrobiological view-
point, the formation of these complex species in interstellar ices
leads to the possibility that these molecules may have been avail-
able to the early Earth as life either originated or began to flourish.
Carbohydrates will have been instrumental in the development of
life on Earth and have important roles in life as we know it today,
as energy sources, structural molecules (e.g., cellulose), synthesis
of amino acids (e.g., Weber 1998), as well as key components of
ribonucleic and deoxyribonucleic acids.

This material is based on work supported by the National
Aeronautics and Space Administration through the NASA As-
trobiology Institute under Cooperative Agreement NNA 04-
CC08A issued through the Office of Space Science. We would
like to thank Reggie Hudson for providing us with reference
spectra of ethylene glycol, glycolaldehyde, methyl formate, and
acetic acid. We are also grateful to Ed Kawamura (University
of Hawai’i at Manoa, Department of Chemistry) for his sup-
port. S. H. S., B. J. S., and A. H. H. C. would like to thank the
National ScienceCouncil of Taiwan andNationalCenter forHigh-
Performance Computing of Taiwan for their support.

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 band positions where these molecules will ab-
sorb in the infrared region (given in cm�1) 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 were calculated from structures
obtained from using the hybrid density functional B3LYPmethod (Lee et al. 1988; Becke 1993) with the 6-311G(d,p) basis functions.
A scaling factor of 0.97 that was used to account for anharmonicity is consistent for this level of theory. The accuracy of the infrared
intensities is accurate within 20% to gas-phase values at this level of theory (Galabov et al. 2002).
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TABLE A6

Calculated Vibrational Frequencies and Integral Absorption Coefficients of Various Species Expected

to be Produced from the Irradiation of Methanol

Bands Characterization

Band Position

(cm�1)

A

(cm molecule�1)

CH3OH(X
1A0)

�1 (a
0 0 ) ............................. (CH3, CO) rocking 319 2.04 ; 10�17

�2 (a
0 ) .............................. CO stretching 1021 1.94 ; 10�17

�3 (a
0 ) .............................. (CH2, CO) scissoring 1053 3.56 ; 10�19

�4 (a
0 0 ) ............................. CH2 rocking 1133 6.56 ; 10�20

�5 (a
0 ) .............................. (CH, CO) rocking 1338 4.19 ; 10�18

�6 (a
0 ) .............................. CH2 (rocking + scissoring) 1444 9.22 ; 10�19

�7 (a
0 0 ) ............................. CH3 wagging 1447 4.23 ; 10�19

�8 (a
0 ) .............................. CH2 scissoring 1463 6.44 ; 10�19

�9 (a
0 ) .............................. CH2 symmetric stretching 2885 1.09 ; 10�17

�10 (a
0 0 )............................ CH2 asymmetric stretching 2925 1.37 ; 10�17

�11 (a
0 ) ............................. CH symmetric stretching 3010 5.76 ; 10�18

�12 (a
0 ) ............................. OH stretching 3723 3.48 ; 10�18

CH2OH(X
2A00)

�1 (e) ................................ (CH2, OH) twisting 426 9.73 ; 10�18

�2 (e) ................................ CH2 wagging 566 1.71 ; 10�17

�3 (e) ................................ (CH2, OH) twisting + scissoring 1030 7.87 ; 10�18

�4 (e) ................................ CO stretching 1170 1.56 ; 10�17

�5 (e) ................................ (CH2, OH) rocking 1326 5.17 ; 10�18

�6 (e) ................................ CH2 scissoring 1443 1.24 ; 10�18

�7 (e) ................................ CH2 symmetric stretching 3018 3.77 ; 10�18

�8 (e) ................................ CH2 asymmetric stretching 3159 3.18 ; 10�18

�9 (e) ................................ OH stretching 3724 8.18 ; 10�18

CH3O(X
2A0)

�1 (a}) .............................. CO stretching 694 1.32 ; 10�17

�2 (a
0 ) .............................. CH2 twisting + CH rocking 935 2.02 ; 10�19

