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Abstract: A deep understanding of the origin of life requires the physical, chemical, and biological
study of prebiotic systems and the comprehension of the mechanisms underlying their evolutionary
steps. In this context, great attention is paid to the class of interstellar molecules known as “Complex
Organic Molecules” (COMs), considered as possible precursors of prebiotic species. Although COMs
have already been detected in different astrophysical environments (such as interstellar clouds,
protostars, and protoplanetary disks) and in comets, the physical-chemical mechanisms underlying
their formation are not yet fully understood. In this framework, a unique contribution comes from
laboratory experiments specifically designed to mimic the conditions found in space. We present
a review of experimental studies on the formation and evolution of COMs in the solid state, i.e.,
within ices of astrophysical interest, devoting special attention to the in situ detection and analysis
techniques commonly used in laboratory astrochemistry. We discuss their main strengths and
weaknesses and provide a perspective view on novel techniques, which may help in overcoming the
current experimental challenges.

Keywords: complex organic molecules; astrobiology; astrochemistry; interstellar medium; molecular
ices; solid state; protoplanetary disks; star forming regions; comets

1. Introduction

Over the next decades, it is expected that one of the main challenges in science will be
to gain a clear understanding on the processes and phenomena linked to the concept of life
how we know it, its origin and early evolution. Key questions, which need to be answered,
include: (i) How did life begin and evolve on Earth? (ii) What are the conditions for the
origins of life? Does life exist elsewhere in the Universe? (iii) What is life’s future on Earth
and beyond? Answering these and similar questions requires the physical, chemical, and
biological study of prebiotic systems and a deep understanding of the principles governing
their evolution into more complex systems and, finally, into living matter. Astrochemistry
combines astronomy and chemistry. It directly studies the aforementioned issues, with a
special focus on the so-called “Complex Organic Molecules” (COMs), a term referring to
those astrophysically relevant organic molecules consisting of six or more atoms, many
of which are considered possible precursors of prebiotic molecules, such as amino acids
(in turn, precursors of proteins) and nucleobases (in turn, precursors of DNA and RNA).
Although COMs are considered of paramount importance from an astrochemical and
astrobiological point of view, the reader should keep in mind that they are only relatively
“complex” when studied from a chemical and biological perspective [1,2].
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From the observational point of view, the main detection tool for molecules in space,
in various astrophysical environments, is gas-phase radio astronomy supported by mi-
crowave, millimeter-wave, and terahertz spectroscopy. Complementary, solid-state ma-
terials are characterized by infrared (IR) spectroscopy. To date, more than 200 species
have already been detected in the gas phase while only about 10 molecules have been
spectroscopically identified in the solid state (e.g., Cologne Database for Molecular Spec-
troscopy and [3]). The variety, abundance, and distribution of gas-phase and solid-state
COMs already detected or tentatively detected in space have been increasing in the last
decades, touching various astronomical environments, from interstellar clouds, protostars,
and protoplanetary disks (e.g., [1-19]) to the outer solar system, where COMs and prebiotic
species have already been detected in several comets (e.g., [20-31]). To give the reader an
idea, the list of these COMs includes but is not limited to: acetaldehyde (CH3CHO), ethanol
(CH3CH,0OH), formamide (HCONH,), glycine (NH,CH,COOH), and urea (H;NCONHo).
Their structural formulas are shown in Figure 1. The detection of COMs in the solid state,
i.e., in the icy component present in cold cosmic regions, such as dense molecular clouds of
the interstellar medium (ISM), protostellar envelopes and protoplanetary disks (beyond
the snowline), and on the surface of minor bodies of the solar system (comets, asteroids,
satellites of planets, trans-Neptunian objects, ... ), is made difficult by the intrinsic prob-
lems related to IR spectroscopy. Simply said, the difficulties in identifying COMs in ices by
IR spectroscopy are due to the unspecific nature of the signal coming from overlapping
features belonging to different species having the same functional groups. Nevertheless,
for solar system studies, space missions typically combine IR spectroscopy and mass spec-
trometry (MS). This allows the identification of COMs in situ (e.g., [27,28]), although MS
carries its own intrinsic critical issues as well, such as the difficulty to distinguish molecules
of the same mass and chiral isomers. A detailed discussion of these techniques can be
found in the following sections of this review.
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Figure 1. Structural formulas of some among the most astrophysically relevant COMs discussed in this review. The present

figure was created by adapting original graphics taken from Wikipedia, the free encyclopedia (in particular, the graphic of
acetaldehyde was created by UAwiki).

