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Complex organic molecules (COM) such as aldehydes, ketones, carboxylic acids, esters, and amides are
ubiquitous in the interstellar medium, but traditional gas phase astrochemical models cannot explain
their formation routes. By systematically exploiting on line and in situ vacuum ultraviolet photoion-
ization coupled with reflectron time of flight mass spectrometry (PI-ReTOF-MS) and combining these
data with infrared spectroscopy (FTIR), we reveal that complex organic molecules can be synthesized
within interstellar ices that are condensed on interstellar grains via non-equilibrium reactions involving
suprathermal hydrogen atoms at temperatures as low as 5 K. By probing for the first time specific struc-
tural isomers without their degradation (fragment-free), the incorporation of tunable vacuum ultraviolet
photoionization allows for a much greater understanding of reaction mechanisms that exist in interstel-
lar ices compared to traditional methods, thus eliminating the significant gap between observational and
laboratory data that existed for the last decades. With the commission of the Atacama Large Millime-
ter/Submillimeter Array (ALMA), the number of detections of more complex organic molecules in space
will continue to grow - including biorelevant molecules connected to the Origins of Life theme - and an
understanding of these data will rely on future advances in sophisticated physical chemistry laboratory

experiments.

Published by Elsevier B.V.

1. Introduction

Complex organic molecules (COMs) - per astronomical defini-
tion organic molecules containing several atoms of carbon, hydro-
gen, oxygen, and nitrogen such as (1) aldehydes (HCOR), (2) ketones
(RCOR'), (3) carboxylic acids (RCOOH), (4) esters (RCOOR’), and (5)
amides (RCONH,) with R and R’ being an alkyl group - are ubig-
uitous in the gas phase of the interstellar medium (ISM) (Figure 1)
[1-4]. An understanding of the abiotic formation pathways of these
key classes of complex organic molecules in distinct extraterres-
trial environments (cold molecular clouds; star forming regions)
is of fundamental significance to the astrochemistry, astrobiology,
and physical chemistry communities on multiple levels [2,5,6].

First, the synthesis of complex organic molecules has been
linked to the energetic processing of low temperature (10K)
ice-coated nanoparticles (interstellar grains) by ionizing radi-
ation such as galactic cosmic rays (GCRs) and the ultraviolet
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(UV) photon field [7] in cold molecular clouds - the nurseries
of stars and planetary systems - and in star forming regions
[8-11]. Laboratory studies provided compelling evidence that
the interaction of ionizing radiation with interstellar analog
ices leads to a broad spectrum of complex organic molecules
[12-34] including carboxylic acids like acetic acid (CH3COOH)
[28,35-40], amines such as methylamine (CH3NH;) [41], aldehydes
like acetaldehyde (CH3CHO) [29,35,42,43], the sugar glycolalde-
hyde (HCOCH,OH) [28,39,40,42,44], amino acids such as glycine
(H,NCH,COOH) [45-51], and even dipeptides like glycine-glycine
(H,NCH,CO—HNCH,COOH) [52,53]. Interstellar ices consist of
mixtures of water (H,0; 100%), methanol (CH30H; 3-31%), carbon
monoxide (CO; 3-26%), carbon dioxide (CO,; 11-27%), methane
(CHg; 1-3%), formaldehyde (H,CO; 2-7%), ammonia (NH3; 7%),
cyanate (OCN—; 0.1-1.9%), and carbonyl sulfide (OCS; 0.03-0.16%),
with percentages given with respect to water, [54] condensed on
interstellar grains — carbonaceous and silicate-based nanoparticles
with size distributions averaging to a few hundreds of nanometers
(Table 1). The densest parts of cold molecular clouds ultimately
undergo gravitational collapse eventually leading to star form-
ing regions, which therefore resemble memory records of cold
molecular clouds [55-57]. In these environments, heating from the
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Figure 1. Key classes of complex organic molecules observed in the gas phase of the interstellar medium (ISM) covering cold molecular clouds and star forming regions.

Table 1
Detected interstellar and cometary ice constituents and abundances [54]
(YSO =young stellar objects).

Molecule Abundance toward YSOs (%)? Abundance in comets (%)*
H,0 100 100

CH;0H <3-31 0.2-7

co 3-26 0.4-30

CO, 11-27 4-30

CHy 1-3 0.4-1.6

H,CO 2-7 0.11-1.0

NH; 7 0.2-14

0ocs 0.03-0.16 0.1-0.4

OCN- 0.1-19 -

2 Relative to water ice.

central star can raise the temperatures up to 300K thus leading to
a (partial) sublimation of the complex organic molecules formed
in the molecular cloud stage from the interstellar grains into the
gas phase. Once in the gas phase, these species can be searched for
and detected by radio telescopes via their rotational emissions in
the microwave regime of the electromagnetic spectrum [58-66].
Since the transition from a cold molecular cloud to star forming
regions depends strongly on the molecular composition [5,67],
it is imperative to unravel the basic chemical processes of how
complex organic molecules are formed in those environments.
A detailed understanding of the formation pathways of these
key classes of complex organic molecules is therefore crucial to
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test chemical models of molecular clouds and of star forming
regions as their synthetic pathways are constrained by physical
(temperature, radiation) and chemical (composition) conditions
of the interstellar environment [68-71].

Second, a detailed understanding of the synthesis of structural
isomers - molecules with the same molecular formula but dif-
ferent connectivities of atoms - of complex organic molecules is
of extreme importance as these molecules are utilized as tracers
to determine the physical and chemical conditions of interstellar
environments and to test chemical models of molecular clouds
and star forming regions. Even the formation of the isomers of
the isomeric triplets of CoH40, C3H40, and C;H40, comprising
of acetaldehyde (CH3CHO), vinyl alcohol (C;H30H), and ethylene
oxide (c-C,H40), propenal (C;H3HCO), cyclopropanone (c-C3H40),
and methylketene (CH3CHCO), as well as acetic acid (CH3COOH),
methyl formate (HCOCH3), and glycolaldehyde (HCOCH,OH) has
not been resolved conclusively to date (Figure 2) [4,6,72-76].
Considering the Cy;H40, system, all three isomers have been
detected toward the hot core Sagittarius B2 (Sgr. B2), but only
methyl formate (HCOCH3) has been observed in cold molecular
clouds like the Orion Molecular Cloud-1 (OMC-1) [77]. Considering
their key role as tracers for the evolution of molecular clouds and
star forming regions, an understanding of their formation routes is,
however, very important. Models of gas-phase-only-chemistry yield
a factor of fractional abundances of complex organic molecules in
the gas phase such as the C;H40, isomers of 50-100 less than
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Figure 2. Three groups of astrophysically relevant structural isomers C;H40, C3H40, and C;H40>, along with their ionization energies and relative stabilities with respect to

the most stable isomer within one group given in parenthesis [133].
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observed. Mehringer et al. [78] suggested an alternative to gas
phase reactions proposing that complex organic molecules are first
formed on interstellar grains in cold molecular clouds at 10K and
then injected into the gas phase in star forming regions once the
temperature of the grains increases and hence the newly formed
molecules sublime [79-81]. Miller and Herbst [82,83] extended
previous models and injected complex organic molecules, which
formed inside interstellar ice-coated grains at 10K through non-
equilibrium chemistry and/or on their surfaces at temperatures
exceeding 40K, via unexplored radical diffusion and recombina-
tion, to simulate these grain sublimation processes. However, even
these refined models did not fit observed abundances of structural
isomers of complex organic molecules such as of acetic acid, gly-
colaldehyde, and methyl formate of 1:4:26 simultaneously. They
also underestimate the respective fractional abundances strongly.
Therefore, these models suggest that key production routes to com-
plex organic molecules involving interstellar grains are missing.
Without any scientific justification, current astrochemical models
simulating the formation of complex organic molecules on inter-
stellar grains postulate that the ice mantle is chemically inert and
that only the very first few monolayers of the ice surface take partin
the synthesis of newly formed molecules. This limits the validity of
currently existing models dramatically since it is well established
that an interaction of ionizing radiation with ices of a few 100 nm
thickness can lead to the formation of complex organic molecules
via non-equilibrium processes inside the ices [10,24,84-89]. How-
ever, these processes have never been included comprehensively
into astrochemical reaction networks modeling the formation of
complex organic molecules in cold molecular clouds and star form-
ing regions. Therefore, novel laboratory experiments probing the
formation of complex organic molecules in interstellar analog ices
via interaction of ionizing radiation are imperative. Next genera-
tion experimental techniques have to be exploited to obtain a more
detailed and hence realistic understanding of the prebiotic organic
chemistry inside interstellar ices.