�3 (a
0 ) .............................. CH3 wagging 1076 1.52 ; 10�18

�4 (a}) .............................. CH2 scissoring 1319 2.75 ; 10�18

�5 (a
0 ) .............................. CH3 asymmetric stretching 1329 3.51 ; 10�18

�6 (a
0 ) .............................. CH2 symmetric stretching + CH stretching 1473 7.94 ; 10�19

�7 (a
0 ) .............................. CH2 asymmetric stretching 2803 2.84 ; 10�20

�8 (a
0 ) .............................. CO stretching 2866 7.42 ; 10�18

�9 (a}) .............................. CH2 twisting + CH rocking 2905 7.73 ; 10�18

CH3(X
2A00

2 )

�1 (a
00
2 ) .............................. CH3 wagging 492 1.40 ; 10�17

�2 (e
0 )............................... CH2 scissoring 1361 6.86 ; 10�19

�3 (a
0
1) .............................. CH2 symmetric stretching 3009 0

�4 (e
0 )............................... CH2 asymmetric stretching 3183 1.15 ; 10�18

OH(X 2�)

�1 (�
+)............................. OH stretching 3594 9.42 ; 10�19

H2CO(X
1A1)

�1 (b1)............................... CH2 wagging 1166 4.28 ; 10�19

�2 (b2)............................... CH2 rocking 1232 2.44 ; 10�18

�3 (a1)............................... CH2 scissoring 1493 1.32 ; 10�18

�4 (a1)............................... CO stretching + CH2 scissoring 1772 1.83 ; 10�17

�5 (a1)............................... CH2 symmetric stretching 2783 1.07 ; 10�17

�6 (b2)............................... CH2 asymmetric stretching 2831 2.82 ; 10�17

trans-HCOH(1A0)

�1 (a}) .............................. (OH + CH) rocking 1074 2.04 ; 10�17

�2 (a
0 ) .............................. (OH + CH) rocking 1185 2.27 ; 10�17

�3 (a
0 ) .............................. CO stretching 1289 9.98 ; 10�18

�4 (a
0 ) .............................. (OH + CH) rocking 1473 3.65 ; 10�18

�5 (a
0 ) .............................. CH stretching 2751 2.66 ; 10�17

�6 (a
0 ) .............................. OH stretching 3608 1.15 ; 10�17
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TABLE A6—Continued

Bands Characterization

Band Position

(cm�1)

A

(cm molecule�1)

cis-HCOH(1A0)

�1 (a}) .............................. (OH + CH) rocking 991 5.54 ; 10�18

�2 (a
0)............................... (OH + CH) rocking 1173 3.79 ; 10�18

�3 (a
0)............................... CO stretching 1295 1.01 ; 10�17

�4 (a
0)............................... (OH + CH) rocking 1433 9.03 ; 10�18

�5 (a
0)............................... CH stretching 2642 4.02 ; 10�17

�6 (a
0)............................... OH stretching 3417 4.62 ; 10�18

HCOH(3A00)

�1 (e) ................................ (OH + CH) rocking 443 1.43 ; 10�17

�2 (e) ................................ (OH + CH) rocking 1044 1.55 ; 10�17

�3 (e.................................. (OH + CH) rocking 1122 1.06 ; 10�17

�4 (e) ................................ CO stretching 1261 4.04 ; 10�18

�5 (e) ................................ CH stretching 2955 3.63 ; 10�18

�6 (e) ................................ OH stretching 3563 5.79 ; 10�18

HCO(X 2A0)

�1 (a
0)............................... CH rocking 1078 6.66 ; 10�18

�2 (a
0)............................... CO stretching 1883 1.47 ; 10�17

�3 (a
0)............................... CH stretching 2543 1.57 ; 10�17

HOC(X 2A0)

