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We present conclusive evidence on the formation of glycolaldehyde (HOCH2CHO)

synthesized within astrophysically relevant ices of methanol (CH3OH) and methanol–

carbon monoxide (CH3OH–CO) upon exposure to ionizing radiation at 5.5 K. The

radiation induced chemical processes of the ices were monitored on line and in situ via

infrared spectroscopy which was complimented by temperature programmed

desorption studies post irradiation, utilizing highly sensitive reflectron time-of-flight

mass spectrometry coupled with single photon fragment free photoionization (ReTOF-

PI) at 10.49 eV. Specifically, glycolaldehyde was observed via the n14 band and further

enhanced with the associated frequency shifts of the carbonyl stretching mode

observed in irradiated isotopologue ice mixtures. Furthermore, experiments conducted

with mixed isotopic ices of methanol–carbon monoxide (13CH3OH–CO, CH3
18OH–CO,

CD3OD–13CO and CH3OH–C18O) provide solid evidence of at least three competing

reaction pathways involved in the formation of glycolaldehyde via non-equilibrium

chemistry, which were identified as follows: (i) radical–radical recombination of HCO

and CH2OH formed via decomposition of methanol – the “two methanol pathway”; (ii)

via the reaction of one methanol unit (CH2OH from the decomposition of CH3OH) with

one carbon monoxide unit (HCO from the hydrogenation of CO) – the “one methanol,

one carbon monoxide pathway”; and (iii) formation via hydrogenation of carbon

monoxide resulting in radicals of HCO and CH2OH – the “two carbon monoxide

pathway”. In addition, temperature programmed desorption studies revealed an increase

in the amount of glycolaldehyde formed, suggesting further thermal chemistry of

trapped radicals within the ice matrix. Sublimation of glycolaldehyde during the warm

up was also monitored via ReTOF-PI and validated via the mutual agreement of the

associated isotopic frequency shifts within the infrared band positions and the identical

sublimation profiles obtained from the ReTOF spectra and infrared spectroscopy of the
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corresponding isotopes. In addition, an isomer of glycolaldehyde (ethene-1,2-diol) was

tentatively assigned. Confirmation of the identified pathways based on infrared

spectroscopy was also obtained from the observed ion signals corresponding to

isotopomers of glycolaldehyde. These coupled techniques provide clear, concise

evidence of the formation of a complex and astrobiologically important organic,

glycolaldehyde, relevant to the icy mantles observed in the interstellar medium.
1. Introduction

During the last decade, the glycolaldehyde molecule (HCOCH2OH) has received
considerable attention in the astronomy, astrochemistry, and astrobiology
communities. Glycolaldehyde was rst detected in the richest molecular source in
the Galaxy, Sgr B2(N),1 located in the galactic center molecular cloud Sagittarius
B2, also known as the Large Molecular Heimat.2 Chemical differentiation was
later observed in the structural isomers of glycolaldehyde,3 i.e. methyl formate
(HCOOCH3) and acetic acid (CH3COOH), whose formation routes are unknown.2

Consequently, an understanding of the chemistry behind the formation of gly-
colaldehyde and its isomers may help to explain the observed differentiation,
since structural isomers can be exploited as a chemical clock to unravel the
underlying chemistry in extraterrestrial environments such as star forming
regions. A subsequent extensive line search of glycolaldehyde allowed the deter-
mination of the fractional abundance of f(H2) z 5.9 � 10�11 in Sgr B2 (N).4 From
here, a tentative identication of glycolaldehyde outside of the galactic center was
made in 2005 towards the hot core G31.40+0.31,5 and later conrmed by the same
authors in 2009,6 with the glycolaldehyde emission originating from the hottest
($300 K) section with a rather large (estimated) fractional abundance of f(H2)z 5
� 10�8. This yielded the only conrmed detection outside our galaxy. In addition
to glycolaldehyde, other complex organic molecules (COM) have been detected in
the galactic center, such as methyl formate (HCOOCH3), acetaldehyde (CH3COH),
ketene (H2CCO), and ethylene oxide (c-C2H4O).7 The most recent detection of
glycolaldehyde has been with the Atacama Large Millimeter Array (ALMA) toward
the protostellar binary system IRAS 16293-2422.8 Here, glycolaldehyde was found
in the warm (200–300 K) gas close to the individual components of the binary,
with an estimated fractional abundance of f(H2) z 5 � 10�9, which the authors
note correlates with an origin related to the energetic processing viaUV photolysis
of an icy grain mantle consisting of methanol and carbon dioxide followed by
sublimation during the warm up phase.

As glycolaldehyde is the simplest monosaccharide sugar detected in numerous
astrophysical environments ranging from hot cores to the galactic center
molecular cloud, the detection of glycolaldehyde immediately prompted interest
within the astrobiological community, as the presence of glycolaldehyde directly
pertains to the ‘origin of life’ question. Here, glycolaldehyde is one of the key
precursors in the formation of ribonucleic acid (RNA).9–13 Since the ‘RNA World’
origin of life hypothesis14–17 is currently one of the dominating theories within the
community,18,19 glycolaldehyde has been heavily implicated in the literature on
the premise that it correlates well with the abiotic formation of ribose, which is a
central back bone of RNA. Yet, one of the main difficulties in considering an ‘RNA
World’ relationship to the origin of life is the complication of forming RNA
486 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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prebiotically.20,21 There has been experimental evidence however, showing that
abiotic formation of nucleotides from basic starting materials is possible, and
thus not an entirely impractical chemical route. In particular, glycolaldehyde can
react via an aldol condensation to ultimately produce ribose.22 Additionally the
polymerization of formaldehyde (the formose reaction23) has been suggested as
plausible prebiotic route to glycolaldehyde and ribose (Shapiro, 2000).24 However,
as pointed out by Shapiro (2000),24 no prebiotic route exists that preferentially
leads to the synthesis of ribose specically over a conglomerate of other sugars,
despite many efforts. Some success has been demonstrated in generating ribose
2,4-diphosphate in a possibly prebiotic reaction of monophosphate glyco-
laldehyde and formaldehyde.25 Also, it should be noted that ribose has been
shown to be produced in elevated yields following a formose type mechanism in
mixtures containing aldehyde, glycolaldehyde, and minerals such as pyrite,
borate and silicates.26 In addition, ribonucleotides were abiotically synthesized in
a multistep reaction utilizing only cyanamide (CN2H2), cyanoacetylene (C3HN),
glyceraldehyde (C3H6O3) and glycolaldehyde (HOCH2CHO).27 Consequently, the
abiotic synthesis of nucleotides is feasible. Furthermore, as pointed out recently,
an upper limit of 108 kg year�1 of glycolaldehyde may have been deposited on an
early Earth via comets and interplanetary dust, in addition to the 108 kg year�1

that may have been formed in situ on an early Earth.28 Additionally, the detection
of glycolaldehyde around the newly formed star IRAS 16293B implies that this
molecule may be involved in planet forming processes.8

Due to the importance of glycolaldehyde, over the last few decades, studies
exploring the radiation induced synthesis of glycolaldehyde pertaining to ices of
methanol have been numerous. Of the rst papers, most were focused on spec-
troscopy of radicals; the photolysis (Ehv ¼ 145 nm, 8.4 eV) of methanol isolated in
an argon matrix produced the hydroxymethyl (CH2OH) radical.29 The production
of this CH2OH radical in addition to the methyl (CH3) and the methoxy radical
(CH3O) via X-ray radiolysis of crystalline methanol was later conrmed using
electron pair resonance spectroscopy at 4.2 K.30 Products of g-irradiated methanol
ice were found to be molecular hydrogen (H2), ethylene glycol (HOCH2CH2OH),
methane (CH4), carbon monoxide (CO), dimethyl ether (CH3OCH3), and ethanol
(CH3CH2OH).31 From here, pure methanol and binary mixtures of methanol with
water and carbonmonoxide were exposed to distinct sources of ionizing radiation
(summarized in Table S1 of the ESI†). All of the previous experimental results
predominantly agree that simple molecules (CO, CO2, CH4, H2CO), with some
degree of overlapping with the detection of ethanol, ethylene glycol, water, and
the formyl radical (HCO), are formed in situ via energetic processing. Crucial
discrepancies do exist however, such as the assignment of acetone, which was
rst suggested as a result of 3 keV He+ bombardment of pure methanol,32 and was
subsequently tentatively assigned in later studies.33–36 However, the assignment of
acetone was refuted in a study with 0.8 MeV H+ bombardment of a methanol–
water mixture;37 from this study, the assignment of the observed vibrational
bands that were ascribed to acetone were subsequently attributed to the HCOO�

ion. Far IR spectroscopy was used to examine the phase change of crystalline to
amorphous methanol induced by 0.7 MeV H+ irradiation. Although no products
were specically identied, the authors noted that the irradiated methanol would
not re-crystallize with thermal annealing, which was attributed to additional
products synthesized within the methanol ice matrix.38 Higher order alcohols
This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 168, 485–516 | 487
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were attributed to an unidentied feature at 1088 cm�1 aer broad band UV
photolysis of pure methanol ice via a hydrogen microwave discharge lamp at 10 K
in addition to the standard group of daughter molecules (CO, CO2, CH4, H2CO).
This assignment of a higher mass alcohol was further veried by the observation
that the IR band started to disappear (indicating sublimation) at 120 K and was
completely gone at 230 K, suggesting a molecule with a similar volatility to
methanol.39 Aer the rst detection of glycolaldehyde in the galactic center,1 a
resurgence in methanol irradiation experiments occurred in the hopes of
explaining the origin of this sugar, along with its isomers, methyl formate and
acetic acid. One of the rst irradiation experiments to identify glycolaldehyde as a
product of methanol ice exposed to ionizing radiation utilized 5 keV electrons,
thereby simulating the track of secondary electrons generated within the trajec-
tory of galactic cosmic rays40 and a binary mixture of methanol and carbon
monoxide.41 Here, glycolaldehyde was identied in irradiated methanol ices at 10
K and also following warm up, whereas in the binary mixture (CH3OH–CO), gly-
colaldehyde in conjunction with methyl formate was immediately identied in
situ at 10 K with a total applied dose of 0.7 eV per 16 amu. In addition, glyco-
laldehyde and methyl formate were distinguished by utilizing temperature pro-
grammed desorption coupled with gas phase detection via a quadrupole mass
spectrometer based on the unique fragmentation pattern (e.g. the methyl formate
cation – HCOO+) at distinct sublimation temperatures. Following the studies of
Bennett et al.,40,41 similar work was conducted utilizing broad band UV photons
produced via a hydrogen microwave discharge lamp, in which glycolaldehyde was
only inferred as a potential product aer photolysis of CH3OH and CH3OH–CO
ices. Recently, glycolaldehyde was only briey mentioned as an endogenous
product upon exposure to 200 keV protons at relatively high doses of 34 eV42 and
18 eV43 per 16 amu. In the most recent experiment, Chen et al. reported the
formation of glycolaldehyde in irradiated methanol ices utilizing so X-rays with
peak energies of 300 eV and 550 eV over a broad band spectrum (250–1200 eV)44

following warm up, in agreement with the previous observation of Bennett et al.;41

methyl formate, acetic acid, formic acid and ethylene glycol were also reported.
No mention of glycolaldehyde was made in the experiments involving various
heavy cosmic ray analogs,45 or in the irradiation of methanol at very low doses
with so X-rays.46 To summarize, numerous experiments have been conducted
over recent decades regarding the chemical modication of methanol ices upon
exposure to ionizing radiation relevant to astrophysical conditions. Within these
studies, a general consensus on the formation of small molecules, which can be
detected easily via infrared spectroscopy (FTIR) (CO, CO2, H2CO, CH4) and for the
most part ethanol, ethylene glycol, and methyl formate, has been ascertained.
However, the main difference thus far is the ambiguity in the assignment of
glycolaldehyde in the majority of the processed ices.

In this study, we present compelling evidence from infrared spectral data
correlated for the rst time with temperature programmed desorption studies
exploiting single photon ionization (10.49 eV) reectron time-of-ight mass
spectrometry (ReTOF) gas phase detection of glycolaldehyde synthesized in irra-
diated ices of CH3OH and CH3OH–CO along with selected isotopologues, exposed
to doses of up to 6.5 eV per molecule relevant to the life time of an interstellar icy
grain within a cold molecular cloud prior to the warm up (star formation) phase;
at this point the grain begins to warm, causing radicals to diffuse and the
488 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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endogenous radiolytically synthesized molecules to sublimate into the gas phase,
allowing for direct observation via radio astronomical observations.
2. Experimental

The experiments were carried out in a novel, contamination-free ultra-high
vacuum (UHV) chamber at the W. M. Keck Research Laboratory in Astrochemistry
(Fig. 1). The main chamber was evacuated down to a base pressure typically of a
few 10�11 Torr using oil-free magnetically suspended turbomolecular pumps
backed with dry scroll pumps. A cold nger assembled from oxygen free high
conductivity copper (OFHC) was coupled to a UHV compatible closed-cycle
helium refrigerator (Sumitomo Heavy Industries, RDK-415E). A polished silver
mirror was then mounted to the cold nger insulated with 0.1 mm thick indium
foil to ensure thermal conductivity, and subsequently cooled to a nal tempera-
ture of 5.5 � 0.1 K; the entire ensemble was freely rotatable within the horizontal
center plane, and translatable in the vertical (z-axis) via a UHV compatible bellow
(McAllister, BLT106) and differential pumped rotational feed through (Ther-
moionics Vacuum Products, RNN-600/FA/MCO). From here, the corresponding
gases were then deposited through a glass capillary with a background (uncor-
rected for ion gauge sensitivity) pressure reading in the main chamber of 5� 10�8

Torr for approximately 3 minutes, yielding an ice sample with nal thicknesses of
510 � 10 nm for pristine methanol ices, and 495 � 10 nm for mixed ices of
Fig. 1 Schematic top view of the main chamber including the analytical instruments,
radiation sources, and the cryogenic target (point of converging lines). The alignment of
the cryogenic target, radiation sources, infrared, Raman, and UV–vis spectrometer allows
simultaneous online and in situmeasurements of the modification of the targets upon the
exposure to irradiation. After the irradiation, the cold head can be rotated 180� to face the
ReTOF mass spectrometer; the target can then be warmed up allowing the newly formed
products to sublimate, whereupon they are photoionized and mass analyzed. The inset
(top right) shows the geometry of the ReTOF ion source lenses with respect to the target
and ionization laser.
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methanol–carbon monoxide. The thickness of the sample was determined in situ
using laser interferometry. Here, the cooled silver target was rotated to face a
HeNe laser (CVI Melles-Griot; 25-LHP-230, 632 nm), which struck the target at an
incident angle of 4� relative to the sample normal, and was reected towards a
photodiode (CVI Melles-Griot Si Photodiode; 13DAS005 with a 632.8 nm narrow
band pass lter, CVI Xll-632.8-12.6M). The induced current in the photodiode was
monitored as a function of time with a picoammeter (Keithley Model 6485), while
the gas was introduced into the chamber at a constant rate through a precision
leak valve, whereupon it nally condensed onto the low temperature silver target.
During the deposition, the HeNe laser was reected off the surface of the silver
target and the freshly deposited ice sample, causing an interference pattern. The
relation between the period of the interference curve between two maxima or
minima relates to a change in thickness, Dd, as described by Heavens,47 where l0
is the laser wavelength (632.8 nm), qi is the incident angle (4�), and nf is the
refractive index of the ice. Here, a priori knowledge of the index of refraction (nf) is
required for accurate determination of the deposited ice thickness. Taking into
consideration the known index of refraction for the substrate,48–50 the index of
refraction can also be derived by measuring the intensity ratio between the
maximum and minimum of the measured interference curve.49,50 From this
technique, we derived an index of refraction nf¼ 1.34� 0.02 for puremethanol, in
agreement with published data of 1.33,51 and nf ¼ 1.35 � 0.02 for the binary
CH3OH–CO mixture. The column densities were calculated utilizing a modied
Lambert–Beer relationship52–54 with the absorption coefficients of 1.3 � 10�17 cm
molecule�1 and 1.1 � 10�17 cm molecule�1 for the 1028 cm�1 (n8; CH3OH) and
2090 cm�1 (n1;

13CO) bands, respectively.41,55,56 Accordingly, the mixed methanol–
carbon monoxide ice was found to be in the ratio of (4.0 � 0.2) : (5.0 � 0.2). In
addition, isotopically-labeled CD3OD,

13CH3OH, and CH3
18OH ices for pure

methanol irradiation experiments and CD3OD–CO,
13CH3OH–CO, CH3

18OH–CO,
CD3OD–

13CO, CH3
18OH–C18O, and CH3OH–C18O mixed ices for methanol–

carbon monoxide irradiation experiments were also used to conrm infrared
assignments via isotope shis, and in the reectron time-of-ight data via shis
their in mass-to-charge ratios.