Third, homologous series of complex organic molecules of car-
boxylic acids and amino acids for instance, have also been identified
in meteorites such as the carbonaceous chondrite Murchison. Car-
bonaceous chondrites are considered as one of the most primitive
remnants from the formation of the Solar System and provide an
exceptional record of the organic chemical evolution in the early
Solar System [90,91]. Therefore, a better understanding of the origin
of complex organic molecules in carbonaceous chondrites is vital
because they resemble natural time capsules before life developed
on Earth. Hence, carbonaceous chondrites are important in their
role as a repository of primitive organic material and are dubbed
primordial fossils, helping to understand the chemical makeup of
the early Solar System. Sophisticated '3C/12C and D/H isotope
analyses of Murchison’s organic matter strongly propose an inter-
stellar origin [92-94]. The densest parts of cold molecular clouds
eventually undergo gravitational collapse to form primitive mate-
rial, which in turn supplies the basic ingredients for planets, their
moons, asteroids and cometary bodies; the isotopic analyses sug-
gest that at least part of the organic material that initially formed
in the molecular cloud and in star forming regions could have been
incorporated into parent bodies of, for instance, the Murchison
meteorite [95]. Consequently, the elucidation of synthetic routes
leading to key classes of complex organic molecules in interstel-
lar ices (Figure 1) will help to constrain fundamental processes
that drive the hitherto poorly characterized interstellar organic
chemistry leading to the abiotic synthesis of complex organic
molecules in interstellar ices. Hence, an experimental investiga-
tion on the formation of complex organic molecules brings us
closer to understanding the extent to which key classes of these
species might have been synthesized exogenously at a frozen stage
[95,96].

A* +BC

relative energy

AB+C
reactants

products

Figure 3. Schematic representation of a chemical reaction passing a classical acti-
vation barrier from the reactants to the products. Interaction with ionizing radiation
may increase the energy of one reactant (A*) to overcome the activation energy.

Finally, the investigation of the interaction of ionizing radia-
tion with low temperature ices is of basic interest to the physical
chemistry community considering that the initial bond-breaking
processes occur under non-thermal (non-Arrhenius) and hence
non-equilibrium conditions [97]. This does not only lead to the
intial formation of carbon-, oxygen-, and nitrogen-centered radi-
cals with significant vibrational excitation, but also to the release
of suprathermal atoms, such as hydrogen, holding excess kinetic
energies of a few electron volts [98-104]. Both, the excess vibra-
tional and kinetic energy of the fragments, can be imparted in the
transition state of a chemical reaction thus opening up classically
(thermally) closed reactions under non-equilibrium conditions
(Figure 3). Exploiting an inverse Laplace transformation, these pro-
cesses have been shown to hold suprathermal rate constants close
to gas kinetics limits (few 10~19 cm3 s—1), which are orders of mag-
nitude faster than the corresponding thermal reactions at 10K
(10713 t0 10779 cm3 s-1) [98].

These considerations make it clear that despite the key role
of complex organic molecules as a molecular ‘clock’ in under-
standing the astrochemical evolution of cold molecular clouds
and star forming regions, the fundamental question of how these
molecules are formed on interstellar grains has not been answered
to date. The lack of crucial data (reaction products, branching
ratios, rate constants of their formation and how they depend
on the ice temperature and composition) has failed to deliver
a coherent picture on the underlying formation mechanisms as
demonstrated by the discrepancies of theoretically predicted and
astronomically observed abundances of complex organic molecules
and of structural isomers in particular. Based on these consid-
erations, a high-level innovative experimental investigation of
the formation of complex organic molecules is imperative to
deliver much needed quantitative information on their formation,
systematically and over a broad range of ice temperatures and
composition.

2. Historical overview

Adetailed understanding of the chemical processing of interstel-
lar ice analog samples upon interaction with ionizing radiation and
the inherent formation of key classes of complex organic molecules
on a very fundamental level is crucial. These are surface exper-
iments, in which monochromatic photons and/or monoenergetic
charged particles are made to interact with interstellar ice analog
samples under clean conditions. These laboratory experiments are
conducted in simulation chambers typically held at ultra-high vac-
uum conditions of a few 1011 Torr which mimic the exposure of
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Figure 4. Infrared spectra before (black) and after irradiation (red) of four ice systems: (a) CO—CHy, (b) CO—NH3, (c¢) CO—CH30H, and (d) CO—C,Hy. The infrared assignments

before and after the irradiation are compiled in Tables 2a-2d [28,29,134,162].

astrophysically relevant ices at low temperatures toward monoen-
ergetic charged particles (protons, helium nuclei, electrons) and
monochromatic photons [12-15,18,20,21,27,31]. The synthesis of
newly formed molecules upon interaction of the cryogenically
cooled ice surfacesis best traced spectroscopically on line and in situ
in the condensed phase (ices) and simultaneously in the gas phase
both during the irradiation of the ices and also in the warm up
phase (temperature programmed desorption; TPD) leading to the
sublimation of the newly formed molecules. The concerted anal-
ysis of the solid phase and the gas phase allows a correlation of,
for example, the decay of an absorption feature in the ices with an
increase of signal in the gas phase upon sublimation of a species of
interest.

Historically, Fourier transform infrared spectrometry (FTIR)
has been extensively used to monitor the response of astro-
physical ice analogs in the laboratory toward ionizing radiation.
Whereas FTIR spectroscopy presents an ideal tool to investigate
the processing and decay kinetics of ‘small’ molecules such as
carbon monoxide (CO), water (H,0), methanol (CH30H), carbon
dioxide (CO,), methane (CH,), formaldehyde (H,CO), along with
ammonia (NH3) - those molecules detected on interstellar grains
(Table 1) - the ability of infrared spectroscopy to provide useful
information for the detection of COMs formed within the ices is
quite limited. Infrared spectroscopy allows the functional groups of
COMs to be identified; however, this information does not always
identify individual molecules since the functional groups of, for
instance, carbonyls like aldehydes and ketones depict similar group

frequencies in the range of 1850 cm~! to 1600 cm~! [105]. There-
fore, the exclusive assignment of a single molecule based on
infrared bands in an unknown mixture of COMs is rarely feasible
- unless you know what you ‘want to detect’. Even simple ices of
carbon monoxide (CO) and methane (CH,4) exhibit broad absorp-
tion features in the carbonyl stretching region after exposure to
energetic electrons thus making it difficult to identify individual
molecules (Figure 4a) [29]. Hence, FTIR nicely aids in identifying
new functional groups of complex organic molecules formed within
the astrophysical ice analogs, but only in rare circumstances in the
identification of individual molecules and of structural isomers in
particular [106,107] (Figure 2).

Besides FTIR in the condensed phase, mass spectroscopy exploi-
ting a quadrupole mass spectrometer (QMS) coupled with electron
impact ionization of the subliming molecules during the TPD of
the irradiated ices has been extensively used to identify newly
formed molecules in the processed ices after their sublimation into
the gas phase [108-114]. However, a typical QMS interfaced to a
space simulation chamber using an electron impact ionizer oper-
ating at 70-100 eV electron energy does not only ionize molecules,
but also results in a significant fragmentation of the parent ion
thus forming extensive fragment ions. In the worst case, this can
lead to the absence of signal from the molecular parent ion. Like-
wise, the fragment ions of structural isomers often overlap making
it difficult to decipher and to even discriminate between struc-
tural isomers. Considering simple ices of carbon monoxide (CO) and
methane (CH,), the detection of complex organic molecules such as



M.J. Abplanalp et al. / Chemical Physics Letters 644 (2016) 79-98 83

.
| —e—m/z=44 (QMS; CH-CO) |
—=—m/z =43 (QMS; CH - CO)

Integrated Counts (a.u.)

60 90 120 150 180
Temperature (K)

Figure 5. Integrated ion counts recorded by a quadrupole mass spectrometer oper-
ating in residual gas analyzer mode with an electron impact ionization source at
70eV [29].

acetaldehyde (CH3CHO; m/z=44) is complicated in the mass spec-
trometer by ion counts from carbon dioxide (CO,; m/z=44) and
propane (C3Hg; m/z=44), which represent dominating products in
carbon monoxide and methane ices processed by ionizing radi-
ation (Figure 5) [29]. Exploiting soft ionization with low energy
electrons of a few electron volt kinetic energy has only a limited
advantage since the voltage drop across the filament results in
a resolution of typically only 1.0eV. Therefore, carbon dioxide
(COy) with an ionization energy (IE) of 13.78 eV might be sep-
arated from propane (C3Hg; IE=10.94eV), but the latter cannot
be discriminated against acetaldehyde (CH3CHO; IE=10.23eV)
and ethylene oxide (c-C,H40; IE=10.56 eV). Therefore, the isomer
triplet acetaldehyde (CH3CHO; IE=10.23 eV) - ethylene oxide (c-
C,H40; IE=10.56eV) - vinyl alcohol (H,CCHOH; IE=9.33eV) can
be hardly differentiated exploiting soft electron impact ionization
considering that the ionization energies of these isomers fall within
1.5eV.

Finally, a non-volatile residue is typically formed whenever
carbon is present in the irradiated ices and the ices are exposed
to doses higher than typically a few electron volts per molecule
[14,50,115-117]. The residue, which is often insoluble in classical
solvents, consists of a complex mixture of chemical components
and represents often an ill-defined polymer-type structure leading
to significant overlap of individual peaks in the infrared spectrum.
Infrared deconvolution techniques are extremely helpful to identify
the functional groups via their group frequencies, but this method
fails once more to identify individual molecules in the residues. Tra-
ditionally, these residues are exposed to harsh conditions such as
acid-assisted hydrolyses before derivatizing the hydrolysis prod-
ucts as, for instance, volatile trimethylsilyl derivatives (—Si(CH3)3)
to be analyzed off line via gas chromatography-mass spectrom-
etry (GC-MS) [48,115,116,118]. Naturally, this treatment may
lead to chemical modification and degradation of the residues
to the individual molecular building blocks of the polymeric
residue [119]. The recent identification of dipeptides along with
the corresponding suite of fully isotopically substituted coun-
terparts such as glycine-glycine and alanine-glycine in residues
of electron irradiated ices containing carbon dioxide, ammonia,
and hydrocarbons clearly highlights the obligation to analyze the
residues under mild conditions to avoid hydrolysis and incor-
rect assignment of ‘products’ formed in the irradiation of ices
(Figure 6) [52].
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Figure 6. Structures of dipeptides identified in residues of electron irradiated car-
bon dioxide, ammonia, and hydrocarbon ices [52].