�1 (a
0)............................... OH rocking 1096 1.37 ; 10�17

�2 (a
0)............................... CO stretching 1347 6.16 ; 10�18

�3 (a
0)............................... OH stretching 3173 1.04 ; 10�17

CH2(a
1A1)

�1 (a1)............................... CH2 symmetric stretch 2797 1.53 ; 10�17

�2 (a1)............................... bend 1363 0

�3 (b2)............................... CH2 asymmetric stretch 2857 1.81 ; 10�17

CH2(X
3B1)

�1 (a1)............................... HCH bending 1025 2.03 ; 10�18

�2 (a1)............................... (CH + CH) symmetric stretching 3023 1.24 ; 10�19

�3 (b2)............................... (CH + CH) asymmetric stretching 3257 3.09 ; 10�21

H2O(X
1A1)

�1 (a1)............................... HOH bending 1589 9.65 ; 10�18

�2 (a1)............................... (OH + OH) symmetric stretching 3698 5.97 ; 10�19

�3 (b2)............................... (OH + OH) asymmetric stretching 3793 4.16 ; 10�18

CH4(X
1A1)

�1 (a1)............................... CH symmetric stretch 2937 0

�2 (e) ................................ CH bending 1514 0

�3 (t) ................................. CH asymmetric stretch 3041 4.64 ; 10�18

�4 (t) ................................. CH bending 1301 2.82 ; 10�18

CO(X 1�þ)

�1 (�
+)............................. CO stretching 2154 1.27 ; 10�17

Note.—The vibrational frequencies have been scaled by 0.97, to account for the anharmonicities; this factor is
consistent with the B3LYP/6-311G(d,p) level of theory.
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TABLE A7

Calculated Vibrational Frequencies and Integral Absorption Coefficients of Various Species Expected to be Formed

via Radical-Radical Recombination Reactions as Listed in Table 4

Bands Characterization

Band Position

(cm�1)

A

(cm molecule�1)

CH3OOCH3(X
1Ag)

�1 (au) .......................... COOC wagging 17 1.86 ; 10�18

�2 (au) .......................... (CH3+ CH3) rocking 207 5.37 ; 10�19

�3 (ag) .......................... (CH3+ CH3) rocking simultaneously 258 0

�4 (au) .......................... (CO + CO) rocking 293 1.90 ; 10�18

�5 (ag) .......................... (COO + OOC) scissoring 470 0

�6 (ag) .......................... OO stretching + (CH, CH) rocking 811 0

�7 (au) .......................... (CO, CO) asymmetric stretching 1022 1.84 ; 10�17

�8 (ag) .......................... (CO, CO) symmetric stretching 1032 0

�9 (au) .......................... (CH2, CH2) twisting 1137 3.00 ; 10�19

�10 (au) ......................... (CH + CH) rocking + (CH2 + CH2) wagging 1138 1.85 ; 10�18

�11 (ag) ......................... (CH2 + CH2) twisting 1142 0

�12 (ag) ......................... (CH + CH) rocking + (CH2 + CH2) wagging + (CO + CO) stretching 1229 0

�13 (au) ......................... (CH3 + CH3) wagging 1402 7.28 ; 10�19

�14 (ag) ......................... (CH3 + CH3) wagging simultaneously 1411 0

�15 (ag) ......................... (CH2 + CH2) twisting simultaneously + (CH + CH) rocking 1411 0

�16 (au) ......................... (CH2 + CH2) twisting + (CH + CH) rocking 1412 2.31 ; 10�18

�17 (au) ......................... (CH2 + CH2) scissoring 1468 4.42 ; 10�18

�18 (ag) ......................... (CH2 + CH2) scissoring simultaneously 1475 0

�19 (au) ......................... (CH3 + CH3) symmetric stretching 2910 1.72 ; 10�17

�20 (ag) ......................... (CH3 + CH3) symmetric stretching simultaneously 2913 0

�21 (ag) ......................... (CH2+ CH2) asymmetric stretching simultaneously 2970 0