While most of the early astrochemistry models presumed that COM formation in the
aforementioned astrophysical environments occurs through gas-phase reactions (e.g., [2,32-34]),
the majority of current models assume that COM formation, especially the more complex
ones, occurs mainly in the solid state, onto or within molecular ices found on cosmic
dust grains and planetary surfaces. For the reader interested in understanding the nature
and evolution of cosmic dust grains and their role in astrochemistry, we recommend a
few review papers (e.g., [35—42]). Moving from earlier models to current ones has been
favored by the comparison of theoretical simulations with new laboratory experiments
and astronomical observations over the last few decades. Simply put, one of the main
ideas beyond current astrochemistry models is that icy species may dissociate under
energetic processing, such as UV irradiation and cosmic ray bombardment. Depending
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on the temperature of the ice, the so-formed fragments (radicals, ions, ... .) will have a
certain mobility and, as a consequence, a certain efficiency/probability to re-combine. This
way, new species may appear directly within the ice and, among them, COMs may be
formed. As the ice eventually warms up, the mobility of the fragments increases and the
efficiency /probability to re-combine and form new molecules increases as well. Finally,
once the temperature is high enough for the ice to sublimate, it will enrich the gas-phase
with the species it contains, including the more complex molecules (e.g., [1,15,43-49]).
Alternative and complementary models have also been proposed, such as those based on
reactions between stable molecules requiring external energy input by warming up the
sample and on atom addition reactions. Additional details on the various mechanisms,
triggering the formation and evolution of new molecules in ices found on cosmic dust grains
and planetary surfaces, are briefly discussed in the following Section 2. However, a detailed
discussion of these processes and mechanisms is beyond the scope of the current review and
we refer the interested reader to dedicated papers/reviews ([49-56] and references therein).

The discussion so far indicates the importance of a comprehensive understanding
of the physical-chemical mechanisms and processes underlying COM formation and
evolution, especially in molecular ices. Most processes and mechanisms are not yet fully
understood, and in this framework, laboratory studies specifically designed to simulate
astrophysically relevant conditions play a unique role in improving our comprehension.
Thanks to dedicated experiments, realistic scenarios towards molecular complexity can
be established.

In this contribution, after a brief review of the main formation and evolution processes
of COMs in space (Section 2), we focus on a key aspect of COM studies, often not com-
prehensively covered in reviews: the main strengths and weaknesses of in situ detection
and analysis techniques commonly used in experimental astrochemistry (Section 3). The
current experimental challenges and novel techniques to overcome present limitations will
be the focus of Section 4.

2. Formation of COMs in the Solid State

Chemical processes leading to the formation of molecules in interstellar and circum-
stellar environments can be divided into two groups, gas-phase and solid-state surface
reactions. Gas-phase formation routes to COMs are out of the scope of the present re-
view and we refer the interested reader to a recent review paper on this topic [57]. In the
following, we will focus on solid-state reactions.

In colder astrophysical environments, such as diffuse and dense clouds of the ISM, pro-
tostars, protoplanetary disks, and the outer solar system, gas-phase atoms and molecules
may condense onto the cold surface of cosmic dust grains and planetary surfaces, thereby
forming molecular ice. As an example, the ice films covering the micron-sized cosmic
dust grains in dense molecular clouds are predominately made of H,O; the other main
components being CO; (up to about 35%), CO (up to about 30%), NH3 (below 5%), CHy
(below 5%), CH30H (below 5%), H,CO (below 5%), OCN (below 2%), and OCS (below 2%).
Values reported in parenthesis indicate abundances relative to H,O ice. The abundance
values for each species may vary substantially for specific interstellar, circumstellar, or
planetary environments (see, e.g., [13] and references therein). Starting from these species,
larger molecules including COMs are formed in the ice by solid-state reactions. These
are reactions triggered by energetic photon (UV, EUV, X-rays) irradiation, ion and elec-
tron bombardment, thermal processing, and atom addition. In dedicated review papers
(e.g., [15,47,48]), the interested reader can find details on the experimental techniques and
setups commonly employed in laboratory astrochemistry studies to recreate the different
conditions present in astronomical sources. Within the laboratory astrochemistry commu-
nity, irradiation by energetic photons, ions, and electrons is often referred to as “energetic
processing”. In this case, energetic photons or particles impacting a solid-state target
transfer energy into the system, causing the dissociation of stable molecules and leading
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to the formation of highly reactive radicals and ions. From these reactions, new species
originally not present in the unprocessed ice can be formed.