3. Experimental approach
3.1. Single photon ionization

Considering the limitations of traditional analytical techniques
(FTIR, QMS, GC-MS), it is clear that a radically different approach
and new expertise exploring creative and transformative con-
cepts in laboratory astrophysics is required to understand the
formation of complex organic molecules upon interaction of ion-
izing radiation with astrophysically relevant ices. Here, a detailed
understanding of the chemical processing of these samples on a
very fundamental level is crucial. Surface experiments, in which
monochromatic photons and/or monoenergetic charged particles
are made to interact with interstellar ice analog samples under
clean conditions as provided via ultra-high vacua (UHV) are able
to provide this understanding. These experiments must also be
carried out with astrophysically relevant temperatures, chemical
compositions, and radiation sources; they should further inter-
face complementary analytical detection schemes to follow the
formation of functional groups of key molecular classes in the con-
densed phase (ices) and also individual newly formed molecules
in the gas phase during sublimation of the ice samples via warm
up on line and in situ. Here, we pioneer interfacing complemen-
tary detection schemes to a single machine [25-30,119,120]. This
enables us to identify key functional groups of complex organic
molecules such as C—0, C=0, and COOH on line and in situ in the
solid state via FTIR spectroscopy. Individual COMs subliming into
the gas phase upon warm-up of the samples are identified via a
reflectron time-of-flight mass spectrometer (ReTOF-MS) coupled
with soft photoionization by simultaneously monitoring the decay
signal of relevant functional groups in the condense phase via FTIR.
By softly ionizing the subliming molecules in the gas phase via
single photon ionization and successive detection of the photoion-
ized molecules via a reflectron time-of-flight mass spectrometer
(PI-ReTOF-MS), we monitor the complete product spectrum based
on distinct mass-to-charge ratios of the ionized molecules. Consid-
ering that the majority of the relevant molecules have ionization
energies between 8 eV and 14 eV, vacuum ultraviolet (VUV) light
is required for the photoionization process. Further, since the
energy of the photon can be ‘controlled’ within a resolution of at
least 0.01 eV, the subliming molecules can be photoionized accord-
ing to their known ionization energies. Since distinct complex
organic molecules hold discrete ionization energies (Figure 2), a
correlation of the ionization energy with the mass-to-charge of
the product helps to uniquely identify individual complex organic
molecules and in particular their isomers. The ideally fragment-
free isomer-specific detection of individual isomers represents the
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Figure 7. Top-view schematic of the UHV simulation chamber along with the interfaced analytical devices [25].

key advantage of single photon vacuum ultraviolet photoionization
compared to traditional mass spectrometry with electron impact
ionization. Since the subliming molecules and structural isomers
can also be separated via fractionated sublimation according to
their sublimation temperatures, the sublimation sequence along
with the correlation of the ionization energy with the mass-to-
charge of the product represents a versatile and powerful approach
to uniquely identify the nature of the complex organic molecules
formed.

3.2. The simulation chamber

The centerpiece of the experimental setup is a stainless steel
chamber of 1001 volume, which is evacuated by clean, oil-free,
magnetically levitated turbo molecular pumps coupled to oil-free
scroll backing pumps to pressures of a few 10~11 Torr (Figure 7)
[25,29,30]. These UHV conditions are crucial for the success of the
experiments, since they avoid contamination and co-condensation
of residual gases with and on the ices throughout the duration of an
experiment limiting the condensation of one monolayer of resid-
ual gases onto the ices to about 30 h. Second, we must generate low
temperature ices in the machine. Ices of typically 500 nm thickness
are prepared on a surface of 1cm? (rhodium coated) silver wafer
in situ by condensing a gas mixture prepared separately in a gas
mixing chamber via a capillary array onto a cryogenic finger; the
latter is interfaced to a two-stage closed cycle helium refrigerator.
The ionizing radiation interacts with the ices, but the charged par-
ticles do not reach the silver wafer. The temperature of the samples
can be adjusted between 5K and 300K to simulate astrophysically
relevant temperatures in cold molecular clouds and star forming
regions. The chemical modification of the processed ices and hence
functional groups of the newly formed molecules are monitored on
line and in situ via infrared spectroscopy (10000-500cm~1). The

on line and in situ operation of the spectrometer is a crucial prereq-
uisite to elucidate the formation of new molecules and functional
groups over the experimental time. Typically, the infrared spectra
are averaged for a few minutes during the irradiation, while actual
irradiation times range up to a few hours. By following the evolu-
tion of the absorption bands of distinct molecules and of functional
groups over time, we extract time-dependent concentration pro-
files and hence production rates of newly formed species. By solving
the coupled differential equations, these time-dependent profiles
can be fit kinetically to derive the underlying reaction mechanisms
yielding complex organic molecules like the sugar glycolaldehyde
(Figure 8) [28,39].

3.3. Vacuum ultraviolet light generation

We incorporate fragment-free single photon soft photoionization
utilizing tunable vacuum ultraviolet light (VUV) in our machine.
This presents the very first time that photoionization coupled to a
reflectron time-of-flight mass spectrometer (PI-ReTOF-MS) is inte-
grated into a space simulation chamber to probe molecules formed
upon interaction of ionizing radiation following sublimation. The
products released into the gas phase are sampled via a reflec-
tron time-of-flight mass spectrometer based on the mass-to-charge
ratios of the neutral molecules after their ionization. Although
electron impact presents a widely used approach to ionize gas
phase molecules, this method cannot be easily applied to discrim-
inate structures of organic molecules in the present experiments
(Section 2). Further, electron impact ionization leads to fragmenta-
tion of the parent, which can severely decrease or even eliminate
the signal of the parent molecule entirely. For example, electron
impact ionization of glycolaldehyde (HCOCH,OH) or acetic acid
(CH3COOH) fragments the parent ion at m/z=60 (Figure 9) exten-
sively to m/z=29 (HCO*) and 31 (CH,0"), or m/z=43 (CH3CO*)
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and 45 (COOH"), respectively, whereas photoionization at 10.60 eV
results in a very clean spectrum showing only the parent peak at
m/z=60. Consequently, electron impact ionization cannot be used
in the present experiment to sample the COMs formed. Instead
fragment-free single photon soft photoionization is implemented to
observe the newly formed molecules ideally without fragmenting as
they sublimate into the gas phase during temperature programmed
desorption and in situ analysis.

To photoionize the molecules, vacuum ultraviolet (VUV) light
from 5eV to 14 eV at fluxes of 1013-101° photons pulse~! is gener-
ated by utilizing resonance enhanced sum (2w + w, ) and difference
(2w1 — wy) frequency nonlinear mixing, normally referred to as
‘resonant enhanced four wave mixing’ by accessing the different
resonance lines of krypton and xenon [121,122]. Here, pulsed VUV
light (wyuy) is generated with the aid of two dye lasers (Sirah, Pre-
cision Scan) pumped each by an individual Nd:YAG laser (Spectra
Physics, PRO-250-30); this generates the UV (w1 ) output necessary
to generate the resonant line (2w4) in the gas medium and tun-
able photon frequencies in the visible (VIS) range (w;) (Figure 10).
The VUV light is thus generated, including the sum (2wq +w5), and
difference-frequency (2w — w;), along with the fundamental w,
and w, beams and a minor fraction of frequency tripled (3wyy). The
separation of the unwanted fundamental frequencies (w1 and w;)
may be accomplished using a bi-convex lens off axis, where the
UV and visible beams diverge due to the different indices of refrac-
tion [123]. The bi-convex lens however significantly reduces the
tuning range of the VUV light as the material typically used (LiF)
becomes opaque at around 105 nm. Conversely, no separation of
the light is desired especially for molecules that have higher ion-
ization potentials than 11.8 eV (105 nm). In the case of a photon
energy greater than 11.8 eV, a differentially pumped capillary can
be incorporated acting as a light guide to deliver the VUV photons
to the photoionization region [124].

W,
20, = 2w,
I w,
wl wl- - - -
Wyyy Wyyy
A A
W, W,

Wyyy = 20y + W, Wyyy = 203 — W,

Figure 10. Schematic of the four wave resonant mixing principle in a rare gas
(non-linear medium) to produce vacuum-ultraviolet light (VUV). The blue arrows
represent wavelength one (1), red arrows correspond to the second wavelength
used (wy), and purple arrows designate the VUV photon that is produced (wyuy).
Typically, w; is a UV photon and w; is a photon in the visible region. Four wave
sum mixing is shown on the left. Here, two photons of wavelength w; (2w;) are
added to by w, producing wyyy (wvuv =2w1 + ). Four wave difference mixing is
depicted on the right. Here, the difference of wavelength w; (2w1) and w, produce
wvuy (wvuy =201 — w2).