�22 (au) ......................... (CH2 + CH2) asymmetric stretching 2970 1.75 ; 10�17

�23 (au) ......................... (CH, CH) asymmetric stretching 3019 5.70 ; 10�18

�24 (ag) ......................... (CH, CH) symmetric stretching 3019 0

CH3OCH2OH(X
1A)

�1 (e) ............................ (CH2, CH2) twisting 95 3.83 ; 10�19

�2 (e) ............................ CH3 rocking 203 6.39 ; 10�19

�3 (e) ............................ COC scissoring + CH of CH3 rocking + OH rocking 287 5.81 ; 10�18

�4 (e) ............................ OH rocking + COC scissoring 367 1.67 ; 10�17

�5 (e) ............................ OCO scissoring + OH rocking 513 2.71 ; 10�18

�6 (e) ............................ COC symmetric stretching + CH of CH3 rocking + OH rocking 936 1.22 ; 10�17

�7 (e) ............................ CH2 rocking + (CH of CH2, OH) scissoring 1051 1.40 ; 10�17

�8 (e) ............................ COC asymmetric stretching + CH of CH3 rocking 1085 1.21 ; 10�17

�9 (e) ............................ CO of CH2OH stretching + CO of OCH3 stretching 1101 3.61 ; 10�17

�10 (e)........................... CH2 of CH3 twisting 1140 4.82 ; 10�19

�11 (e) ........................... CH2 of CH3 wagging + CH of CH3 rocking 1188 4.10 ; 10�18

�12 (e)........................... CH2 twisting + OH rocking 1216 1.98 ; 10�18

�13 (e)........................... (OH, CH of CH2) rocking 1355 2.84 ; 10�18

�14 (e)........................... (CH2+ CH3) wagging 1405 1.02 ; 10�17

�15 (e)........................... CH2 of CH3 scissoring + CH2 wagging 1437 2.12 ; 10�18

�16 (e)........................... CH2 of CH3 scissoring + CH2 wagging 1445 2.28 ; 10�18

�17 (e)........................... CH2 of CH3 scissoring + CH2 wagging 1465 1.01 ; 10�18

�18 (e)........................... (CH2 + CH2 of CH3) scissoring 1496 1.99 ; 10�19

�19 (e)........................... CH of CH2 stretching 2816 1.63 ; 10�17

�20 (e)........................... CH2 of CH3 symmetric stretching + CH of CH3 stretching 2877 1.17 ; 10�17

�21 (e)........................... CH2 of CH3 asymmetric stretching 2918 1.34 ; 10�17

�22 (e)........................... CH of CH2 stretching 2922 1.12 ; 10�17

�23 (e)........................... CH of CH3 stretching + CH2 of CH3 symmetric stretching 3026 4.41 ; 10�18

�24 (e)........................... OH stretching 3699 4.86 ; 10�18

CH3OCHO(X
1A0)

�1 (a}) .......................... CH3 rocking 103 2.23 ; 10�20

�2 (a
0)........................... (OCH3, CO of CHO) scissoring 291 2.34 ; 10�18

�3 (a}) .......................... COC wagging + CH rocking 337 4.54 ; 10�18

�4 (a
0)........................... OCO scissoring + CH2 wagging + CH rocking 757 1.32 ; 10�18

�5 (a
0)........................... OC of OCH3 stretching 902 4.00 ; 10�18

�6 (a}) .......................... CH of CHO rocking 1010 1.36 ; 10�20

�7 (a}) .......................... CH2 of CH3 twisting + CH of CH3 rocking 1138 1.68 ; 10�19

�8 (a
0)........................... COC asymmetric stretching + CH2 of CH3 wagging + CH of CH3 rocking 1143 2.22 ; 10�17

�9 (a
0)........................... OC of OCHO stretching + OCH of OCH3 scissoring + CH2 wagging 1190 3.05 ; 10�17
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TABLE A7—Continued