Each of the amorphous ices was irradiated with 5 keV electrons isothermally at
5.5 � 0.1 K for one hour at 30 nA over a square area of 1.0 � 0.1 cm2 and at an
angle of 70� relative to the surface normal. The emission current was measured
prior to irradiation on line and in situ utilizing a Faraday cup (Kimball Physics,
FC-71) mounted inside a differentially pumped chamber on an ultra-high vacuum
compatible translation state. The total dose deposited into the ice sample was
determined from Monte Carlo simulations (CASINO)57 taking into consideration
the scattering coefficient and the energy deposited from the back scattered
electrons. The total energy deposited into the amorphous ice was 6.5 � 0.8 eV per
CH3OH molecule, and 5.2 � 0.8 eV per molecule on average for the irradiation
experiments of the binary CH3OH–CO (4 : 5) ice mixture. It should be noted here
that in determining the applied dose of the isotopic analogs, that both the index
of refraction and density were assumed to be that of their respective normal
counterparts, as most of these data are not empirically available. Furthermore,
the density of the CH3OH–CO ice mixture was calculated to be 1.026 g cm�3 based
on the column density weighted fraction of their respective pure densities (1.020 g
cm�3 CH3OH, 1.029 g cm�3 CO41) in the limit of volume additivity.58
490 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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For the on line and in situ identication of new molecular band carriers of the
ices during irradiation, a Fourier transform infrared spectrometer (Nicolet 6700)
monitored the samples throughout the duration of the experiment, with an IR
spectrum collected every two minutes in the range of 6000–400 cm�1 at a reso-
lution of 4 cm�1. Each FTIR spectrum was recorded in the absorption–reection–
absorption mode (reection angle ¼ 45�) for two minutes, resulting in a set of 30
infrared spectra during the radiation exposure for each system. We recognize that
integrated band areas can be altered by optical interference effects inherit in
absorption–reection–absorption FTIR spectroscopy, as demonstrated by Teolis
et al.;59 however, this issue is circumvented by integration of weak bands, whose
absorbance remains linear with respect to the amount of ice deposited.60 Aer the
irradiation, the sample was kept at 5.5 K for one hour, then temperature pro-
grammed desorption (TPD) studies were conducted by heating the irradiated ices
at a rate of 0.5 K min�1 to 300 K. Throughout the thermal sublimation process,
the ice samples were monitored via infrared spectroscopy and single photon
ionization reectron time-of-ight mass spectroscopy61 separately, i.e. each
experiment was conducted twice. For the gas phase detection, the products were
ionized upon sublimation via single photon ionization exploiting pulsed (30 Hz)
coherent vacuum ultraviolet (VUV) light at 118.2 nm (10.49 eV), generated via non-
linear four wave mixing. The ions were then extracted into a reectron time-of-
ight mass spectrometer, whereupon the ions were mass resolved according to
their arrival times. Please see the ESI† for more detailed description regarding
CASINO calculations, coherent VUV light generation, and reectron time-of-ight
mass spectroscopy.

3. Results
3.1 Infrared spectroscopy

3.1.1 Qualitative analysis. The infrared spectra of pure methanol ice and
mixed ices of methanol (CH3OH)–carbon monoxide (CO) recorded before and
aer irradiation along with the assignments are shown in Fig. 2A and 2B. During
the irradiation, multiple new absorption features emerged (summarized in the
ESI, Tables S2 and S3†) alongside the absorptions of the pristine ices. In the
irradiated methanol (Fig. 2A, ESI Table S2†) and methanol–carbon monoxide ices
(Fig. 2B, ESI Table S3†), the hydroxymethyl radical (CH2OH) was detected via the
n4 absorption band at 1192 cm�1 and 1193 cm�1, respectively, in good agreement
with previously reported values of 1197 cm�1 in UV photolyzed methanol ices by
Gerakines et al.,39 1197 cm�1 and 1192 cm�1 in methanol40 and methanol–carbon
monoxide ices41 exposed to electron irradiation, and 1193 cm�1 in methanol ices
irradiated with so X-rays by Chen et al.44 Formaldehyde (H2CO) was observed via
the n2, n3, and n4 absorption bands at 1246 cm�1, 1499 cm�1 and 1726 cm�1 in
methanol ice, and at 1249 cm�1, 1497 cm�1 and 1726 cm�1 in methanol–carbon
monoxide ice; again, these absorptions agree with previous studies.37,39–41 Methyl
formate (HCOOCH3) was identied via its n14 fundamental at 1714 cm�1, which is
in good agreement with the literature value of 1718 cm�1 in electron irradiation
experiments with methanol40 and methanol–carbon monoxide ices41 and UV
photolysis of methanol ices by Gerakines et al.,39 and 1720 cm�1 by Modica et al.
with pure methyl formate spectra at 16 K.42,43 The formation of a formyl radical
(HCO) was identied via the n3 fundamental at 1842 cm�1 in both the irradiated
This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 168, 485–516 | 491



Fig. 2 (A) (Top) Infrared spectra of the methanol ices at 5.5 K before (dotted trace) and
after (solid trace) irradiation. (Bottom) The newly formed products as labeled are shown in
the 1900–800 cm�1 region. (B) (Top) Infrared spectra of the methanol–carbon monoxide
ices at 5.5 K before (dotted trace) and after (solid trace) irradiation. (Bottom) The newly
formed products as labeled are shown in the 1900–800 cm�1 region.
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ices, as previously assigned at 1848 cm�1 by Hudson et al.,37 and at 1842 cm�1 by
Bennett et al.40,41 and Chen et al.39,44 Methane (CH4) was detected via the n4

fundamental at 1304 cm�1 and 1303 cm�1 in the methanol and methanol–carbon
monoxide ices, respectively. Formation of carbon monoxide (CO) was conrmed
via the n1 fundamental at 2135 cm�1 in methanol ice. In addition, carbon dioxide
was detected via the n3 mode at 2339 cm�1 in irradiated methanol ice and 2342
cm�1 in the irradiated methanol–carbon monoxide ice. Ethylene glycol was iden-
tied in both irradiated ices via the n9 fundamental at 1094 cm�1, based on the
assignment of this molecule in previous studies of irradiated methanol ices37,40 at
1090 cm�1 and 1088 cm�1. It should be mentioned that all other relatively strong
infrared absorption bands of ethylene glycol coincidentally overlap with the
methanol absorptions40,41 and consequently are masked. Glycolaldehyde (HOCH2-

CHO) was identied by the n14 (CO of HCO stretching) fundamental at 1743 cm�1 in
both methanol and methanol–carbon monoxide ices. The assignment of the
observed bands to glycolaldehyde are based on previous studies of irradiated
methanol40 ices at 1747 cm�1, irradiated methanol–carbon monoxide ices41 at 1757
cm�1, and matrix isolation studies of glycolaldehyde at 13 K at 1747 cm�1.62,63 A
second band at 1062 cm�1 in the methanol–carbon monoxide ice can be attributed
to the n7 fundamental of glycolaldehyde, in agreement with previous studies.41–43,62,63

The assignment of these absorptions was also conrmed via their isotopic shis in
irradiated ices consisting of CD3OD,

13CH3OH and CH3
18OH, as compiled in Table

S2 in the ESI,† and irradiated binary mixed ices consisting of CD3OD–CO,
13CH3OH–CO, CH3

18OH–CO, CD3OD–
13CO, CH3

18OH–C18O and CH3OH–C18O as
compiled in Table S3 in the ESI.†

3.1.2 Deconvolution of the carbonyl absorption features. The new absorption
features connected to the carbonyl functional group in the 1800–1600 cm�1

region are very broad (Fig. 3a and 3b), implying the presence of multiple carriers.
Further evidence is obtained from the additional infrared absorption features of
the carbonyl band regions in the irradiated mixed isotopic ices, as shown in
Figure 3b. These ndings suggest the presence of multiple underlying molecular
carriers, and possibly different isotopomers (in the mixed isotopic ices) as well.
Therefore, the absorption features in 1800–1600 cm�1 were deconvoluted with the
peak positions, and their associated assignments are shown in Fig. 3 and listed in
Tables 1–3. The rationale behind the assignments is discussed below.

In the case of irradiated methanol (CH3OH) ices, the deconvolution (Fig. 3a)
identied four distinct bands centered at 1743 cm�1, 1726 cm�1, 1714 cm�1 and
1697 cm�1. The band at 1743 cm�1 is assigned to the n14 band of glycolaldehyde
(HOCH2CHO), as discussed previously based on earlier experimental work.40,41,62,63

The absorptions at 1726 cm�1 and 1714 cm�1 can be linked to the n4 fundamental
of formaldehyde (H2CO) and the n14 of methyl formate (HCOOCH3), which are in
good agreement with the literature data at 1726 cm�1 and 1718 cm�1, respec-
tively.39–43 Finally, the band observed at 1697 cm�1 can be attributed to the Fermi
resonance splitting of the n14 fundamental and the 2n6 overtone band of glyco-
laldehyde.41,44,63 To support these assignments, deconvolution of the bands in
1800–1600 cm�1 region for the isotopically labeled ices of CD3OD,

13CH3OH, and
CH3

18OH were also completed. The n14 band of glycolaldehyde (HOCH2CHO) at
1743 cm�1 is expected to show an isotopic shi of 26 cm�1 in CD3OD ices,64 37
cm�1 in 13CH3OH ices,64 and 30 cm�1 in CH3

18OH ices.65 In the present investi-
gation, the corresponding isotopomers of glycolaldehyde, DOCD2CDO in CD3OD
This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 168, 485–516 | 493



Fig. 3 (a) Deconvoluted infrared absorption features in the region of the carbonyl functional
group in (A) CH3OH, (B) CD3OD, (C) 13CH3OH, and (D) CH3

18OH ices. The bands marked as
(1) and (4) are assigned as the n14 and 2n6 bands of glycolaldehyde (HOCH2CHO), respec-
tively. The bands marked as (2) and (3) are assigned to formaldehyde (H2CO) and methyl
formate (HCOOCH3). The dotted line in (B) corresponds to 2n8 of CD3OD as in the pristine
ice. (b) Deconvoluted infrared absorption features in the region of the carbonyl functional
group in (A) CH3OH–CO, (B) CD3OD–CO, (C) 13CH3OH–CO, (D) CH3