By “thermal” reactions we typically mean reactions between stable molecules requir-
ing additional external energy input by warming up the sample to overcome the reaction
barrier. This energy input would depend on the specific solid-state system under study,
ranging from a few dozen to hundreds of K. Atom addition reactions, typically studied
at low temperatures (3-20 K), are often referred to in the literature as “non-energetic”;
however, they have to also be considered as thermal reactions as atoms have a thermal
distribution of speeds and are not excited by non-thermal processes. For these reactions,
quantum tunneling may play an important role. There are a number of review papers
devoted to the formation of COMs by the triggers mentioned above. We do not aim to du-
plicate them and, in the following, will refer the interested reader to these papers and will
briefly discuss a few experimental examples of recent COM studies relevant to prebiotic
chemistry. When possible, the importance of these COMs is also briefly put in the context
of the direct comparison between laboratory results and astronomical observations.

2.1. Thermal Reactions

Atom addition reactions relevant to low-temperature astrophysical environments
were reviewed by Linnartz et al. [53]. They discussed the pathways to simple and com-
plex organic molecules of prebiotic interest, such as hydroxylamine (H3NO), methanol
(CH30H), and glycolaldehyde (CoH40O,). Their structural formulas are shown in Figure 1.
Further laboratory experiments led to the conclusion that there may be no need for ener-
getic processing to synthesize COMs in the solid state. For instance, Chuang et al. [58]
showed that the hydrogenation (H-addition) of simple ices may result in the formation of
glycolaldehyde (the smallest sugar), ethylene glycol (C;HgO,) (the simplest sugar alcohol),
and methyl formate (an isomer of glycolaldehyde)—all these COMs are detected in astro-
physical environments and in comets. Later, Ioppolo et al. [56] demonstrated that glycine
(CoH5NOy) (the simplest amino acid) and its direct precursor methylamine (CH3NH>),
both detected on comet 67P /Churyumov—Gerasimenko by the Rosetta mission [59], can
be synthesized through atom and radical-radical addition surface reactions. Krim and
Mencos [60] showed that N-addition to acetonitrile (CH3CN) (a potential amino acid pre-
cursor) leads to its chemical transformation into isomers CH3NC and CH,CNH with the
abundance ratios explaining observations much better than the previous studies of such
transformation induced by UV irradiation and particle bombardment. An alternative (to
the hydrogenation of CO ice) route to methanol through H/O addition on the surface of lab-
oratory analogues of cosmic carbonaceous grains was demonstrated by Potapov et al. [55].
Nguyen et al. [61] discussed the formation of amines (potential precursors of amino acids)
through the hydrogenation of nitrile and isonitrile.