4. Prototype systems

To demonstrate the potential of the PI-ReTOF-MS approach, we
are highlighting selected experimental results of key systems con-
taining carbon monoxide (CO). According to a recent Spitzer survey,
carbon monoxide represents one of the most dominant compo-
nents of interstellar ices with abundances of up to 20% relative
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to water ice [125]. Carbon monoxide represents further the back-
bone of the carbonyl functional group in aldehydes, ketones, and
sugars and is also a building block of the peptide bond. An ener-
getic processing of ices containing carbon monoxide will therefore
access several key classes of complex organic molecules as com-
piled in Figure 1.

4.1. The CO—CH,4 system

4.1.1. Condensed phase - FTIR

During the irradiation, multiple new absorption features
emerged (Figure 4a). These could be assigned to six discrete
(small) molecules with well-established fundamentals. These are
the methyl radical (CH3) (3151 cm™1, v3;613cm™1,1,)[43,85,126],
the formyl radical (HCO) (1853 cm~1, v3; 1091 cm™1, v,) [43], the
C2 hydrocarbons acetylene (C,H;) (3253 cm™1, v,) [85,127], ethyl-
ene (C,Hy) (3093 cm™1, vg) [128], and ethane (C,Hg) (2978 cm ™1,
V10; 2962 cm™1,v1;2920cm™!, vg + v11; 2885 cm!, vs; 1466 cm™1,
v11; 1373 cm™1, vg) [85,128] and eventually carbon dioxide (CO,)
(2341cm™1, vg) [113]. All assignments were confirmed via their
isotopic shifts in CD4—CO, CD4—13C0, and CH4—C'80ices (Table 2a).

Besides these small individual molecules, a broad absorption
feature which can be correlated with the carbonyl stretch-
ing mode emerged with the onset of irradiation at around
1727 cm1. Since this feature is significantly broadened toward
the low and high frequency sides, multiple underlying carriers are

Table 2a
Infrared absorptions features before and after irradiation of CO—CHy ice at 5.5K.
Before New Assignment Carrier Reference
irradiation features
(cm™1) (cm™1)
4534 v, +v3(CHy) Combination [128]
4302 v3 +V4(CHy) Combination [128]
4248 2v1(CO) Overtone [176]
4204 v1 +v4(CHy) Combination [128]
3253 v3(CoHz) CH str. [85,128]
3151 v3(CH3) CH str. [43,85]
3093 vo(CaHy) CH, asym. str. [128]
3011 v3(CHy) Deg. str. [85,128]
2978 v10(C2Hs) CHj3 deg. str. [85,128]
2962 v1(C2Hs) CH3 sym. str [85,128]
2943 vg +v11(C2Hg) Combination [85,128]
2920 vg +v11(CaHg) Combination [85,128]
2905 v1(CHy) Sym. str. [85,128]
2885 vs(C2He) CH3 sym. str. [85,128]
2818 v, +V4(CHy) Combination [85,128]
2748 vy +V6(C2Hp) Combination [85,128]
2595 2v4(CHy) Overtone [85,128]
2341 vg(CO2) CO asym. str. [113]
2276 ve(13C0O3) CO asym. str. [113]
2137 v1(CO) CO str. [113,176]
2090 v1(13C0O) CO str. [176]
1853 v2(HCO) CO str. [43]
1746 a CO str. [130,131]
1727 v4(CH3CHO) CO str. [43]
1717 b CO str. [132,133]
1701 c CO str. [105]
1660 d CO str. [105]
1466 v11(C2He) CH; deform [85,128]
1427 v12(CH3CHO) CH3 deform. [43]
1373 ve(C2Hg) CH3 sym. deform.  [85,128]
1350 v7(CH3CHO) CHj; deform. [43]
1302 v4(CHgy) Deg. str. [85,128]
1120 vg(CH3CHO) CHj; deform. [43]
1091 v2(HCO) Bending [43]
613 v2(CH3) Out of plane [85,128]

3 RC(=0)H saturated aliphatic aldehydes.

b Saturated ketones RCOR'.

¢ o,B-Unsaturated aldehydes/ketones.

4 a,B,y,8-Unsaturated aldehydes/ketones and/or a,B-dicarbonyl compounds in
keto-enol form.

anticipated. These underlying carriers can be identified by decon-
voluting the 1727 cm~! feature, and we found five bands at
1746cm~!, 1727cm~!, 1717cm™1, 1701 cm~!, and 1660cm™!,
which can be correlated with multiple functional groups from lit-
erature data. These studies propose that the band at 1727 cm™!
might be assigned to the v; fundamental of acetaldehyde
(CH3CHO) [43,129]. The deconvoluted band at 1746cm~! can
be assigned to saturated aldehydes with alkyl functional groups
such as propanal (C;H5CHO) and butanal (C3H7CHO) [130,131].
The absorption at 1717cm~! can be attributed to alkylke-
tones such as acetone (CH3COCH3) and/or higher alkyl groups
such as methylethylketone (CH3COC,Hs) and even diethylketone
(CaHs5COCyHs) [132,133]. The infrared absorption at 1701 cm™!
can be assigned to «,f-unsaturated aldehydes/ketones with the
lower frequency attributable to the «,f-unsaturation and there-
fore lowering of the frequency due to resonance of the structure
[105]. Finally, the absorption band at 1660 cm~! can be linked to
o, B-dicarbonyl compounds in keto-enol form, «,8,y,8-unsaturated
aldehydes/ketones, and/or unsaturated dicarbonyles [105]. In sum-
mary, infrared spectroscopy can be exploited to identify six discrete
(small) molecules along with five key classes of newly formed
molecules carrying the carbonyl group.

4.1.2. Gas phase - PI-ReTOF-MS

The FTIR data alone cannot identify individual molecules car-
rying the carbonyl functional group simply because the group
frequencies, for instance saturated aldehydes and ketones, overlap
significantly. Next, we utilized the complementary, PI-ReTOF-MS
technique to identify individual organic molecules carrying the car-
bonyl group based on their mass-to-charge ratios, the sublimation
temperatures, and how these mass-to-charge ratios shift upon
isotope labeling. The use of isotopically labeled ices [CD4—CO,
CD4—13C0O, CH4—C!80] and irradiating, we assign those mass-
to-charge ratios to carbonyl-carrying molecules based upon the
observed shift of, for instance, 2 u (replacing CO by C!80) or 1u
(replacing CO by '3C0). By comparing isotopically labeled counter-
parts’ sublimation events in all four ices by plotting the sublimation
temperatures versus the ion counts and verifying that these species
hold identical sublimation profiles allows for further confirma-
tion of the assignments. This protocol identified eleven classes of
molecules subliming into the gas phase with masses up to 200u
(Figure 11a) [29].

Let us focus on the identification of acetaldehyde (CH3CHO). A
comparison of the TPD profile at m/z=44 obtained at a photoion-
ization energy of 10.49eV (Figure 12a) demonstrates the unique
advantages of PI-ReTOF-MS compared to conventional QMS with
electron impact ionization of the molecules (QMS-EI) (Figure 5)
[29]. Signal at m/z =44 can originate from ionization of carbon diox-
ide (CO,), propane (C3Hg), and ethylene oxide/acetaldehyde/vinyl
alcohol (C;H40). In the case of QMS-EI, all these products can be
ionized, making an assignment difficult. However, PI-ReTOF-MS
resulted in an excellent signal-to-noise ratio of about 150 depicting
a bimodal profile peaking at 117 Kand 147 K. With a photon energy
of 10.49 eV, contributions from carbon dioxide (IE=13.78 eV) and
propane (IE=10.94eV) [134] can be neglected because their ion-
ization energies are higher than the energy of the 10.49 eV photon.
Therefore, the observed signal at m/z=44 may only be due to the
CyH40 isomers. Ethylene oxide (c-C;H40), has an ionization energy
of 10.56 eV [134], which is also higher than the energy of the pho-
ton exploited for the photoionization (10.49 eV); hence, ethylene
oxide will not contribute any signal at m/z=44 either. However,
acetaldehyde and vinyl alcohol hold ionization energies of 10.23 eV
and 9.33 eV [134], respectively, which are lower than 10.49eV.
Considering that the signal detected by PI-ReTOF-MS at m/z=44
clearly shows two pronounced peaks and that two specific iso-
mers, acetaldehyde (CH3CHO) and vinyl alcohol (CH,CHOH), can
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Figure 11. 3D visualization of the PI-ReTOF-MS data of the irradiated ices collected during TPD. The intensity is shown as a change in color from blue (low intensity) to red
(high intensity). Each system has been scaled to its highest ion count. (a) CO—CHy, (b) CO—NHj3, (¢) CO—CH30H and (d) CO—C;H4 systems [28,29,134,162].

be ionized, the data suggest that both isomers are formed in the
radiation exposure of methane-carbon monoxide ices with ener-
getic electrons. To discriminate these isomers, we are exploiting
9.80eV photons to ionize the subliming molecules (Figure 12a).
At 10.49 eV, both acetaldehyde (CH3CHO; IE=10.23 eV) and vinyl
alcohol (Co,H30H; IE=9.33 eV) can be ionized. At a photon energy of
9.80eV, only vinyl alcohol can be ionized. A comparison of the TPD
profiles taken at 10.49 eV and 9.80 eV clearly shows that the peaks
at 117K and 147 K can be assigned to acetaldehyde and vinyl alco-
hol, respectively, demonstrating that structural isomers of complex
organic molecules can be discriminated exploiting tunable VUV
photoionization of the subliming molecules. Note that the sublima-
tion profiles were also confirmed with the isotopically substituted
counterparts in the irradiated CD,—CO, CD4,—13CO, and CH,—C'80
ices via their isotope shifts.