18OH–CO, (E)
CD3OD–13CO, (F) CH3

18OH–C18O, and (G) CH3OH–C18O ices. The bands marked as (1), (2),
(3) and (4) are assigned to n14 of glycolaldehyde, n4 of formaldehyde and n14 of methyl
formate, and 2n6 bands of glycolaldehyde and their isotopomers (Table 3), respectively.41 In
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ices, HO13CH2
13CHO in 13CH3OH ices, and H18OCH2CH

18O in CH3
18OH ices, are

assigned based on peak positions of 1711 cm�1, 1703 cm�1 and 1713 cm�1,
respectively, with corresponding isotopic shis of 32 cm�1, 40 cm�1 and 30 cm�1

(Table 1), in agreement with the expected frequency shis.64,65 The formaldehyde
identication was based on the n4 band, observed at 1676, 1687 and 1693 cm�1 in
the irradiated CD3OD,

13CH3OH and CH3
18OH ices, respectively. The corre-

sponding isotopic shis of 50, 39 and 33 cm�1 agree well with the respective
literature values66,67 of 45, 38 and 33 cm�1. Methyl formate was conrmed via the
n14 band at 1676 cm�1 and 1682 cm�1 in 13CH3OH and CH3

18OH ices, with
isotopic shis of 38 cm�1 and 32 cm�1 respectively, in close agreement with
typical shis of carbonyl stretching frequencies upon 13C and 18O substitution of
about 40 cm�1 and 30 cm�1, respectively.65 In addition, the band assigned to the
Fermi resonance (of the n14 fundamental and an overtone from 2n6) also shows
relevant isotopic shis (Table 1).65

The deconvoluted absorption bands of the carbonyl functional group in the
1800–1600 cm�1 region reveal four distinct bands (Figure 3a) in the case of
isotopically pure (only one isotope of each atom) binary ices consisting of
CH3OH–CO, CD3OD–CO and CH3

18OH–C18O, similar to that of the irradiated
pure methanol ices. Here, the glycolaldehyde isotopomers HOCH2CHO,
DOCD2CDO and H18OCH2CH

18O were identied at 1743 cm�1, 1714 cm�1 and
1715 cm�1 (Table 2), respectively, in excellent agreement with the assigned bands
of the corresponding isotopomers observed in irradiated methanol ices (Table 1).
However, in the mixed isotopic ices, i.e., 13CH3OH–CO, CH3

18OH–CO,
CD3OD–

13CO and CH3OH–C18O, where two different atomic isotopes (12C/13C and
16O/18O) are present together, the prole of the carbonyl band was rather unique.
Here, evidence of two different isotopomers of glycolaldehyde is observed in the
irradiated ices of the mixed isotopes. Fig. 4 presents the isotopomers of glyco-
laldehyde in thesemixed isotopic ices, showing that at least two different carbonyl
functional groups could be formed and subsequently detected in the relevant
infrared spectral region. For example, H13C16O and H12C16O following irradiation
of the 13CH3OH–CO system, H12C18O and H12C16O in the CH3

18OH–CO system,
D12C16O and D13C16O in the CD3OD–

13CO system, and H12C16O and H12C18O in
the CH3OH–C18O system are expected and can ultimately lead to the synthesis of
four different isotopomers of glycolaldehyde. For instance, in the case of irradi-
ated CH3

18OH–CO ice, four different isotopomers of glycolaldehyde, H18OCH2-

CH18O, H18OCH2CHO, HOCH2CH
18O and HOCH2CHO, can be formulated. Here,

the carbonyl group (HC18O) in H18OCH2CH
18O and HOCH2CH

18O can be formed
via the decomposition of CH3

18OH. Furthermore, the carbonyl unit (HCO), in
H18OCH2CHO and HOCH2CHO can be synthesized via the hydrogenation of the
carbon monoxide (CO). Note that, despite the existence of four different iso-
topomers, the n14 (CO stretching of the HCO unit) fundamental band will only
indicate two glycolaldehyde isotopomers, as in the CH3

18OH–C18O (1715 cm�1)
and CH3OH–CO (1743 cm�1) ices. Unfortunately, the isotopic combination is
attributed to the alcohol vibrational mode, and is consequently masked by the
(C), (D), (E) and (G), the bands marked as (10), (20), (30) and (40) are assigned to n14 of glyco-
laldehyde, n4 of formaldehyde, n14 of methyl formate, and 2n6 bands of glycolaldehyde and
their isotopomers, respectively. The dotted lines in (B) and (E) correspond to 2n8 of CD3OD as
in the pristine ice.
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Table 1 Deconvoluted peak positions of the carbonyl absorption bands observed in the
processed CH3OH, CD3OD, 13CH3OH, and CH3

18OH ices

Band
CH3OH
(cm�1)

CD3OD
(cm�1)

Dn

(cm�1)

13CH3OH
(cm�1)

Dn

(cm�1)
CH3

18OH
(cm�1)

Dn

(cm�1) Assignment

1 1743 1711 �32 1703 �40 1713 �30 n14 (HOCH2CHO)
2 1726 1676 �50 1687 �39 1693 �33 n4 (H2CO)
3 1714 1664 �50 1676 �38 1682 �32 n14 (HCOOCH3)
4 1697 1647 �50 1659 �38 1666 �31 2n6 (HOCH2CHO)

Table 2 Deconvoluted peak positions of the carbonyl absorption bands observed in the
processed isotopically pure ices CH3OH–CO, CD3OD–CO, and CH3

18OH–C18O

Band
CH3OH–CO
(cm�1)

CD3OD–CO
(cm�1)

Dn

(cm�1)
CH3

18OH–C18O
(cm�1)

Dn

(cm�1) Assignment

1 1743 1714 �29 1715 �28 n14 (HOCH2CHO)
2 1726 1686 �40 1693 �33 n4 (H2CO)
3 1714 1668 �46 1680 �34 n14 (HCOOCH3)
4 1697 1651 �46 1662 �35 2n6 (HOCH2CHO)

Faraday Discussions Paper
broad parent methanol feature. Indeed, deconvolution of the carbonyl absorption
in the 1800–1600 cm�1 region of irradiated CH3

18OH–CO ices (Fig. 3b) resulted in
identied bands at 1708 cm�1 (band 1) and 1743 cm�1 (band 10), which are in
close agreement with the expected frequencies based on the isotopically labeled
pure ices as mentioned above. Similar to the irradiated CH3

18OH–CO ices,
deconvolution of the mixed isotopic ices of 13CH3OH–CO, CD3OD–

13CO and
CH3OH–C18O reveal two distinct carbonyl bands as shown in Fig. 3b, with the
assignments also listed in Table 3. Here, in the isotopically labeled 13CH3OH–CO
irradiated ices, the n14 fundamental of glycolaldehyde isotopomers with H13CO
and HCO functional groups are expected at 1703 cm�1 and 1743 cm�1, based on
the observed band positions in the irradiated 13CH3OH ices and CH3OH–CO ices.
As expected, deconvolution elucidates a band at 1743 cm�1 (band 10) corre-
sponding to the carbon monoxide hydrogenation products. Unfortunately
however, the expected band at 1703 cm�1 could not be identied due to a strong
transition of the n14 fundamental of methyl formate (HCOO13CH3) at 1710 cm�1

(band 30). In CD3OD–
13CO ices, the deconvolution of the relevant 1800–1600

cm�1 region required the inclusion of the 2n8 overtone band of CD3OD (1666
cm�1, ESI Table S3†). Consequently, any prediction may result in an ambiguous
interpretation. However, the fully deuterated isotopomers of glycolaldehyde
with the DCO carbonyl functional group (Fig. 4) can be attributed to the band
observed at 1709 cm�1 (band 1), in agreement with irradiated CD3OD–CO ices
(1714 cm�1). Finally, in CH3OH–C18O ices, the n14 fundamental of the glyco-
laldehyde isotopomers with HCO and HC18O carbonyl functional groups are
expected at 1715 cm�1 and 1743 cm�1, based on the observed band positions in
the irradiated CH3

18OH–C18O and CH3OH–CO ices. Certainly, deconvolution
reveals two bands centered at 1707 cm�1 (band 10) and 1747 cm�1 (band 1),
which are in close agreement with our expectations based on the irradiated
isotopically pure ices as mentioned above.
496 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Schematic representation of the formation of glycolaldehyde isotopomers in
mixed isotopic ices of 13CH3OH–CO, CH3

18OH–CO, CD3OH–13CO and CH3OH–C18O.
Here, two different carbonyl functional units (H13C16O and H12C16O in 13CH3OH–CO;
H12C18O and H12C16O in CH3

18OH–CO; D12C16O and D13C16O in CD3OD–13CO; H12C16O
and H12C18O in CH3OH–C18O) are expected to be observed in each system. The observed
peak positions are shown in parentheses.