Bands Characterization

Band Position

(cm�1)

A

(cm molecule�1)

�10 (a
0) ......................... CH of CHO rocking 1356 2.12 ; 10�19

�11 (a
0) ......................... CH3 wagging 1425 7.82 ; 10�19

�12 (a})......................... CH2 twisting + CH2 scissoring 1440 1.68 ; 10�18

�13 (a
0) ......................... CH2 scissoring + CH of CH3 rocking 1454 1.77 ; 10�18

�14 (a
0) ......................... CO of CHO stretching 1757 4.81 ; 10�17

�15 (a
0) ......................... CH of CHO stretching 2940 1.19 ; 10�17

�16 (a
0) ......................... CH3 symmetric stretching 2960 2.57 ; 10�18

�17 (a})......................... CH2 asymmetric stretching 3029 3.73 ; 10�18

�18 (a
0) ......................... CH2 symmetric stretching + CH of CH3 stretching 3066 2.23 ; 10�20

HOCH2CH2OH(X
1A)

�1 (e) ............................ (CH2 + HOCH2) rocking 132 2.44 ; 10�18

�2 (e) ............................ OH rocking 233 1.85 ; 10�17

�3 (e) ............................ OH rocking + HOCH2 rocking 268 3.22 ; 10�18

�4 (e) ............................ OH rocking 309 2.08 ; 10�17

�5 (e) ............................ (OCC +CCO) scissoring 462 8.91 ; 10�19

�6 (e) ............................ (CH2 + CH2) rocking 805 3.59 ; 10�19

�7 (e) ............................ HOC rocking 973 1.27 ; 10�17

�8 (e) ............................ OCC symmetric stretching 1037 1.64 ; 10�17

�9 (e) ............................ OC stretching 1039 9.31 ; 10�18

�10 (e)........................... CH2 rocking + CH2 twisting + OH rocking 1066 6.55 ; 10�20

�11 (e) ........................... (CH2 + CH2) rocking + OH rocking 1172 1.19 ; 10�18

�12 (e)........................... HOCH2 scissoring 1207 7.48 ; 10�18

�13 (e)........................... (CH2 + CH2) twisting 1272 1.24 ; 10�18

�14 (e)........................... (CH + OH) rocking + OH scissoring 1331 2.07 ; 10�18

�15 (e)........................... (CH + OH) scissoring 1362 4.69 ; 10�18

�16 (e)........................... (CH2 + CH2) wagging + OH scissoring 1423 2.31 ; 10�19

�17 (e)........................... (CH2 + CH2) scissoring simultaneously 1469 3.19 ; 10�20

�18 (e)........................... (CH2 + CH2) scissoring 1483 3.94 ; 10�19

�19 (e)........................... CH stretching 2863 1.30 ; 10�17

�20 (e)........................... (CH +CH) stretching simultaneously 2909 1.43 ; 10�18

�21 (e)........................... (CH +CH) stretching + (CH +CH) stretching simultaneously 2925 1.64 ; 10�17

�22 (e)........................... CH stretching 3005 6.32 ; 10�18

�23 (e)........................... OH stretching 3714 3.35 ; 10�18

�24 (e)........................... OH stretching 3734 4.91 ; 10�18

CH2OHCHO(X
1A0)

�1 (a}) .......................... (CH + CH2 + OH) rocking 184 1.54 ; 10�18

�2 (a
0)........................... (CO, COH) scissoring + CH rocking 285 3.99 ; 10�18

�3 (a}) .......................... OH rocking 379 1.46 ; 10�17

�4 (a}) .......................... CH rocking + CH2 twisting 703 1.56 ; 10�20

�5 (a
0)........................... OCC scissoring + (CC, COH) scissoring 744 1.66 ; 10�18

�6 (a
0)........................... CC stretching 836 8.58 ; 10�18

�7 (a}) .......................... (CH + CH2) rocking 1075 2.26 ; 10�20

�8 (a
0)........................... CO of COH stretching + OH rocking 1096 1.30 ; 10�17