4.1.3. Correlation of FTIR and PI-ReTOF-MS

Finally, we would like to correlate the infrared spectra and the
development of the absorptions of the carbonyl-bearing molecules
as the irradiated samples are warmed up to 300K with the
PI-ReTOF-MS data. To demonstrate the advantages of the PI-ReTOF-
MS data, we are focusing on aldehydes first. Here, in the infrared
spectra, the carbonyl stretches of aldehydes are visible up to 300 K.
The sublimation profile of higher mass saturated aldehydes (and
ketones)such as CsH190 and CgH1,0 as monitored via PI-ReTOF-MS
via their parentions also exhibit ion counts up to 300 K. More specif-
ically, the infrared intensity of the 1727 cm~! carrier tentatively
assigned as acetaldehyde is observable up to 270K (Figure 13).
However, considering the sublimation profile of PI-ReTOF-MS

signal at m/z=44 (Figure 12a), the sublimation of acetaldehyde
is complete at 150K. Therefore, the remaining intensity of the
1727 cm~! band beyond 150K has contributions from higher
order aldehydes as demonstrated by the PI-ReTOF-MS data, e.g.
C3H50 (m/z= 58), C4H80 (m/z= 72), C5H]00 (m/z= 86), and C5H120
(m/z=100)(Figures 13a,and 14a and c)[29]. These findings demon-
strate that FTIR spectroscopy alone might lead to an educational
‘suggestion’ of the 1727 cm~! feature to be acetaldehyde, but the
PI-ReTOF-MS data present compelling evidence that the 1727 cm™~!
band along with the remaining deconvoluted features are the result
of multiple complex organic molecules (here: aldehydes) and not
of acetaldehyde alone. Therefore, a careful correlation and veri-
fication of suggestions of complex organic molecules by infrared
spectroscopy must be conducted via PI-ReTOF-MS.

As a matter of fact, in the present system, infrared spectroscopy
alone can only firmly assign six discrete (small) molecules, which
contain three heavy atoms at most (Section 4.1.1). On the other
hand, PI-ReTOF-MS has identified so far at least eleven product
classes containing at least some thirty discrete molecules with
up to six carbon atoms, which can be formally derived from
C1-C5 hydrocarbons incorporating up to three carbon monox-
ide building blocks (Section 4.1.2). The classes are (i) saturated
aldehydes/ketones, (ii) unsaturated aldehydes/ketones, (iii) doubly
unsaturated aldehydes/ketones, (iv) saturated dicarbonyls (alde-
hydes/ketones) (v) unsaturated dicarbonyls (aldehydes/ketones),
(vi)saturated tricarbonyls (aldehydes/ketones), molecules contain-
ing (vii) one carbonyl-one alcohol (viii) two carbonyls-one alcohol,
(ix) one carbonyl-two alcohol groups along with (x) alcohols and
(xi) diols (Figure 14a) [29].
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4.2. The CO—NHj3 system

4.2.1. Condensed phase - FTIR

Several new absorption features emerged during the expo-
sure to energetic electrons (Figure 4b) [135]. These could be
securely attributed to the formation of six discrete species:
the formyl radical (HCO) (1851 cm™!, v3), formaldehyde (H,CO)
(1740cm™1, vy; 1510cm~1, v3) [136,137], the isocyanate ion
(OCN-) (2150cm™1, v3) [136,137], the ammonium cation (NH,4*)
(1505cm™1, vy) [136,138] and - at higher doses — carbon sub-
oxide (C305) (2192cm™!, vy; 2242cm™!, v3; 2399cm™!, vy +1y)
[139,140], diimide (NNH,) (2805cm~!, N-H stretch), and ten-
tatively cis-diazene (cis-NyH;) (3066cm™1, vq; 2963 cm™!, vs)
[141,142](Table 2b). Absorptions of hydrazine (N,H4 ) are obscured
by ammonia and hence only emerged after ammonia has sub-
limed at 140K (890cm™!, vg; 1072cm™!, vyp; 1136cm™1, vs;
1606 cm™!, v3; 3194cm™!, vy; 3300cm~!, vy; 3319cm™1, vg;)
[142,143]. The amidogen radical (NH;), which represents the ana-
log of the methyl radical (CH3), could only be detected in pure
ammonia ices irradiated with energetic electrons [144]. Finally,
we should note two broad absorption features in the range of
1750-1660 cm~! and 1200-1050 cm~!, which can be attributed to
the carbonyl stretches like the 1695 cm~! (v,) absorption of form-
amide (HCONH,) [137,145,146], which is red-shifted compared to
the carbonyl stretch in acetaldehyde, and —NH bending and rocking
modes of amines and imides such as from the —NH; moiety of urea
(CO(NH;),, vs5) and/or from the cis- and trans-formylhydrazine

isomers (HCON,H3), respectively. Therefore, the infrared data sup-
port the secure assignment of six individual molecules during the
radiation exposure and also of the carbonyl functional group - pos-
sibly an amide moiety.

4.2.2. Gas phase - PI-ReTOF-MS

Since the infrared data alone cannot assign the individual
molecules leading to the carbonyl absorptions, we once again
exploit the PI-ReTOF-MS technique to assign individual organic
molecules carrying the carbonyl group based on their mass-to-
charge ratios and their sublimation temperatures (Figure 11b).
After ammonia desorbs at 110K, multiple species with higher
mass-to-charge ratios are also observed. Most notably, at m/z=32,
m/z=45 and m/z=60, ions which can be attributed to NyH4*,
CONH3* and CON,H,4*, respectively, were probed. These can be
correlated with hydrazine (NyHy, ), formamide (HCONH, ) as well as
urea (CO(NH;);)and/or cis- and trans formylhydrazine (HCON,H3),
respectively. Considering the ionization energies of formamide
(HCONH,3, 10.16eV), urea (CO(NH;),; 9.62eV) and the cis- and
trans formylhydrazine isomers (HCON;Hs; cis- 8.22 eV and trans-
8.58eV) [134,135], two separate experiments have to be con-
ducted to discriminate these isomers. Photoionization at 10.49 eV
ionizes both urea (m/z=60) and formylhydrazine (m/z=60) along
with formamide (m/z=45) (Figure 12b) [135]. However, 9.0eV
photons only ionize cis-/trans-formylhydrazine. Figure 12b por-
trays the TPD profiles recorded at m/z=45 and m/z=60 with
photoionization energies of 10.49eV and 9.00eV. These ions can
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be attributed to CONH3* and CON,H,4", respectively, which orig-
inate from singly ionized formamide (HCONH,) as well as urea
(CO(NH;);) and/or cis- and trans formylhydrazine (HCON,Hj3),
respectively. To discriminate, if signal at m/z=60 originates from
urea and/or formylhydrazine, it is necessary to reduce the photon

energy below the ionization energy of urea, but to stay above
the ionization energy of formylhydrazine. As the photo-ionization
energy is lowered to 9.00 eV, signal at m/z=45 and 60 disappears
completely. Therefore, the lack of ion counts at m/z=60 demon-
strates that only urea is formed, but not the formylhydrazine
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isomer. Considering the molecular weight of urea which is higher
by 15u (—NH—) compared to formamide, the earlier onset of
the sublimation of formamide of 180K compared to 200K for
urea is reasonable; this effect is also amplified when com-
paring the ion counts at m/z=45 and 60 peaking at 210K
and 270K, respectively. To summarize, the PI-ReTOF-MS data
provide compelling evidence on the formation of two molecules
containing a peptide bond: formamide (HCONH,) and urea
(CO(NHz)z).

4.2.3. Correlation of FTIR and PI-ReTOF-MS

During the warm-up phase, the intensities of the absorptions
linked to OCN—, HCONH,, H,CO, and NH4* decrease until disap-
pearing at 260 K. However, after the sublimation of the ammonia
reactants is complete, the intensity of the 1700-1640cm™"! levels
off suggesting that not all species leading to an infrared absorption
in this wavelength regime sublime (Figure 13b) [135]. However, by
linking the data from FTIR and PI-ReTOF-MS, the remaining inten-
sity of the 1700-1640 cm~! band above 260K is reduced further as
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Table 2b
Infrared absorptions features before and after irradiation of CO—NH3 ice at 5.5K.
Before New features Assignment Reference
irradiation (cm™1)
(em™)
1087 v2(NH3) [177]
1050-1150 NNH bend/NH rocks [178]
1150 U5(CO(NH2)2) [179]
2135 v1(CO) [180]
1510 v3(H2CO) [43,136,137,181]
1505 va(NHz*) [136,138]
1633 v4(NH3) [177]
1660-1750 X—C=0 str. [136]
1695 v2(HCONH,) [136,182]
1740 v4(H2CO) [43,136,137,181]
2150 v1(OCN™) [136,137,183]
3200 v1(NH3) [177]
3370 v3(NH3) [177]
4480 vy +v3(NH3) [177]

formamide and urea sublime into the gas phase. Further, by com-
bining the data from both techniques suggest that formamide as
well as urea contribute to the intensity in the 1750-1600 cm™!
region, i.e. the carbonyl stretching region (Figures 13b and 14b)
[134].