Faraday Discussions Paper
Fig. 3b and Tables 1–3 also show the identication of n4 of the formaldehyde
isotopologues, and n14 of the methyl formate isotopologues. In the case of
isotopically pure ices of CH3OH–CO, CD3OD–CO and CH3

18OH–C18O, formalde-
hyde was conrmed via band positions at 1726 cm�1, 1686 cm�1, 1693 cm�1,
respectively, and methyl formate bands were observed at 1714 cm�1, 1668 cm�1

and 1680 cm�1. Both frequency shis are in excellent agreement with the
observed band positions in the irradiated methanol (isotopically pure) ices (Table
1). Similar to the detection of two different isotopomers of glycolaldehyde in the
mixed isotopic ices of 13CH3OH–CO, CH3

18OH–CO, CD3OD–
13CO and CH3OH–

C18O, two isotopomers of formaldehyde andmethyl formate were also observed in
the carbonyl stretching regions in each system as expected. Here, H2CO and
H2

13CO were conrmed via bands at 1724 cm�1 (band 20) and 1692 cm�1 (band 2)
following irradiation of 13CH3OH–CO ice, in agreement with the observed band
positions of H2CO (1726 cm�1) and H2

13CO (1687 cm�1) in irradiated CH3OH and
13CH3OH ices. Further, aer the irradiation of CH3

18OH–CO and CH3OH–C18O
ices, H2C

18O was observed at 1692 (band 2) and 1695 cm�1 (band 20), respectively,
with H2CO conrmed at 1724 cm�1 (band 20) and 1726 cm�1 (band 2), respec-
tively. These peak positions agree with the observed positions of formaldehyde in
irradiated pure CH3

18OH (1693 cm�1) and CH3OH (1726 cm�1) ices. In irradiated
CD3OD–

13CO ices, D2CO and D2
13CO were observed at 1678 cm�1 (band 2) and

1655 cm�1 (band 20), respectively, matching well with the band at 1676 cm�1 in
irradiated CD3OD ice, and the literature value for the isotope shi of D2

13CO (71
cm�1) is close to the observed value of 76 cm�1.68 Similarly, two isotopomers of
methyl formate were also observed in the isotopically mixed ices of methanol–
carbon monoxide. Here, HCO and H13CO of methyl formate in the irradiated
13CH3OH–CO ice were detected at 1710 cm�1 (band 30) and 1678 cm�1 (band 3),
which are close to the observed values of methyl formate in CH3OH (1714 cm�1)
498 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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and 13CH3OH (1676 cm�1) ices. In irradiated CH3
18OH–CO and CH3OH–C18O ices,

HC18O units of methyl formate isotopomers were observed at 1680 cm�1 (band 3)
and 1684 cm�1(band 30), respectively and the HCO carbonyl unit was observed at
1714 cm�1 (band 30) and 1716 cm�1 (band 3), respectively. These peak positions
agree with the observed positions of methyl formate in irradiated pure CH3

18OH
(1682 cm�1) and CH3OH (1714 cm�1) ices. In irradiated CD3OD–

13CO ices, DCO
and D13CO carbonyl units of methyl formate were observed at 1666 cm�1 (band 3)
(1664 cm�1 in irradiated CD3OD ice) and 1647 cm�1 (band 30), respectively. The
isotope shi observed in the case of the D13CO (67 cm�1) carbonyl unit in methyl
formate is reasonable based on the observed shi in the case of the formaldehyde
isotopomer (the Dn of D2

13CO is 71 cm�1), as discussed earlier.
3.1.3 Quantitative analysis of glycolaldehyde formation. In the case of

methanol ices, considering an infrared absorption coefficient of 1.3 � 10�17 cm
molecule�1 for the n8 band of methanol,40 the initial column density of 1.8� 0.2�
1017 molecules cm�2 decreased to 1.2 � 0.2 � 1017 molecules cm�2 aer irradi-
ation, with a decrease of 6.0� 0.6� 1016 molecules of methanol (Table 4). During
the irradiation by 5 keV electrons with a beam current of 30 nA, a total of 6.7 �
1014 electrons penetrated the sample. From here, we can estimate that 90 � 9
molecules of methanol were destroyed by each impinging electron, which is
equivalent to 1.9 � 0.2 � 10�2 molecules eV�1. During the same period of time,
3.1 � 0.3 � 1014 molecules of glycolaldehyde were produced, with a production
rate of 1.0 � 0.1 � 10�4 molecules eV�1. The glycolaldehyde abundance is thus
calculated to be 0.17� 0.02% with respect to the initial methanol column density.
Furthermore, in the case of methanol–carbon monoxide ices, 4.1 � 0.4 � 1016

molecules of methanol out of 1.1 � 0.1 � 1017 molecules cm�2, and 5.4 � 0.5 �
1016 molecules of carbon monoxide out of 1.8 � 0.2 � 1017 molecules cm�2 were
destroyed during the irradiation. This leads to the rates of destruction of meth-
anol and carbon monoxide of 1.3 � 0.2 � 10�2 and 1.8 � 0.2 � 10�2 molecules
eV�1, respectively. Additionally, 1.6� 0.1� 1015 molecules of glycolaldehyde were
produced immediately following irradiation, with an estimated yield of 5.2 � 0.5
� 10�4 molecules eV�1. The glycolaldehyde abundance is thus calculated to be 1.4
� 0.1% and 0.89 � 0.09% with respect to the initial column densities of the
methanol and carbon monoxide, respectively. Note that this production rate
(molecules eV�1) is almost ve times greater than the rate of glycolaldehyde
formation in pure methanol ices, suggesting the presence of a more favorable
reaction pathway, most probably the hydrogenation of carbon monoxide to the
formyl radical, as observed in previous studies.41
3.2 ReTOF mass spectroscopy

In addition to the detection of glycolaldehyde using FTIR spectroscopy, we
employed complementary, highly sensitive single photoionization ReTOF mass
spectrometry coupled with temperature programmed desorption (TPD) studies to
identify glycolaldehyde in the irradiated methanol ices and mixed methanol–
carbon monoxide ices based on the mass-to-charge ratios, the sublimation
temperatures and the corresponding shis in the mass-to-charge ratios upon
isotope substitution. Fig. 5A and 5B show the complete ReTOF mass spectra as a
function of temperature during the warm-up phase aer the irradiation of the
methanol and methanol–carbon monoxide ices, respectively. The spectra display
This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 168, 485–516 | 499
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the intensity as total counts of the ionized products subliming into the gas phase
at well-dened temperatures.

In the case of the irradiated methanol ices, the molecular formulae of the
products can be assigned by tracing the sublimation of the irradiated isotopically
labeled ices (D4-methanol (CD3OD),

13C-methanol (13CH3OH) and 18O-methanol
(CH3

18OH)) via a shi by 1 amu for each hydrogen (replacing H by D) and carbon
(replacing 12C by 13C) atom, and 2 amu for each oxygen (replacing 16O by 18O)
atom. Further, the isotopically labeled counterparts can be easily identied in all
four ices by plotting the sublimation temperatures versus the ion counts and
verifying that these species have identical sublimation proles.61,65 In the case of
binary ices of methanol–carbon monoxide, in addition to the natural isotopic ices
of CH3OH–CO, selected isotopically labeled ices CD3OD–CO,

13CH3OH–CO,
CH3

18OH–CO, CD3OD–
13CO, CH3

18OH–C18O and CH3OH–C18O were also exposed
to ionizing radiation, and the radiation induced products were analyzed following
TPD utilizing ReTOFMS. Here, the molecular formulae of the products were
assigned based on the same methodology as discussed above. Further, the
present set of isotopic ices helped us to assign whether the C/H/O bearing
molecules followed the incorporation of the carbon monoxide unit. As an
example, from the results from FTIR spectroscopy (Section 3.1), the carbonyl unit
(HCO) of the glycolaldehyde (HOCH2CHO) product can be formed from both
methanol and carbon monoxide. Here, selected mixed isotopically labeled binary
ices of 13CH3OH–CO, CH3

18OH–CO, CD3OD–
13CO and CH3OH–C18O were studied

to assign the molecular formula along with their formation routes.
3.2.1 Glycolaldehyde (HOCH2CHO). Specic attention is paid to the detec-

tion of glycolaldehyde (HOCH2CHO) in the interstellar analogous ices of meth-
anol and binary ices of methanol–carbon monoxide. In these irradiated CH3OH
ices and CH3OH–CO ices, the molecular ion peak of glycolaldehyde (C2H4O2

+) is
expected at m/z ¼ 60 amu. It should be mentioned that with the molecular
formula C2H4O2, four possible isomers exists with following ionization energies
(IE): glycolaldehyde (HOCH2CHO; IE ¼ 10.20 eV), ethene-1,2-diol (HOCH]

CHOH; IE ¼ 9.62 eV), methyl formate (HCOOCH3; IE ¼ 10.84 eV) and acetic acid
(CH3COOH; IE ¼ 10.63 eV). Among these isomers, methyl formate (10.84 eV) and
acetic acid (10.63 eV) have ionization energies higher than the energy of the
photoionization source (10.49 eV) and therefore do not contribute to the ion
signal at m/z ¼ 60 amu. However, the other two isomers, glycolaldehyde and
ethene-1,2-diol, have ionization energies of 10.20 eV and 9.62 eV, respectively, and
therefore can be ionized.