�9 (a}) .......................... CH2 twisting + CH rocking 1207 4.38 ; 10�19

�10 (a
0) ......................... CH2 wagging + OH rocking 1260 7.21 ; 10�18

�11 (a
0) ......................... CH2 scissoring + OH rocking 1349 4.17 ; 10�18

�12 (a
0) ......................... CH2 wagging + (OH + CH) rocking 1399 1.03 ; 10�17

�13 (a
0) ......................... CH2 scissoring + OH rocking 1434 3.09 ; 10�18

�14 (a
0) ......................... CO of CHO stretching 1747 2.48 ; 10�17

�15 (a
0) ......................... CH of CHO stretching + CH2 symmetric stretching 2831 1.30 ; 10�17

�16 (a
0) ......................... CH stretching + CH2 symmetric stretching 2879 9.95 ; 10�18

�17 (a})......................... CH2 asymmetric stretching 2890 4.83 ; 10�18

�18 (a
0) ......................... OH stretching 3601 9.92 ; 10�18

trans-CHOCHO(X 1Ag)

�1 (au)........................... (HCO + HCO) twisting simultaneously 139 4.93 ; 10�18

�2 (bu)........................... (HCO + HCO) rocking 323 8.57 ; 10�18

�3 (ag)........................... (OCC + CCO) scissoring + CC stretching 536 0

�4 (au)........................... (CH + CH) asymmetric rocking 795 1.26 ; 10�19

�5 (ag)........................... CC stretching 1025 0

�6 (bg)........................... (CH + CH) symmetric rocking 1044 0

�7 (bu)........................... (CH + CH) asymmetric rocking 1288 1.13 ; 10�18
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TABLE A7—Continued

Bands Characterization

Band Position

(cm�1)

A

(cm molecule�1)

�8 (ag)........................... (CH + CH) symmetric rocking 1335 0

�9 (bu)........................... (CO + CO) asymmetric stretching 1753 3.21 ; 10�17

�10 (ag) ......................... (CO + CO) symmetric stretching 1755 0

�11 (bu) ......................... (CH + CH) stretching 2835 2.77 ; 10�17

�12 (ag) ......................... (CH + CH) simultaneously stretching 2840 0

cis-CHOCHO(X 1A1)

�1 (a2)........................... (HCC + CCH) twisting 128 0

�2 (a1)........................... (HCO + HCO) rocking simultaneously 272 1.20 ; 10�18

�3 (b1)........................... H(CC)H wagging 718 8.20 ; 10�21

�4 (a1)........................... CC stretching 788 2.46 ; 10�18

�5 (b2)........................... (OCC + CCO) scissoring 799 1.28 ; 10�17

�6 (a2)........................... (HCC + CCH) wagging 1052 0

�7 (b2)........................... H(CC)H rocking 1346 1.27 ; 10�19

�8 (a1)........................... H(CC)H scissoring 1350 6.28 ; 10�20

�9 (a1)........................... (CO + CO) stretching simultaneously 1746 2.35 ; 10�17

�10 (b2) ......................... (CO + CO) stretching 1786 7.16 ; 10�18

�11 (b2) ......................... (CH + CH) stretching 2774 1.25 ; 10�17

�12 (a1) ......................... (CH + CH) stretching simultaneously 2809 3.04 ; 10�17

trans-HOCH = CHOH(X 1Ag)