4.3. The CO—CH30H system

4.3.1. Condensed phase - FTIR

During the irradiation of the methanol (CH3OH)-carbon monox-
ide (CO) ices, multiple new absorption features emerged, which
could be connected to the synthesis of five individual molecules
(Figure 4c) [28]. The hydroxymethyl radical (CH,OH) was detected
via the vy absorption band at 1193 cm~! [39,40,147] (Table 2c).
Formaldehyde (H,CO) was observed via the v,, v3, and v4 absorp-
tion bands at 1249cm~"!, 1497 cm~!, and 1726 cm~! [39,40,148].
The formation of formyl radical (HCO) was attributed via the
v3 fundamental at 1842cm~! [39,40,148,149]. Methane (CH4)
was detected via the vs fundamental at 1303cm~! [85,128].
In addition, carbon dioxide (CO,) was detected via the v3
mode at 2342cm~! [113,150]. Besides these ‘simple’ molecules
formed during the irradiation, multiple new infrared absorption
features were also observed. The new absorption features con-
nected to the carbonyl functional group in the 1800-1600cm™!
region are very broad implying the presence of multiple carri-
ers. The deconvoluted absorption bands of carbonyl functional
group in the 1800-1600cm~! region proposed at least three
carriers. Here, glycolaldehyde HOCH,CHO was attributed to the
1743 cm~! band; however, this absorption may also have contrib-
utions from saturated aldehydes such as propanal (CH3CH,CHO)
and butanal (C3H;CHO) [39,40,130,131,150,151]. Formaldehyde
(H,CO) leads to an absorption at 1726cm~! [39,40,153-155],
which could also have intensity from acetaldehyde (CH3CHO)
[43,156], whereas methyl formate (HCOOCH3) was proposed to
account for the 1714cm~! position [39,40,154,155]. A second
band at 1062cm~! can be assigned to the v; fundamental of
glycolaldehyde [39,151,152,154,155]. Note that ethylene glycol
(HOCH, CH,0H) and/or glycerol (HOCH, CHOHCH,OH) can account
for the fundamental at 1094 cm~! [26,40,148]; since the infrared
spectra of both molecules are virtually indistinguishable, infrared
spectroscopy alone cannot untangle the contribution of each
molecule to this absorption. The assignment of these absorptions
was also confirmed via their isotopic shifts in irradiated binary
mixed ices consisting of CD;0D—CO, 3CH30H—CO, CH3'80H—CO,
CD3;0D—13C0, CH3'80H—C'80 and CH3OH—C!80. Note that ketene
(H,CCO) could only be identified in the isotopically labeled ices

since in the methanol-carbon monoxide system, the most intense
fundamental of ketene overlaps with the stretching mode of car-
bon monoxide [119]. In summary, we wish to stress once more
that FTIR spectroscopy can only elucidate particular vibrational
modes of complex organics synthesized in situ of bulk ices from
exposure to ionizing radiation and very rarely, actual molecular
isomers. Consequently, we turn our attention to a more sensitive
technique allowing for the identification of individual molecules via
their molecular formula and ionization energy, TPD coupled with
PI-ReTOF-MS.

4.3.2. Gas phase - PI-ReTOF-MS

Following the in situ identification of small molecules and vibra-
tional modes of more complex organics as described above, we
employed the use of TPD spectroscopy to monitor the products
sublimating via PI-ReTOF-MS. Molecules up to 150 u are observed
(Figure 11c¢)[28], which cannot be identified via traditional infrared
spectroscopy. This observation alone implies the presence of rich
and complex chemistry in the methanol-carbon monoxide ices.
In detail, these studies firmly identified the following complex
organic molecules based on their ionization energies, their shifts
upon isotopic substitution, and/or calibration of the sublima-
tion profiles in doped methanol-carbon monoxide ices (Table 2c;
Figure 12c¢): ketene (H,CCO), acetaldehyde (CH3CHO), vinyl alco-
hol (CH,CHOH), ethanol (C;H50H), dimethyl ether (CH30CH3),

Table 2¢
Infrared absorptions features before and after irradiation of CO—CH30H ice at 5.5 K.
Before New Assignments [39,40,184] Carrier
irradiation features
(cm™1) (cm™1)
4399 V2 [Vg +V4/vg[V10(CH30H) Combination
4274 V2 /vg +v4(CH30H) Combination
4247 2v1(CO) Overtone
4021 V2 /vg +vg(CH30H) Combination
3987 V2/vg +vg(CH30H) Combination
3623 v1(CH30H---CO) Fundamental
3462, 3383, v1(CH30H) Fundamental
3271,3123
2985 v2(CH30H) Fundamental
2956 v9(CH30H) Fundamental
2925 Vg + Vs[4 +V10/V5 + V10/ Combination/
2v4/2v10/2v5(CH30H) overtone
2828 v3/2v6(CH30H) Fundamental/
overtone
2604 Vg +V11/V7 + v4/V6[V10 Combination
(CH30H)
2524 vg +V11(CH30H) Combination
2438 vg +vg(CH30H) Combination
2342 v3(CO,) Fundamental
2226 2v11/2v7(CH30H) Overtone
2135 v1(CO) Fundamental
2089 v1(13C0O/C180) Fundamental
2047 2vg(CH30H) Overtone
1842 v3(HCO) Fundamental
1743 v14(HOCH,CHO) Fundamental
1726 v4(H,CO) Fundamental
1697 2vg(HOCH,CHO) Overtone
1497 v3(H,CO) Combination
1475 v4(CH30H) Fundamental
1461 v10(CH30H) Fundamental
1445 vs5(CH30H) Fundamental
1421 ve(CH30H) Fundamental
1303 v4(CHy) Fundamental
1249
1193 v4(CH,0H) Fundamental
1153,1129, v7(CH30H) Fundamental
1117
1094 v9(HOCH,CH,0H) Fundamental
1062 v7(HOCH,CHO) Fundamental
1039 v11(CH30H) Fundamental
1028 vg(CH30H) Fundamental




M.J. Abplanalp et al. / Chemical Physics Letters 644 (2016) 79-98 93

glyoxal (HCOHCO), glycolaldehyde (HOCH,CHO), ethene-1,2-diol
(HOCHCHOH), ethylene glycol (HOCH;CH, OH), methoxy methanol
(CH30CH,0H), and glycerol (H,OHCHOHCH,O0H) [28]. The iden-
tification of glycerol - the central molecular building block of
lipids such as glycerol phospholipids and phosphoglycerides, which
are the key components of all cell membranes - presented a
particular challenge. Head-Gordon et al. [157] determined that
upon photoionization, glycerol will not only ionize to the glyc-
erol cation (C3HgOs3*; m/z=92), but also undergoes significant
dissociative photoionization producing the C3HgOy* (m/z=74),
C2H602+ (m/z= 62), C2H502+ (m/z= 61 ), C2H402+ (m/z= 60),
CoHs0* (m/z=45), and C;H40* (m/z=44) fragment ions with the
parention formed at levels of less than a few percent of the total ion
counts. To verify the formation of glycerol in the ice experiments,
it was necessary to extract the sublimation profile of glycerol not
only by monitoring the parent ion (C3HgO3*; m/z=92), but also the
TPD profiles of the fragment ions. In doing so, we could integrate
the TPD profiles and match the relative intensities with literature
data thus assigning glycerol for the first time [26]. Finally, several
classes of molecules yet to be specifically identified were observed
sublimating from the irradiated ices: C3Hx-462)0, C4H(x-3510)O,
C3H(x-4,68)02, C4H(x-68)02, C3H(x-4,6)03, C4H303, C4H(x-46,8)04,
CsH(x-6.8)04 and CsHx-6 )05 (Figure 14c) [28]. The last groups of
molecules containing four to five oxygen atoms include a astrobio-
logically important class of sugars relevant in RNA, phospholipids
and energy storage. Experiments are currently being designed to
elucidate their chemical structure.

4.3.3. Correlation of FTIR and PI-ReTOF-MS

As an example, we would like to examine the sublimation
of glycolaldehyde monitored via on line and in situ infrared
spectroscopy and PI-ReTOF-MS (Figures 12c and 13c) [28].
Figure 13c depicts a comparison of the infrared absorption band
at 1743cm™!, originating from glycolaldehyde and from sat-
urated aldehydes such as propanal (CH3CH,CHO) and butanal
(C3H7CHO), as a function of temperature with the derived sub-
limation profile at m/z=60 recorded using PI-ReTOF-MS. In the
irradiated methanol-carbon monoxide ices, 1.6+0.1 x 101> gly-
colaldehyde molecules were produced. During the warm-up
phase, at 50K the production of glycolaldehyde increased to
1.94+0.2 x 101> molecules. Additionally, the abundance of the
formyl radical shows a maximum of 1.6+0.2 x 101> molecules
immediately following irradiation where upon it remains sta-
ble until 25K and subsequently cannot be detected beyond 50 K.
Within the range of 25-50K, the formyl radical shows a decrease
in abundance by 1.6+0.2 x 10> molecules. Here, the abun-
dance of glycolaldehyde is increased by 2.0 + 0.2 x 1014 molecules.
The above evidence suggest that during the warm up phase,
trapped radicals diffuse and exhibit additional thermal chem-
istry and resulting in the formation of additional glycolaldehyde
molecules. After the phase change of methanol ices at 110-125K,
the abundance of glycolaldehyde continually decreased until
150K (6.3+0.6 x 10'* molecules). After that, the band declines
quickly and finally becomes untraceable at temperatures beyond
195K.