Thermal atom-molecule and molecule-molecule reactions as a step towards molec-
ular complexity in astrophysical media were reviewed by Theulé et al. [49]. The au-
thors classified molecules formed through thermal reactions according to their degree of
complexity in an increasing order of generation. The largest molecules formed through
molecule-molecule reactions initiated by warming up their samples (generation 2) included
methylammonium methylcarbamate (CH3NH;3;*CH3;NHCOO") and alpha-aminoethanol
(NH,CH(CHj3)OH), both of which may act as amino acid precursors in astrophysical envi-
ronments. The latter is a chiral molecule—a molecule with an important property when
considering that important biological molecules have chirality as a feature. Amino acids
in proteins are “left-handed” (L) and sugars in nucleic acids are “right-handed” (D) (see,
e.g., [62]). One of the important open questions for laboratory astrochemistry is whether
we can detect chirality in COM chemistry. Such detection would allow for a better under-
standing of the conditions responsible for the formation of prebiotic molecules and the
astronomical search for chiral molecules. This will provide a link between molecules in
space and life on Earth. Until now, only one chiral molecule, propylene oxide, has been
detected in the ISM [63] in addition to amino acids detected in meteorites [64].
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Following earlier investigations, recently, new studies devoted to the formation of am-
monium carbamate (NH;*NH,COO™) through the CO, + 2NH3 reaction were presented.
Ammonium carbamate can be converted into urea (a possible precursor of pyrimidine
required for the synthesis of nucleobases) and water, giving a start to a network of prebiotic
reactions. It was shown that the reaction can be driven by structural changes evolving
in amorphous water ice, such as pore collapse and crystallization, at high temperatures
relevant to protostars and protoplanetary disks (i.e., above 100 K) [65]. Potapov et al. [66,67]
demonstrated that the formation of ammonium carbamate on dust grains in astrophys-
ical environments can be catalyzed by the surface of grains. Alpha-aminoethanol, am-
monium carbamate and other COMs of prebiotic interest have not been detected in as-
trophysical environments because their gas-phase spectra are not available due to the
instability of these molecules in the gas phase at room temperature. This highlights
another important question—how do we measure gas-phase spectra of such COMs for
their detection in astrophysical environments? Section 4.2 discusses one of the potential
experimental possibilities.

2.2. Energetic Processing

In the well-known experiments of Miller and Urey, mimicking the possible condi-
tions of the primitive Earth atmosphere, amino acids were formed starting from simple
molecules, such as CH4, NH3, H,O, and Hy, after exposing the gas mixture to an electrical
discharge producing reactive radicals [68,69]. The idea of triggering reactions by ener-
getically formed radicals has been later followed by a number of groups, leading to the
production of amino acids and other prebiotic species on various gas-phase mixtures of
simple molecules (e.g., [70-72] and references therein). This idea has also been applied to
the extraterrestrial context, where astrochemically relevant ice mixtures are energetically
processed, as discussed in the following.

Reactions triggered by energetic photons (UV, EUV, X-rays) and cosmic rays/solar
wind (i.e., ions and electrons) bombardment fall into the group of energetic processing. De-
tails on the possible mechanisms of COM formation induced by irradiation with energetic
photons and cosmic ray/solar wind particles, relevant to low-temperature astrophysical
environments, can be found in recent review papers (e.g., [15,38,47,48]).

We point out that experiments simulating the effects of the energetic processing
of simple ices (e.g., H,O, CO, CO,) of astrophysical interest have been carried out in
different astrochemistry laboratories around the world, already starting several decades
ago. Discussing these studies in detail is beyond the scope of this review and we refer the
interested reader to a few relevant papers: [73-83]. From the experimental expertise and
data accumulated over the years, it is obvious that the increasing complexity of the starting
ice mixture, UV irradiation and ion and electron bombardment experiments shows great
potential in providing formation routes for COMs. Nevertheless, one should take into
account that increasing the complexity of the starting ices leads to challenges in molecule
identification by commonly used techniques (see Section 3 for a detailed discussion on
this topic).

Focusing on some examples of ion and electron bombardment experiments, interesting
results on possible pathways of amino acid formation were shown after the ion processing
of ices of astrochemical relevance containing CH3CN or CH3CN:H,O [84]. Similarly, the
formation of glycine was observed in processing experiments of ices, after ion irradiation
of HyO:NHj3:CO [85] as well as after electron irradiation of NH3:CH3COOD, CH3NH,:CO,
and CO,:CH4:NH3 mixtures ([86-88]). Another COM considered to have great potential in
prebiotic chemistry—since it is the simplest molecule containing a peptide bond, known
to be the “bridge” connecting amino acids in proteins and polypeptides—is formamide
(NH,HCO). This species has been formed in several processing experiments of solid-
state mixtures containing key astrophysical ices such as H,O, CO, CHy, NHj3, HCN,
or CH3OH, irradiated by energetic ions (e.g., [89,90]) and electrons (e.g., [91,92]). Its
astrophysical importance is given by the fact that formamide has already been detected
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in several astrophysical environments, such as molecular clouds, protostars (e.g., [10,16])
and cometary comae (e.g., [20,25]). As an additional example, methyl formate (already
discussed in Section 2.1) and other COMs were also observed after ion and electron
bombardment of methanol-based ices (e.g., [47,93,94]).