3.2.2 Glycolaldehyde in irradiated methanol ices. First, we would like to
discuss the identication of glycolaldehyde in methanol ices. It should be
mentioned here that, in ices of methanol isotopologues, molecular ion signals of
C2H4O2 and its isotopomers are expected at m/z ¼ 60 amu (C2H4O2

+; CH3OH ice),
m/z¼ 64 amu (C2D4O2

+; CD3OD ice),m/z¼ 62 amu (13C2H4O2
+; 13CH3OH ice), and

at m/z ¼ 64 amu (C2H4
18O2

+; CH3
18OH ice). Table 5 shows feasible formation

routes of C2H4O2 isomers, glycolaldehyde and ethene-1,2-diol, through the
recombination of radical reactants (HCO, CH2OH, and CHOH) which can be
formed upon radiolysis of methanol. Here, a glycolaldehyde molecule is formu-
lated via the radical–radical combination of one HCO with a CH2OH radical, and
ethene-1,2-diol is formally formed via dimerization of CHOH or a tautomerization
mechanism of glycolaldehyde.
500 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (A) ReTOF mass spectra as a function of the temperature of the newly formed
products subliming into the gas phase from the irradiatedmethanol (CH3OH) ices. (B) ReTOF
mass spectra as a function of the temperature of the newly formed products subliming into
the gas phase from the irradiated methanol–carbon monoxide (CH3OH–CO) ices.

Faraday Discussions Paper
Fig. 6 depicts the sublimation prole of integrated ion counts atm/z ¼ 60 amu
(C2H4O2

+). In principle, the ion signal atm/z¼ 60 amu can also originate from the
ionization of C3H8O (m/z ¼ 60 amu) isomers such as 1-propanol (10.22 eV), 2-
propanol (10.17 eV), and methoxyethane (9.72 eV); these molecules have ioniza-
tion energies lower than the 10.49 eV ionization photon. The distinct peak at 120
K is assigned to C3H8O isomers, as observed in previously irradiated CH4–CO
ices.65 Furthermore, the pronounced peak at 200 K displays a similar onset to the
sublimation prole of m/z ¼ 62 amu (C2H6O2

+), as shown in Fig. 6. The similarity
in the onsets of the sublimation proles of m/z ¼ 60 amu (C2H4O2

+) and m/z ¼ 62
amu (C2H6O2

+) implies that the ion signal atm/z¼ 60 amu (C2H4O2
+) could be due

to the photofragmentation of the parent C2H6O2 molecules. In an effort to explore
this possibility, the TPD ReTOF mass spectra of pure ethylene glycol (HOCH2-

CH2OH; IE ¼ 10.16 eV) and a 10% mixture of ethylene glycol in methanol and
methanol–carbon monoxide ices were recorded as a function of temperature
under identical experimental parameters. Here, ethylene glycol did not exhibit
any fragmentation tom/z¼ 60 amu, indicating that co-sublimation of C2H4O2 (m/
z ¼ 60 amu) along with ethylene glycol (C2H6O2; m/z ¼ 62 amu) is responsible for
the signal detected at 200 K.
502 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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To verify the identication of C2H4O2 isomers, we probed the sublimation of
the isotopically substituted counterparts in the irradiated CD3OD,

13CH3OH, and
CH3

18OH ices, and explored the expected isotope shis of glycolaldehyde (Fig. 7).
Here, we observed a signal at m/z ¼ 64 amu (C2D4O2

+) in CD3OD ice, at m/z ¼ 62
amu (13C2H4O2

+) in 13CH3OH ice, and at m/z ¼ 64 amu (C2H4
18O2) in CH3

18OH
ices, and their temperature-dependent sublimation proles are shown in Fig. 7.
Here, the ReTOF sublimation proles at m/z ¼ 60 amu (C2H4O2

+) in the CH3OH
system and at m/z ¼ 64 amu (C2D4O2

+) in the CD3OD system show ve distinct
peaks (i–v), whereas the TPD ReTOF sublimation proles at m/z ¼62 amu
(13C2H4O2

+) in the 13CH3OH system and at m/z ¼ 64 amu (C2H4
18O2

+) in the
CH3

18OH system show four peaks (ii–v); the assignments of these peaks are listed
in Table 6. As discussed earlier, the distinct peak (i) at 120 K in CH3OH and
CD3OD ices can be assigned to the C3H8O (m/z ¼ 60 amu) and C3D6O (m/z ¼ 64
amu) isomers, respectively, as observed in a previous report of irradiated CH4–CO
ices.65 The remaining peaks, labeled as (ii), (iii), (iv), and (v) in Fig. 7, are observed
in all the isotopologous ices; the similar sublimation proles and positions of the
peaks in these systems support the formation of C2H4O2 isomers. Here, peak (ii),
which begins sublimation at 150 � 2 K with a maximum at 166 � 2 K, is assigned
to glycolaldehyde (HOCH2CHO). To support this assignment, it is important to
recall that the formation of glycolaldehyde was also conrmed via the detection of
a peak at 1743 cm�1 (n14) together with its isotopically labeled counterparts.
Furthermore, the n14 integrated band area displays a strong decline at 150 K,
which correlates well with the increase in the ReTOF ion signal of the C2H4O2

isotopologues at 150 � 2 K (ESI, Fig. S11†). As we have discussed earlier, the
glycolaldehyde absorption band becomes untraceable beyond 175 K, and any
sublimation ofm/z¼ 60 amu above 175 K cannot be explained by the sublimation
of glycolaldehyde, but likely originates from the sublimation of the second isomer
Table 5 Mass-to-charge ratios of C2H4O2 isomers along with the radical–radical
combination routes in irradiated methanol ices

This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 168, 485–516 | 503
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ethene-1,2-diol. Correspondingly, we assign peaks (iii) and (iv) at 200 K and 210 K
to the sublimation of ethene-1,2-diol (HOCH]CHOH). Recall that the peak at 200
K is due to the co-sublimation of C2H4O2 along with ethylene glycol as discussed
previously. Note that ethene-1,2-diol, having two OH functional groups, can
interact more strongly with ethylene glycol via hydrogen bonding, and co-subli-
mation is therefore reasonable. Furthermore, sublimation of ethene-1,2-diol
peaking at 210 K (iv) is also reasonable, as ethene-1,2-diol has a higher polarity
compared to glycolaldehyde (HOCH2CHO). In addition to this, evidence of
infrared absorption in the OH stretching region (see Fig. 8) aer the complete
sublimation of ethylene glycol at around 210 K also suggests the presence of
ethene-1,2-diol in the ices, which peaks at 210 K. Finally, the distinct peak at
around 234 K (v) can be assigned to fragmentation from glycerol (C3H8O3), based
on a recent study on the photoionization of glycerol (C3H8O3) which identied a
prominent photofragment at m/z ¼ 60 amu (C2H4O2) with an appearance energy
of 9.9 eV.69 The identication of glycerol in these experiments will be presented in
a follow up article, as we are focusing solely on glycolaldehyde here.

3.2.3 Glycolaldehyde in irradiated methanol–carbon monoxide ices. Here we
would like to discuss the detection of glycolaldehyde (HOCH2CHO) during the
TPD studies in irradiated methanol–carbon monoxide isotopologue ices. Radical
reactants HCO, CH2OH, and CHOH can be formed once again via radiolysis of
CH3OH, or specically in this system via the stepwise hydrogenation of carbon
monoxide molecules as shown in Table 7. Note that, in the case of isotopically
pure ices, namely CH3OH–CO, CD3OD–CO, and CH3

18OH–C18O, where only one
isotope of each atom is present, C2H4O2 isotopologues can only be observed atm/z
¼ 60 amu (C2H4O2

+), 64 amu (C2D4O2
+), and 64 amu (C2H4

18O2
+), respectively.

However, in the case of isotopically mixed ices such as 13CH3OH–CO, CH3
18OH–

CO, CD3OD–
13CO and CH3OH–C18O, two different isotopes of either carbon (12C
Fig. 6 Top: sublimation profile of integrated counts at m/z ¼ 60 amu (C2H4O2
+) in the

CH3OH system. Bottom: sublimation profile ofm/z¼ 62 amu (C2H6O2
+). The pronounced

peak at 200 K of m/z ¼ 60 amu is a result of the co-sublimation of C2H4O2 with C2H6O2.
The signal atm/z¼ 62 amu (C2H6O2

+) is due to ethylene glycol (HOCH2CH2OH; 10.16 eV).
The distinct peak at 120 K corresponds to C3H8O (m/z¼ 60 amu; 1-propanol (10.22 eV), 2-
propanol (10.17 eV)), as observed in previous results of irradiated CH4–CO ices.65 Further,
the peak at around 234 K is assigned to the fragmentation from higher molecular mass
C3H8O3 (glycerol), which shows a prominent fragmentation at m/z ¼ 60 amu (C2H6O2

+,
appearance energy 9.9 eV).69
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Fig. 7 Sublimation profiles of ion counts atm/z ¼ 60 amu (C2H4O2
+), 64 amu (C2D4O2