4.4. The CO—C,H, system

4.4.1. Condensed phase - FTIR

The processing of the binary ice resulted in multiple novel
absorption bands (Figure 4d; Table 2d). Distinct features corre-
sponding to six small molecules: acetylene (C;H,) (3300cm™1,
v3; 758cm~1, vs) [158,159], ethane (CyHg) (2880cm~!, vs)
[157,159,160], butene (C4Hg) (1642cm~"!, v4) [158,161], butane
(C4H10) (1464 cm™1, v14) [158,160,161], the formyl radical (HCO)

(1845 cm™1, v3) [35,43], and carbon dioxide (CO;) (2340 cm™1, vg)
[150,162] were detected and confirmed via their isotopic shifts in
C180—C,D4 ices [163].

Also, a broad feature corresponding to carbonyl stretching
was observed. This feature has contributions from multiple dis-
tinct molecules and/or isomers as discussed in Section 4.1.1 and
was deconvoluted revealing three distinct peaks. These groups
correspond to saturated carbonyl compounds (1722 cm~1) [131],
o,B-unsaturated aldehydes/ketones (1696 cm~1) [105], and o,B-
dicarbonyl compounds in keto-enol form, o,3,y,8-unsaturated
aldehydes/ketones, and/or unsaturated dicarbonyles (1680 cm~1)
[105]. Several of these new infrared features can be tentatively
assigned to the three C3H40 isomers: propenal (CH,HCHCO)
(1696 cm™1, v5) [164], cyclopropanone (c-C3H40) (1822cm™1, vy)
[165], and methylketene (CH3CHCO) (2136cm™1, vy4) [166]. How-
ever, each of these infrared bands may be obscured by other
molecules as the vs fundamental of propenal is in the region
of all unsaturated carbonyl compounds, the v, fundamental of
cyclopropanone occurs in the same region in which the hydroxy-
carbonyl (HOCO)radical appears |[167,168],and the v4 fundamental
of methylketene overlaps with the infrared stretching of the ini-
tial reactant carbon monoxide (2138 cm™1, v;) [113]. Therefore,
utilizing FTIR alone, only six specific (small) molecules could be
identified, more complex molecules could only be tentatively
assigned while three classes of carbonyl type molecules were
identified.

4.4.2. Gas phase - PI-ReTOF-MS

As the FTIR data were only able to tentatively identify com-
plex molecules contributing to several of the new post irradiation
features including the carbonyl stretching region, it is necessary
to utilize complimentary techniques to further investigate the
system. This was done using PI-ReTOF-MS which allows for the
identification of molecular ions as TPD is performed. Although
multiple molecular ions may have the same mass-to-charge ratio
and thus overlap each other, this problem can be circumvented
by the use of isotopic labeling as well as comparison of unique
sublimation events (TPD profiles). Furthermore, the tuning of the
energy of the photon used in the photoionization of the molecule
even allows for the discrimination between isomers if their ioniza-
tion energies are separated by greater than 0.01eV. This method
identified subliming molecules with masses up to at least 150u
(Figure 11d) [163].

In the binary carbon monoxide (CO)-ethylene (C,H,) irradiated
ice the focus is on the C3H4O isomers propenal (CH,HCHCO,
I[E=10.10eV), cyclopropanone (c-C3H40, IE=9.10eV), and
methylketene (CH3CHCO, IE=8.95eV) [134]. As with all isomers
they will have the same mass-to-charge ratio and therefore tunable
photoionization is a way to uniquely identify specificisomers. How-
ever, the hydrocarbon butene also has the same mass-to-charge
ratio and therefore isotopic labeling was additionally employed
to create C3H40 isomers with a unique mass-to-charge ratio
(m/z=62). These isomer’s ionization energies are sufficiently sepa-
rated and therefore experiments with photoionization energies at
10.49eV, 9.60eV, and 9.00 eV were performed to specifically iden-
tify which isomers were present as 10.49 eV will ionize all three iso-
mer, 9.60 eV will only ionize cyclopropanone (c-C3H40,IE=9.10eV)
and/or methylketene (CH3CHCO, IE=8.95eV), and 9.00eV will
solely ionize methylketene but neither of the other isomers.

Each of these experiments resulted in signal at m/z=62 or
m/z=>56 in isotopic and non-isotopic ices, respectively (Figure 12d)
[163]. The 10.49 eV experiment showed a signal with two distinct
peaks corresponding to two separate sublimation events and most
likely corresponding to separate isomers. The 9.60 eV experiment
showed a signal matching the sublimation profile from 90K to
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Table 2d
Infrared absorptions features before and after irradiation of CO—C,Hy ice at 5.5K.
Before irradiation New features Assignment Carrier Reference
(cm™1) (cm™1)
4746, 4710, 4578, Vg +2Vg, Vg + V3, V11 + Vg, Vs + V12, Overtones/combinations [185,186]
4500, 4426, 4396, Vg + V3, Vg + Vg, V11 + V3,
4310, 4275, 4192 V11 +v6(C2Hy)
4248 2v4(CO) Overtone [43,162,176]
3300 v3(C2H2) CH stretch [158,187]
3245 v3(C2H2) CH stretch [85,158,160]
3092 Vg(C2Hy) CH, asymmetric stretch [161,186-188]
3069 V2 +V12(CoHy) Combination [186,188]
2977 v11(C2Hyg) CH, symmetric stretch [186-189]
2965 v12(C4H10)/v10(C2Hs )/v16(C4Hs) CHjs stretch [35,128,158,160,190,191]
2940 vg +v11(C2Heg)/v12(C4H10)/v23(CaHg) Combination/CH, asymmetric stretch [128,160,161,191]
2918 vg +v11(C2Hg) Combination [158,160,190]
2880 v5(C2Hg)/v2s(C4H1o) CHj3 stretch [158,160,161,190]
2862 V29(C4Hi0) CH, symmetric stretch [158,187,190]
2832 Vg +V11(C2Hg) Combination [160]
2740 vy +v6(CaHg) Combination [158,160]
2340 V6(CO2) CO asymmetric stretch [162,176]
2138 v1(CO) CO stretch [43,162,176]
2090 v1(13C0) CO stretch [43,162,176]
2087 v1(C180) CO stretch [162,176]
2043 v1(13C180) CO stretch [162]
1965 Vg +vg(CaHy) Combination [160]
1899 v7 +vg(CyHy) Combination [160]
1845 v3(HCO) CO stretch [35,43]
1823 v2(HOCO)/v,(c-C3H40) CO stretch [35,165]
1722 2 CO stretch [29,43,192]
1696 b CO stretch [29]
1680 ¢ CO stretch [29]
1642 v4(C4Hs) C=C stretch [158,161]
1619 v2(C2Ha) C=C stretch [43,187,188]
1464 v 11(C2H6)/V14, V30, U31(C4H10) CH3 bend [35,158,160,161]
1439 v12(C2Hyg) CH, scissor [43,186-188]
1377 v 6(C2Hg)/v32(C4H10) [85,160,161]
1339 v3(C2Hyg) CH, scissor [43,187,188]
1224 v(C2Ha) CH; rock [43,187,188]
953 v7(C2Ha) CH, wag [43,186-189]
823 U]o(C2H4) CHZ rock [43,187,188]
758 vs5(C2Hz) CCH bend [159,187]

2 RC(=0)H saturated aliphatic aldehydes.

b RyR,C=CR3—CH=0 or RC=C—CH=0 «,B3-unsaturated aldehydes (carbonyl) and RjR,C=CR3—C(=0)R4 (R4 # H)or RyC=C—C(=0)R; (R, # H) o,B-unsaturated ketones

(carbonyl).

¢ RyR2C=CR3—CH=0 or RC=C—CH=0 «,3-unsaturated aldehydes (carbonyl) and R;R,C=CR3;—C(=0)R4 (R4 # H) or R{C=C—C(=0)R; (R, # H) a,B-unsaturated ketones
(carbonyl), R,C=CH; or RHC=CHR disubstituted (trans), R,C=CHR trisubstituted, and R,C=CR; tetrasubstituted alkenes.

133 Kof the first peak provided in the initial experiment at 10.49 eV
and proves that there are multiple isomers being produced in the
experiment corresponding the to the C3H40 isomers. Also, a TPD
calibration experiment at 10.49 eV of CO—C,H, ice doped with 1%
propenal showed a sublimation event at 109-128 K similar to the
second peak of the irradiated C'80—C, D, irradiated ice experiment
second peak (m/z=62) from 120K to 173 K which, after subtraction
of the peak area detected in the 9.60 eV experiment, shows a subli-
mation onset temperature of the second 10.49 eV m/z=62 peak to
be at 109 K. Finally, the 9.00 eV experiment also showed a smaller
signal from 91 K to 121 K as well and thus to determine if two or all
three isomers were being produced, ionization cross-sections were
used to determine the amount of each isomer across experiments.
This showed that it is most likely that all three isomers prope-
nal (CH,HCHCO), cyclopropanone (c-C3H40), and methylketene
(CH3CHCO) were produced in this system with a ratio of 5.6:1.4:1.0,
respectively.