�1 (au)........................... (OH + OH) rocking 244 1.92 ; 10�17

�2 (bg)........................... (OH + OH) rocking 296 0

�3 (bu)........................... (HCO +HCO) rocking 309 6.07 ; 10�18

�4 (au)........................... (HOC + HOC) wagging 365 1.54 ; 10�17

�5 (ag)........................... (OCC + OCC) scissoring 551 0

�6 (bg)........................... (HCC + HCC) wagging 776 0

�7 (au)........................... (CH + CH) rocking 880 1.69 ; 10�17

�8 (ag)........................... (OH + OH) rocking 1049 0

�9 (bu)........................... (CO + CO) stretching 1109 7.29 ; 10�17

�10 (bu) ......................... (OH + OH + CH + CH) rocking 1181 5.45 ; 10�19

�11 (ag) ......................... (CH + CH) rocking 1292 0

�12 (ag) ......................... (OH + OH) rocking 1306 0

�13 (bu) ......................... (OH + OH + CH + CH) rocking 1372 1.52 ; 10�17

�14 (ag) ......................... CC stretching 1688 0

�15 (ag) ......................... (CH +CH) stretching simultaneously 3079 0

�16 (bu) ......................... (CH +CH) stretching 3080 5.88 ; 10�18

�17 (bu) ......................... (OH +OH) stretching 3702 9.84 ; 10�18

�18 (ag) ......................... (OH +OH) stretching simultaneously 3706 0

cis-HOCH = CHOH(X 1A1)

�1 (b1)........................... (OH + OH) rocking 64 3.62 ; 10�17

�2 (a2)........................... (OH + OH) rocking 88 0

�3 (a1)........................... HO(CC)OH scissoring 235 7.17 ; 10�19

�4 (a2)........................... (OCC + CCO) wagging 517 0

�5 (b1)........................... (CH + CH) rocking 690 1.47 ; 10�17

�6 (b2)........................... (OCC + CCO) scissoring 708 6.09 ; 10�18

�7 (a2)........................... (CH + CH) rocking 805 0

�8 (a1)........................... (CO + CO) stretching 991 2.02 ; 10�18

�9 (b2)........................... (CO + CO) stretching 1085 2.80 ; 10�17

�10 (a1) ......................... (OH + OH) rocking 1186 2.71 ; 10�17

�11 (b2) ......................... (OH + OH) rocking 1270 1.78 ; 10�17

�12 (a1) ......................... (CH + CH) rocking 1276 1.23 ; 10�17

�13 (b2) ......................... (CH + CH) rocking 1403 4.45 ; 10�18

�14 (a1) ......................... CC stretching 1738 3.99 ; 10�18

�15 (b2) ......................... (CH +CH) stretching 3069 4.41 ; 10�20

�16 (a1) ......................... (CH +CH) stretching simultaneously 3093 4.72 ; 10�18

�17 (b2) ......................... (OH +OH) stretching 3759 2.64 ; 10�17

�18 (a1) ......................... (OH +OH) stretching simultaneously 3762 4.55 ; 10�20
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TABLE A7—Continued

Bands Characterization

Band Position

(cm�1)

A

(cm molecule�1)

CH3COCH3(X
1A)

�1 (a) ............................ (CH3 + CH3) rocking 52 1.98 ; 10�21

�2 (b) ............................ (CH3 + CH3) rocking simultaneously 135 6.62 ; 10�21

�3 (a) ............................ CCC scissoring 366 1.91 ; 10�19

�4 (b) ............................ CCOC wagging + (CH2 + CH2) twisting 474 5.16 ; 10�20

�5 (b) ............................ (CH, CO) scissoring + (CO, CH) scissoring 519 2.49 ; 10�18

�6 (a) ............................ CCC symmetric stretching 756 2.50 ; 10�19

�7 (a) ............................ (CH2 + CH2) twisting 856 6.92 ; 10�21

�8 (b) ............................ (CH2 + CH2) wagging + CCC asymmetric stretching 857 1.57 ; 10�18

�9 (a) ............................ (CH2 + CH2) wagging + (CH, CH) scissoring 1051 5.91 ; 10�21

�10 (b)........................... CCOC wagging + (CH2 + CH2) rocking 1084 5.15 ; 10�19

�11 (b)........................... CCC asymmetric stretching + (CH, CH) rocking 1193 1.27 ; 10�17