+),
62 amu (13C2H4O2

+), and 64 amu (C2H4
18O2

+) in CH3OH, CD3OD, 13CH3OH, and CH3
18OH

systems, respectively. In the case of CD3OD ices, the peak at 120 K (i) corresponds to
C3D6O (m/z ¼ 64 amu; acetone (9.7 eV), propanal (10.0 eV)), as observed in a previous
report of irradiated CD4–CO ices.65 The peak at 200 K is a result of the co-sublimation of
C2H4O2

+ (m/z ¼ 60 amu) with ethylene glycol (C2H6O2). Detailed assignments of the
peaks (i–v) are listed in Table 6.
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and 13C) or oxygen (16O and 18O) are present together; hence two different isotopic
sets of radical reactants are possible, as identied via in situ FTIR spectroscopy of
the processed ices (Section 3.1.2). Here, radical–radical recombination leads to
the observation of C2H4O2 isotopologues at three different masses are expected to
be observed in each system; at m/z ¼ 60 amu (C2H4O2

+), 61 amu (C13CH4O2
+) and

62 amu (13C2H4O2
+) in the 13CH3OH–CO system, at m/z ¼ 60 amu (C2H4O2

+), 62
amu (C2H4O

18O+) and 64 amu (C2H4
18O2

+) in the CH3
18OH–CO system, at m/z ¼

66 amu (13C2D4O2
+), 65 amu (C13CD4O2

+) and 64 amu (C2D4O2
+) in the

CD3OD–
13CO system, and nally at m/z ¼ 64 amu (C2H4

18O2
+), 62 amu

(C2H4O
18O+) and 60 amu (C2H4O2

+) in the CH3OH–C18O system. Note that, in all
the above cases (Table 7), both glycolaldehyde and ethene-1,2-diol cannot be
separated based on isotopic mass shis; however, we can contemplate their
detection in irradiated methanol–carbon monoxide ices.

Fig. 9 depicts the sublimation prole of integrated ion counts at m/z ¼ 60
(C2H4O2

+) in CH3OH–CO ices. The small peak at 120 K is assigned to C3H8O
isomers, similar to the result for methanol ices. Here, the sublimation prole of
C2H6O2 is also presented in Fig. 9, and the peak at 196 � 2 K can be attributed to
the co-sublimation of C2H4O2 isomers along with ethylene glycol (C2H6O2), as
discussed in Section 3.2.2. Note that, in isotopically pure ices of CH3OH–CO,
CD3OD–CO and CH3

18OH–C18O, C2H4O2 isotopologues are observed only atm/z¼
This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 168, 485–516 | 505
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Fig. 8 Infrared absorption spectra of the irradiated methanol (CH3OH) and methanol–
carbon monoxide (CH3OH–CO) ices at 210 K and 218 K. The broad peak from 3500 to
3050 cm�1 is assigned to the OH stretching vibrations of alcohols present in the ices. The
temperatures of 210 K and 218 K in the CH3OH and CH3OH–CO systems correspond to
the sublimation of ethene-1,2-diol with ethylene glycol already being sublimed in the gas
phase.
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60 amu (C2H4O2
+), 64 amu (C2D4O2

+) and 64 amu (C2H4
18O2

+), respectively, as
derived in Table 7 and shown in Fig. 10. In the case of the CD3OD–CO system, the
peak at 125 K can be assigned to C3D6O (m/z¼ 64 amu) isomers. Furthermore, the
sublimation proles of C2H4O2 isotopologues depict two distinct peaks at 196� 2 K
and 218 � 2 K. The maximum at 196 � 2 K is assigned to the sublimation of gly-
colaldehyde. To support these assignments, we recall that the formation of glyco-
laldehyde was also conrmed via the detection of peaks at 1743 cm�1 (n14) and 1062
cm�1 (n7) in the post-irradiated ices of methanol–carbon monoxide, together with
the expected frequency shis of the isotopically labeled counterparts. The inte-
grated infrared absorption band area of glycolaldehyde at 1743 cm�1 (n14) shows a
slow decline in column density at 150 K, followed by a rapid decline at 180 � 2 K
(ESI, Fig. S11†). Note that in ESI Fig. S12,† the sublimation proles derived from
TPD ReTOF spectroscopy correlate well with the slow (150 K) and then fast (178� 2
K) sublimation of glycolaldehyde observed in the FTIR data. However, the peak at
218 � 2 K cannot be explained by the sublimation of glycolaldehyde, as no trace of
glycolaldehyde can be observed in the infrared spectra aer 195 K. Here, the peak at
218 � 2 K is likely to be due to the sublimation of ethene-1,2-diol. As discussed
earlier, ethene-1,2-diol is expected to sublimate at a higher temperature due to its
higher polarity, and correspondingly stronger intermolecular interactions.
Furthermore, the infrared spectrum at 218 K (Fig. 8) shows evidence of absorption
in the OH stretching region, which suggests the presence of ethene-1,2-diol, and
thus is attributed to the peak at 218 K, as shown in Fig. 9.
4. Discussion

We would like to discuss now the formation mechanisms of glycolaldehyde. The
formation routes are based on the empirical evidence presented above, i.e. the
observation of distinct isotopomers of glycolaldehyde following irradiation within
This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 168, 485–516 | 507



Table 7 Mass-to-charge ratios of the C2H4O2 isomers, along with the radical–radical
combination routes in irradiated methanol–carbon monoxide ices

Faraday Discussions Paper
isotopically mixed ices, and in conjunction with previously identied routes
guided by the kinetic modeling and numerical tting of the temporal evolution of
newly formed products in irradiated ices of methanol40 and methanol–carbon
508 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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monoxide ices41 (Fig. 11). In the case of methanol ices, irradiation induced
decomposition of methanol follows three major competing reaction pathways: (1)
unimolecular decomposition to a hydroxymethyl (CH2OH) radical and a supra-
thermal hydrogen atom, (2) unimolecular decomposition to a methoxy (CH3O)
radical and a suprathermal hydrogen atom, and (3) decomposition to formalde-
hyde (H2CO) and molecular hydrogen (or two hydrogen atoms).

CH3OH / CH2OH + H (1)

CH3OH / CH3O + H (2)

CH3OH / H2CO + H2 (3)

Among these, reaction (3) is the most dominating pathway, having the rate
constant 4.4 � 10�4 s�1, which is about six and four times faster than reaction (1)
(k ¼ 6.95� 10�5 s�1) and reaction (2) (k ¼ 1.04� 10�4 s�1),40 respectively.
Furthermore, both the hydroxymethyl radical and the methoxy radical were found
to undergo subsequent unimolecular decomposition to produce formaldehyde
and a hydrogen atom, as in reaction (4) and reaction (5), respectively.

CH2OH / H2CO + H (4)

CH3O / H2CO + H (5)

Recall that, during the irradiation of all isotopologue ices, infrared absorptions
due to the formaldehyde and hydroxymethyl radicals are indeed observed with
corresponding frequency shis. The kinetic tting also suggests that formalde-
hyde is decomposed to form the formyl (HCO) radical and a hydrogen atom
(reaction (6)).

H2CO / HCO + H (6)
Fig. 9 Top: sublimation profile of ion counts atm/z ¼ 60 amu (C2H4O2
+) in the CH3OH–

CO system. Bottom: sublimation profile of m/z ¼ 62 amu (C2H6O2
+), suggesting that the

first peak at 198 K in m/z ¼ 60 amu is a result of co-sublimation of C2H4O2 with ethylene
glycol (C2H6O2; HOCH2CH2OH). The peak at 120 K is due to C3H8O (m/z ¼ 60 amu; 1-
propanol (10.22 eV), 2-propanol (10.17 eV)), as observed previously for irradiated CH4–CO
ices.65
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Fig. 10 Sublimation profiles of C2H4O2 isotopomers in methanol–carbon monoxide ices.
The graphs in the left panel depict the sublimation profile of C2H4O2 isotopologues which
can be formally formed from onemethanol plus one carbonmonoxide building block; the
graphs in the central panel depict the sublimation profiles of C2H4O2 isotopologues which
can only be synthesized from two methanol building blocks. The graphs in the right panel
show the sublimation profiles of C2H4O2 isotopologues which can be formed from two
carbonmonoxide building blocks. The slight peak at 120 K in the sublimation profiles ofm/
z ¼ 60 amu (CH3OH–CO) and 62 amu (CH3

18OH–CO and CH3OH–C18O) are due to
C3H8O and C3H8

18O, respectively. Furthermore, the slight peak at 125 K in the sublimation
profiles ofm/z¼ 64 amu (CD3OD–CO), 60 amu (13CH3OH–CO), 60 amu (CH3

18OH–CO),
65 amu (CD3OD–13CO) and 60 amu (CH3OH–C18O) are due to C3D6O, C13C2H6O,
C3H6

18O, C2
13CD6O, and C3H6

18O, respectively, as observed previously for irradiated
CH4–CO ices.65
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Finally, the barrierless recombination of the formyl radical with the hydrox-
ymethyl radical can lead to the formation of glycolaldehyde (reaction (7)).