Focusing now on photoprocessing experiments, it has been shown that the irradiation
of planetary and interstellar ice mixtures by energetic photons (UV, EUV, X-rays) may
also induce COM formation. For instance, different amino acids (some of which found in
proteins), sugars and nucleobases were identified in the organic residues left over at room
temperature after the irradiation of solid-state mixtures containing a combination of key
astrophysical ices such as H,O, CH30H, NH3, HCN, CO, and CO; (e.g., [95-101]). The
formation of simpler COMs, such as formamide and methyl formate, was also reported in
photoprocessing experiments starting from different ice mixtures (e.g., [47,102-106]).

We point out that the unambiguous identification of COMs formed in situ during
processing experiments of astrophysically relevant ices is often hampered by the used
analyzing techniques, mainly infrared spectroscopy and mass spectrometry. The main
problems related to these techniques, together with interesting novel techniques which
may overcome their limitations, are the focus of Sections 3 and 4.

3. Common Experimental Techniques Applied for In Situ Detection and Analysis of
Solid-State COMs of Astrochemical Relevance

3.1. Infrared Spectroscopy

In the field of laboratory astrochemistry, Fourier transform infrared (FTIR) spec-
troscopy is one of the two main in situ experimental techniques, usually applied to detect
molecules in the solid state. It uses a broadband thermal radiation source (e.g., globar, Hg
lamp) and an interference pattern of a two-arm Michelson interferometer. In experiments
with ices of astrophysical interest, typical resolutions, ranging from a few to 0.1 cm~!, are
achieved by varying the interferometer path length. FTIR spectroscopy is used in one
of the two main configurations, transmission or reflection mode. In both configurations,
the radiation beam of the IR source points to the surface of the ice sample. When going
through the ice, part of this radiation is absorbed at specific wavelengths which depend
on the molecules constituting the sample (while the intensity of the absorption depends
on the amount of absorbing molecules). The remaining part of the radiation goes through
the ice and, when working in transmission mode, also through the substrate on top of
which the sample was grown, while when in reflection mode, it is reflected by the sub-
strate. For reflection spectroscopy, the term Fourier transform reflection absorption infrared
spectroscopy (FI-RAIRS or, simply, RAIRS) is usually used. The IR beam can be at near
normal incidence to the substrate, but FI-RAIRS mainly works at large angles of incidence
with parallel-polarized light and on metal substrates because it takes advantage of the
high electric field strength on the metal surface, which is only true for the field component
normal to the surface, increasing the sensitivity of the technique. The major advantage of
FT-RAIRS over transmission spectroscopy is that it can be used to detect intra-adsorbate
and adsorbate-substrate vibrations and adsorbate-adsorbate interactions at monolayer
and submonolayer coverages on metal surfaces [107]. On the other hand, a problem of
using reflection spectroscopy is the presence of optical interference effects which often lead
to erroneous measurements of absorption band strengths and give an apparent dependence
of this quantity on film thickness, the index of refraction and wavelength [108].

FTIR spectroscopy allows for in situ and non-destructive characterization of the evo-
lution of the composition and structure of ices before, during and after their thermal or
non-thermal processing at defined experimental conditions, such as a specific tempera-
ture, starting ice composition, and thickness. Besides this, FTIR spectroscopy provides
many additional possibilities, such as multiplex recording, broadband coverage and easy
wavelength calibration. It provides reference spectra that can be used for interpreting
astronomical IR spectra (however, mainly taken by space-borne observatories due to the
absorption of IR radiation by the Earth’s atmosphere). FTIR spectroscopy is a very popular
experimental technique worldwide. The reader can find many examples in the literature
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of experimental studies of COMs carried out by using FTIR spectroscopy (e.g., the review
papers mentioned in the previous section and references therein).