4.4.3. Correlation of FTIR and PI-ReTOF-MS

The correlation of the FTIR data with PI-ReTOF-MS during TPD
shows that the carbonyl stretching is not only related to the C3H40
isomers because even after their corresponding mass-to-charge
signal is no longer detected in the ReTOF, the FTIR data still shows

an infrared band corresponding to carbonyl stretching, which is
observable up to temperatures greater than 200K (Figure 13d)
[163]. The possibility of larger carbonyl containing molecules con-
tributing to this infrared stretching is substantiated by masses
as high as 150u being detected in the ReTOF as the tempera-
ture approaches 300 K. Also, there is an observable decrease in the
carbonyl stretching when the corresponding C3H40 isomers mass-
to-charge is detected using PI-ReTOF-MS showing that although
FTIR cannot give direct confirmation of complex molecules it is a
very useful complimentary tool to RI-ReTOF-MS and can provide
further evidence for initially tentative assignments in analog ice
systems.

The methylketene isomer detected in the 9.00 eV experiments
was initially obscured by the stretching mode of the carbon monox-
ide reactant, but even after this has sublimed there are alternative
ketenes such as ketene (C;H,0) and larger ketenes (C4HgO) [119]
that have infrared stretching in this region. This shows that even
though an overlapping species has been removed (sublimed) there
is still no new information present in the infrared and only when
detected using the PI-ReTOF-MS protocol can this information
be correlated to changes in the FTIR data to provide compelling
evidence that a specific molecule(s) existed initially within the
processed ice.
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5. Summary

Exploiting reflectron time of flight mass spectrometry cou-
pled with single photon ionization of the subliming molecules
(PI-ReTOF-MS) during the temperature programmed desorption
(TPD) and combining these data with on line and in situ infrared
spectroscopy (FTIR) along with solving the coupled differential
equations of the temporal evolution of the newly formed molecules,
a versatile experimental approach has been established to elu-
cidate the formation pathways of complex organic molecules in
interstellar analog ices upon interaction with ionizing radiation at
astrophysically relevant temperatures as low as 5K - data which
cannot be obtained by traditional analytical tools such as FTIR, QMS,
and GCMS.

First, the response of the ices upon exposure to energetic elec-
trons is dictated by the fragmentation of the ‘hydride’ via both a
radical and molecular decomposition pathway (Figure 15). In the
case of methane (CH4 ), ammonia (NH3 ), water (H,0), and methanol
(CH30H), the radical pathways lead to the generation of methyl
(CH3) [128], amidogen (NH;) [142,169], hydroxyl (OH) [170-172],
and hydroxymethyl/methoxy (CH,OH/CH30) [40] radicals along
with suprathermal hydrogen atoms (Eqs. (1a)-(4a)). The molecular
decomposition pathways result in the generation of singlet species
carbene, nitrene, and atomic oxygen (Eqgs. (1b)-(4b)), which can
either react in the matrix or undergo intersystem crossing to their

triplet ground states.
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HCO + R — HCOR (6)

Second, the suprathermal hydrogen atoms generated in these
processes were found to react at ultralow temperatures of 5K
with carbon monoxide (CO) via addition forming the formyl rad-
ical (HCO) (Reaction (5)), which can be stabilized in the matrix
by phonon interaction. It is important to note that suprather-
mal hydrogen atoms can easily overcome the entrance barrier
to addition of 0.09eV [173,174]. The experimental data and the
kinetic fittings suggest that if the formyl radical (HCO) is in
the neighborhood of a doublet radical such as methyl, amino,
hydroxyl, and/or hydroxymethyl/methoxy and if both radical
reactants are in a favorable geometry, these radicals recombine
even at 5K without barriers leading to first generation com-
plex organic molecules - acetaldehyde (CH3CHO), formamide
(HCONH,), formic acid (HCOOH), glycolaldehyde (HCOCH,OH),
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Figure 15. Reaction scheme for the formation of complex organic molecules starting from simple molecules such as methane, methanol, and ammonia reacting with carbon
monoxide. *: Reaction pathways to be elucidated. Carbon, hydrogen, oxygen, and nitrogen atoms are color coded in black, gray, red, and blue, respectively.
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and formic acid methylester (HCOOCH3) - carrying the carbonyl
moiety as a central building block (Figure 15). Generally spo-
ken, the formyl radical (HCO) has the ability to recombine with
any doublet radical (R) (Reaction (6)). Therefore even hydrocar-
bons more complex than methane such as the C2 hydrocarbons
acetylene (CyH,), ethylene (C;Hy), and ethane (C,Hg) can undergo
decomposition via atomic hydrogen loss leading to the ethynyl
(CCH), vinyl (CyH3), and ethyl (C;Hs) radical. Once more, the
suprathermal hydrogen atom adds to carbon monoxide via Eq. (5)
forming the formyl radical (HCO) which then recombined with
the hydrocarbon radicals leading to propynal (HCCHCO), prope-
nal (C;H3HCO), and propanal (C;HsHCO), respectively (Figure 15).
It shall be stressed that these complex organic molecules are
formed at 5K within the ices as the result of non-equilibrium
chemistry initiated by suprathermal hydrogen atoms followed
by barrier-less radical-radical recombination [71,85,175]. Most
importantly, in the case of chemically non-equivalent hydrogen
atoms in the reactants such as in methanol, two distinct radicals -
the hydroxymethyl and methoxy radical - form distinct structural
isomers upon recombination with the formyl radical: glycolalde-
hyde (HCOCH;0H) and formic acid methylester (HCOOCH3) [39]
thus providing isomer selective formation pathways of complex
organic molecules in interstellar ices. Note that the third C;H40,
isomer - acetic acid (CH3COOH) - was not formed in the exper-
iments reported here; however, this isomer was synthesized in
irradiated methane-carbon dioxide ices at ultralow temperatures
as aradical-radical recombination product of the hydroxylcarbonyl
(HOCO) with the methyl (CH3) radical [35]. These (ice composi-
tion dependent) isomer-specific reaction pathways leading to complex
organic molecules inside the ices demonstrate the necessity to incor-
porate non-equilibrium processing of low temperature interstellar ices
involving suprathermal reactants in future astrochemical models on
the formation of complex organic molecules. To a certain degree,
the low temperature matrix also stores reactive radicals such as
formyl (HCO) and hydroxymethyl (CH,OH). Upon annealing of the
ices, these radicals can diffuse and might recombine. Based on our
results, this thermal route represents less prominent pathways
leading to complex organic molecules within the processed ices.

Third, the doublet radicals formed in the decomposition of
methane (CH4), ammonia (NHs3), water (H,0), and methanol
(CH30H) - methyl (CH3), amidogen (NH;), hydroxyl (OH), and
hydroxylmethyl/methoxy (CH,OH/CH30) - were also found to
recombine within the low temperature ices during the radiation
exposure leading to ethane (C;Hg), hydrazine (NyHyg), hydrogen
peroxide (H,0,), and ethylene glycol (HOCH,CH,OH) along with
methoxy methanol (CH30CH,OH) (Figure 15). A detailed kinetic
fitting of the data combined with isotopic substitution experiments
demonstrated that a radiolysis of these species lead, for instance,
to ethylene (C;H,4) and acetylene (C;H;) as well as diimide and
diazene (NNH; and HNNH). A radical-radical recombination path-
way via recombination of two formyl species was also found to lead
to the formation of glyoxal (HCOHCO).

Finally, ReTOF-MS coupled with tunable photoionization (PI)
has been established as a valuable tool to detect complex organic
molecules and in particular their structural isomers such as
acetaldehyde (CH3CHO) and vinyl alcohol (C;H3OH), which cannot
be assigned with traditional analytical tools such as FTIR and QMS
interfaced to space simulation chambers. Infrared spectroscopy
only allows an identification of very few simple molecules in irra-
diated and/or photolyzed ices - typically less than ten. On the other
hand, PI-ReTOF-MS reveals that the processing of astrophysically
relevant ices can lead to more multifaceted mixtures of complex
organic molecules - as demonstrated here in terms of carbonyl-
bearing species. These species can reach molecular weights of
up to 200u and cover multiple classes of complex organic
molecules as compiled in Figures 12-15 with up to 70 molecules

identified in individual irradiation experiments on line and in situ.
These novel techniques are needed to confidently assign detec-
tions in laboratory ice analog experiments as the molecules of
interest become more complex also from the viewpoint of future
astronomical detections in the age of the Atacama Large Millime-
ter/submillimeter Array (ALMA). Specifically, structural isomers
can serve as a unique system to understand non-equilibrium versus
thermal reaction pathways. Also, they can be utilized as tracers
of low temperature non-equilibrium chemistry within interstellar
ices. The increasing detection of new and more complex organic
molecules in space continues to grow - including biorelevant
molecules connected to the Origins of Life theme - and will rely
on future advances in sophisticated physical chemistry laboratory
experiments.
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