CH2OH + HCO / HOCH2CHO (7)

It should be mentioned here that radiolysis of CH3OH to produce a CH2OH
radical and atomic hydrogen requires 4.03 eV molecule�1, and the minimum
energy required to produce one HCO radical is 8.06 eV molecule�1.40 As such, the
energy required to produce one molecule of glycolaldehyde is 12.09 eV mole-
cule�1. Therefore, non-equilibrium chemistry is crucial to drive the formation of
glycolaldehyde in low temperature ices.
510 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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In the presence of carbon monoxide, suprathermal atomic hydrogen produced
during the decomposition of methanol can overcome the barrier of addition (4.03
eV molecule�1) to the carbon monoxide molecule, leading to the formation of a
formyl radical via reaction (8), which may be followed by reaction (7) leading to
the formation of glycolaldehyde as well.

CO + H / HCO (8)

Note that in binary ices of methanol and carbon monoxide, the formyl radical
can be produced via at least two different reaction mechanisms, either via radi-
olysis of methanol (reactions (1)–(6)), or via hydrogenation of carbon monoxide
(reaction (8)). The reaction mechanisms discussed above suggest that, in the
mixed isotopic ices, 13CH3OH–CO, CH3

18OH–CO, CD3OD–
13CO and OH–C18O,

two different glycolaldehyde isotopomers can be formed with the CH2OH unit
from methanol building blocks and the HCO unit either from carbon monoxide
building blocks or from methanol building blocks. The deconvolution of the
carbonyl absorption in the FTIR spectra of these ices indeed revealed the
production of glycolaldehyde isotopologues; thereby supporting the mechanism
proposed by Bennett et al.40,41

In addition to this, successive hydrogenation of carbon monoxide could led to
the formation of a CH2OH radical unit which can recombine with the HCO radical
unit, formed via the above mentioned reaction pathways (6) and (8), to form
glycolaldehyde as well (see Fig. 11). In this regard, the hydrogenation of the formyl
radical (HCO) formed via reaction (8) to form formaldehyde (H2CO), and a
subsequent hydrogenation leading to the formation of the CH2OH radical via
reaction pathways (9) and (10) is expected, as shown in Fig. 4 and 11.

HCO + H / H2CO (9)

H2CO + H / CH2OH (10)
Fig. 11 Reaction scheme for the formation of glycolaldehyde (HOCH2CHO) in irradiated
methanol and in methanol–carbon monoxide mixed ices extracted from the kinetic
fittings of the column density of the products. The red arrow indicates the dominant
pathway among other pathways for the formation of formaldehyde.40,41 The blue arrows
indicate additional proposed reaction pathways based on the current experimental results.
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Reaction pathway (9) suggests the formation of formaldehyde via hydrogenation
of carbon monoxide. Recall that, in the mixed isotopic ices of methanol–carbon
monoxide, 13CH3OH–CO, CH3

18OH–CO, CD3OD–
13CO and CH3OH–C18O, two iso-

topomers of formaldehyde were observed (Table 3) in each system. As an example,
in CH3

18OH–CO ices, formaldehyde bands were identied at 1692 cm�1 and 1724
cm�1, and these band positions were close to the formaldehyde bands observed in
CH3

18OH ices (H2C
18O; 1693 cm�1) and CH3OH ices (H2CO; 1726 cm�1). Conse-

quently, these observations conrmed the detection of H2C
18O as well as H2CO at

1692 cm�1 and 1724 cm�1, respectively, in CH3
18OH–CO ices. The above observa-

tion provides clear evidence that reaction pathway (9) occurs. Furthermore, the
hydrogenation of formaldehyde to form the CH2OH radical, followed by recombi-
nation with the HCO radical unit (reaction (7)) can result in the formation of gly-
colaldehyde as well. Note that, in the mixed isotopic ices of methanol–carbon
monoxide, two different isotopomers of CH2OH radicals (via reaction pathways (1)
and (10)) and two different isotopomers of HCO radicals (reaction pathways (6) and
(8)) could lead to the formation of four isotopomers of glycolaldehydemolecules, as
shown in Fig. 4. However, within these four isotopomers, only two isotopic carbonyl
units (HCO) are present, which results in the detection of two different infrared
absorptions of the glycolaldehyde carbonyl stretching vibration in the mixed
isotopic ices (Table 3, Fig. 3b). As an example, in the CH3

18OH–CO system, CH2OH,
formed via the successive hydrogenation of carbon monoxide ((8)–(10)), can
recombine with HC18O (via reactions (1)–(6)) or HCO (reaction (8)), resulting in
HOCH2CH

18O and HOCH2CHO (see Fig. 4). These two isotopomers have identical
carbonyl units of H18OCH2CH

18O and H18OCH2CHO (reactions (1)–(8)); conse-
quently, the two carbonyl stretching frequencies detected at 1708 cm�1 (HC18O)
and 1743 cm�1 (HCO) correspond to the respective isotopomers of glycolaldehyde.
Based on the in situ FTIR and TPD ReTOF mass spectroscopic evidence presented
above, the overall reaction pathways ultimately resulting in the formation of gly-
colaldehyde are presented in Fig. 11.

Also note the increase of glycolaldehyde abundance during the warm up phase
of the irradiated ices. Here, the increase of glycolaldehyde was associated with a
simultaneous decrease in the amount of formyl radicals. In the case of irradiated
methanol ices, the amount of glycolaldehyde increased by almost the exact same
amount by which formyl radicals decreased, about 5 � 1014 molecules. Similarly,
a corresponding increase in the amount of glycolaldehyde with the decrease in
the amount of formyl radicals was observed following the warm up of the irra-
diated mixed methanol and carbon monoxide ices. Here, the amount of glyco-
laldehyde increases by a similar order of magnitude (2 � 1014 molecules);
however, the amount of formyl radical decreased by almost an order of magnitude
more (1.6 � 1015 molecules), accounting for only 12% of the apparent increase in
glycolaldehyde, suggesting that an additional chemical route is involved. These
observations imply additional thermal chemistry of the trapped radicals diffusing
through the methanol matrix following reaction (7), ultimately yielding
glycolaldehyde.

5. Conclusions

The present experimental approach specically focused on the detection of gly-
colaldehyde in irradiated methanol ices and methanol–carbon monoxide binary
512 | Faraday Discuss., 2014, 168, 485–516 This journal is © The Royal Society of Chemistry 2014
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ices along with their isotopically labeled counterparts. Here we utilized two
complementary detection techniques, infrared spectroscopy and single photo-
ionization ReTOF mass spectrometry, in order to analyze the endogenous
synthesized products formed via radiation induced chemical processing. The on
line and in situ infrared spectroscopy identied the formation of the astro-
biologically important molecule glycolaldehyde, based on the agreement of the
observed infrared band positions and the associated isotopic shis with the
literature data. In the case of mixed isotopic ices of methanol–carbon monoxide
(13CH3OH–CO, CH3

18OH–CO, CD3OD–
13CO and CH3OH–C18O) where two

different isotopes of carbon or oxygen are present together, deconvolution of the
broad carbonyl absorption features identied at least two isotopomers of glyco-
laldehyde (Fig. 3B and Table 3). This conrms the presence of at least two reaction
pathways in methanol–carbon monoxide ices for the formation of the carbonyl
functional group (HCO) of glycolaldehyde, via the decomposition of methanol
and the hydrogenation of carbon monoxide molecules. Accordingly, during the
TPD studies of irradiated methanol and methanol–carbon monoxide ices and
their isotopologues, using single photoionization ReTOF mass spectrometry we
conrmed the detection of glycolaldehyde based on the identical sublimation
proles of the corresponding shied masses. Furthermore, the agreement
between the sublimation of glycolaldehyde obtained from ReTOF mass spec-
troscopy and FTIR spectroscopy supports this detection. In themixed isotopic ices
(13CH3OH–CO, CH3

18OH–CO, CD3OD–
13CO and CH3OH–C18O) we were able to

detect glycolaldehyde at three different isotopic masses, suggesting that at least
three competing reaction mechanisms are involved in the formation of glyco-
laldehyde in the irradiated ices at 5 K: (i) formation of glycolaldehyde via a
hydrogenation mechanism of carbon monoxide, (ii) formation of glycolaldehyde
via the reaction of one methanol unit with carbon monoxide unit, and (iii) via the
decomposition of a methanol molecule followed by recombination of HCO and
CH2OH radicals.

Upon warming up of the irradiated samples, the column density of the gly-
colaldehyde shows an increase, implying the presence of additional thermal
chemistry, most probably via the diffusion and ensuing reaction of trapped
radicals. Further, the fractional abundance of the glycolaldehyde in the irradiated
methanol ices was estimated (see the ESI for relevant details†) within the range
4.5 � 0.5 to 1.8 � 0.2 � 10�8 with respect to molecular hydrogen; in methanol–
carbon monoxide ices the fractional abundance of glycolaldehyde is from 1.9 �
0.2 � 10�7 to 5.7 � 0.6 � 10�8. These estimated glycolaldehyde abundances are
close to the abundances of those calculated based on our observations, with doses
relevant to the typical lifetime of interstellar ices prior to the star-formation
induced warm up phase. Therefore, our laboratory simulation demonstrates that
radiation exposure of bulk ices containing methanol and methanol–carbon
monoxide, relevant to the actual physical environment of an ice covered grain
mantle, will ultimately lead to the synthesis of glycolaldehyde.
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