�12 (a)........................... (CH3 + CH3) wagging simultaneously 1342 3.20 ; 10�18

�13 (b)........................... (CH3 + CH3) wagging 1344 1.07 ; 10�17

�14 (b)........................... (CH2 + CH2) scissoring + (CH, CH) rocking 1420 1.80 ; 10�19

�15 (a)........................... (CH2 + CH2) scissoring 1422 7.61 ; 10�19

�16 (a)........................... (CH2 + CH2) scissoring simultaneously + (CH, CH) scissoring 1427 3.96 ; 10�18

�17 (b)........................... (CH2 + CH2) twisting + (CH + CH) rocking 1443 3.69 ; 10�18

�18 (a)........................... CO stretching 1750 2.90 ; 10�17

�19 (b)........................... (CH3 + CH3) symmetric stretching 2934 3.38 ; 10�19

�20 (a)........................... (CH3 + CH3) symmetric stretching simultaneously 2940 1.14 ; 10�18

�21 (a)........................... (CH2 + CH2) asymmetric stretching 2988 7.48 ; 10�20

�22 (b)........................... (CH2 + CH2) asymmetric stretching simultaneously 2995 4.11 ; 10�18

�23 (b)........................... (CH, CH) asymmetric stretching 3046 2.15 ; 10�18

�24 (a)........................... (CH, CH) symmetric stretching 3047 1.65 ; 10�18

CH3CH2OH(X
1A)

�1 (e) ............................ CH3 rocking 264 4.18 ; 10�19

�2 (e) ............................ OH rocking 309 1.89 ; 10�17

�3 (e) ............................ OCC scissoring 409 3.28 ; 10�18

�4 (e) ............................ (CH2 of CH3 + CH2) twisting 787 4.46 ; 10�19

�5 (e) ............................ CH of CH3 rocking + OCC symmetric stretching 859 1.73 ; 10�18

�6 (e) ............................ OCC asymmetric stretching 1029 1.84 ; 10�18

�7 (e) ............................ (CH of CH2 + CH of CH3 + OH) rocking + CH2 of CH3 wagging + CO stretching 1045 1.90 ; 10�17

�8 (e) ............................ (CH of CH2 + OH) rocking + CH2 of CH3 twisting 1103 7.06 ; 10�19

�9 (e) ............................ (CH2 of CH3 + CH2) twisting + OH rocking 1246 1.99 ; 10�18

�10 (e)........................... (CH of CH2, OH) rocking + CH3 wagging 1339 2.56 ; 10�19

�11 (e) ........................... CH3 wagging + (CH of CH2 + OH) rocking 1363 1.02 ; 10�18

�12 (e)........................... (CH3 + CH2) wagging + OH rocking 1383 7.52 ; 10�18

�13 (e)........................... CH2 of CH3 scissoring + CH2 of CH3 twisting 1443 1.41 ; 10�18

�14 (e)........................... (CH2 of CH3 + CH2) scissoring 1449 3.48 ; 10�19

�15 (e)........................... (CH2 + CH2 of CH3) scissoring 1475 9.54 ; 10�20

�16 (e)........................... CH of CH2 stretching 2889 1.23 ; 10�17

�17 (e)........................... CH3 symmetric stretching 2927 2.99 ; 10�18

�18 (e)........................... CH2 of CH3 symmetric stretching + (CH of CH3, CH of CH2) symmetric stretching 2974 8.49 ; 10�19

�19 (e)........................... CH2 of CH3 asymmetric stretching + CH of CH2 stretching 2994 1.04 ; 10�17

�20 (e)........................... CH of CH3 stretching + CH2 of CH3 symmetric stretching + CH2 asymmetric stretching 3008 6.70 ; 10�18

�21 (e)........................... OH stretching 3710 2.80 ; 10�18

Note.—The vibrational frequencies have been scaled by 0.97, to account for the anharmonicities; this factor is consistent with the B3LYP/6-311G(d,p) level of theory.
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