However, the problem of IR spectroscopy as applied to the study of the formation
and evolution of COMs in the solid state is that often several COMs show similar and
overlapping broad spectral signatures belonging to different species, but having the same
functional groups. An example is given in Figure 2, adapted from [104]. Moreover, an
additional difficulty is typically related to the low efficiency of formation of new large and
complex species within the ice, which leads to low amounts of COMs. In this case, the spec-
tral features are very weak and the sensitivity of FTIR spectroscopy is not enough to detect
them. Just to give the reader a reference value, the detection limit of FTIR spectrometers
typically used in most laboratories is in the order of 0.1-1 monolayer of material, i.e., about
10'4-10" molecules cm~2 of the species under study. All this complicates the analysis and
makes the identification of COMs difficult and limited. At smaller wavenumbers, in the
terahertz and millimeter-wave spectral ranges, which are the ranges of many ground-based
observatories (e.g., Effelsberg, GBT, NOEMA and ALMA), the signal to noise of FTIR
spectrometers is limited due to the low power density of the thermal radiation source.
Additionally, the discrete FT procedure becomes problematic at low frequencies because of
the poor spectral resolution.
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Figure 2. IR spectra of a HyO:CO:NHj3 ice mixture (13 K) before (dotted line) and after (solid line) irradiation with soft X-ray
for 2 h. In the figure, the upright inset panel shows the effects of photoprocessing in the range 2750-3550 cm 1. Numerical
labels refer to the wavenumber of the main products of irradiation, identified in the table to the right. Adapted from [104],
© AAS. Reproduced with permission.

3.2. Mass Spectrometry

7

To acquire complementary information on the mass and composition of the “new’
molecules formed in ices, solid-state FTIR spectroscopy is usually used in combination
with gas-phase mass spectrometry (MS), the second key in situ experimental technique. In
a typical MS experiment, species released from the solid state into the gas phase (process
called desorption) reach the ionization region of a quadrupole mass spectrometer (QMS) by
direct flight, are ionized and then ion signals for different m/z (mass to charge) ratios are
detected by a mass spectrometer with a typical mass resolution m/Am of several hundreds.
MS allows one to follow molecular processes taking place within the ice before, during
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and after its processing by detecting and recording the species desorbed from the ice.
As for FTIR spectroscopy, one can observe the evolution of ices at defined experimental
conditions. MS has a very high sensitivity, capable of measuring partial pressures down
to ~107!3 mbar [107]. MS in the laboratory allows for the direct comparison with in
situ MS provided by solar system space missions such as Cassini—Huygens [109] and
Rosetta [110]. The Rosetta mission has provided evidence for the presence of COMs and
prebiotic species, e.g., glycine together with the precursor molecules methylamine and
ethylamine, in cometary ices [27,59].

Mass spectrometry is usually applied to follow the kinetics of the desorption of
molecules from ices in so-called temperature programmed desorption (TPD) experiments.
In these experiments, after growing an ice sample with the molecules of interest (and its
processing with one of the mechanisms discussed in Section 2), the ice is warmed up at a
constant rate, inducing the desorption of molecules from its surface. Released molecules
are detected in the gas phase by a mass spectrometer. Thus, one obtains information on
the mass of a desorbed molecule and its desorption temperature and rate, which can be
converted into a desorption energy. These quantities can then be used in astrochemical
models. However, in the thermal desorption process, reactions may occur during the
warm-up phase of the ice mixture. This makes it challenging to distinguish between COMs
originally formed in the ice mixture at low temperature or during the heating process.

As for the case of FTIR, MS is a broadly used experimental technique. The reader
can find many examples in studies on COM formation and evolution (see, e.g., the review
papers mentioned in Section 2 and references therein).

As an example of a mass spectrum for COMs, we present in Figure 3 (left panel)
the spectrum of carbamic acid (NH,COOH), recorded at 265 K [111]. Masses 17, 18, 44,
and 61 correspond to 14NH;, ’'NHj;, CO, and NH,COOH, respectively. This example
highlights one of the main problems of a typical MS experiment. In the given example, the
peak at m/z = 18 may be attributed to H,O instead of >’NHj; and therefore some of the
molecules at m/z = 17 are OH molecules. The same problem of uncertain identification
of the peak signals is clearly visible in the right panel of Figure 3 [112], where another
drawback of MS is also shown: electron impact ionization of desorbed molecules leads
to the fragmentation of the molecule and ambiguous attribution of the fragments. This is
especially true for larger COMs, which are fragile and, under electron impact, can be easily
destroyed. This implies that, by using MS, we do not detect the intact desorbed COM, but
only its fragments. Moreover, MS suffers from several additional drawbacks which limit its
use. Thermal desorption in a conventional TPD experiment is only able to desorb relatively
volatile molecules (i.e., simple ones); for refractory molecules that only desorb above room
temperature, alternative desorption methods are needed. In addition, conventional QMS
has a rather limited sensitivity and mass resolution. Larger COMs produced in standard
experiments usually have a relatively low production yield, often below the detection limit
of the technique, implying that they cannot be detected by QMS. Finally, as the size of COM
increases, it becomes increasingly difficult to identify the chemical formula of the molecule
because of the low mass resolution. Consequently, it is not always possible to distinguish
high mass COMs, molecules with similar masses, and structural and chiral isomers of
the same molecule. The problem of high- and similar-mass COMs (but not the isomer
problem) can be solved by using high-resolution mass spectrometers, such as time-of-flight
(TOF) MS and Orbitrap, the latter reaching a mass resolution of 10°. However, specific
structural isomers without their degradation (fragment-free) can be probed by using the
tunable single photon vacuum ultraviolet photoionization in combination with reflectron
time-of-flight mass spectrometry [113]. For details of these techniques, we refer the reader
to Section 4.
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Figure 3. (a) Mass spectrum of NH,COOH at T = 265 K obtained using a quadrupole mass spectrometer. Republished
with permission of Royal Society of Chemistry, from [111]; permission conveyed through Copyright Clearance Center,
Inc. (b) The ¥NH,CH(CH;3)OH and *NH,CH(CH3)OH mass spectra at 200 K. M is the mass of the molecular ion of
NH,CH(CH3)OH m/z 61. Credit: adapted from [112], reproduced with permission © ESO.

3.3. Complementary Ex Situ Techniques

The main goal of in situ studies is to mimic physical-chemical processes taking place
in space under particular conditions, such as low temperature and pressure, relevant
to specific astrophysical environments. However, complimentary information can be
obtained ex situ. Although outside the focus of this review, we want to mention some
additional ex situ techniques used in complement to the techniques and methods discussed
in the previous sections. As an example, two powerful ex situ methods to study COM
produced by the processing of ices of astrophysical interest are gas chromatography—
mass spectrometry (GC-MS) and high-performance liquid chromatography (HPLC). These
methods were used, for instance, to identify prebiotic molecules produced by the energetic
processing of ices such as ribose and other monosaccharides [99], amino acids [95,96]
and nucleobases [114]. Other examples of relevant techniques are X-ray absorption near-
edge structure (XANES) spectroscopy, energy-dispersive X-ray (EDX) spectroscopy, and
transmission and scanning electron microscopy (TEM and SEM, respectively) used for the
elemental analysis and chemical and structural characterization of samples. These and
other ex situ methods are typically used when working with strongly bonded molecules,
which pose a challenge to the thermal desorption technique. In such cases, after warming
up the processed ices to room temperature, a refractory organic residue remains on the
substrate. This residue can be constituted by COMs and prebiotic molecules, which cannot
be fully characterized by conventional IR or MS techniques. After removing the residue
from the vacuum chamber, it is ready to be analyzed by the aforementioned methods.
However, the fact of working ex situ introduces additional problems, e.g., the opening for
“undesirable” chemical reactions within samples during warming up and, after removing
the residue from the vacuum chamber, with ambient air. This may alter the composition of
the residue and affect, to some extent, the analysis results. A direct link to the astrophysical
processes of interest taking place under low-temperature and low-pressure conditions can
therefore be lost.
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4. Experimental Challenges and Novel Techniques

In the previous section, we already discussed that infrared spectroscopy and mass
spectrometry are the most widely used techniques in solid-state astrochemistry to charac-
terize molecular ices and the desorption of molecules. Although important astrochemical
pathways have been revealed by these techniques, their application is mostly limited to
relatively simple molecules. As the size and number of COMs within the ice increase, it be-
comes more and more difficult to identify the exact molecules responsible for the observed
IR features and MS signals. To overcome these difficulties and allow the identification of
larger COMs, new techniques are being developed. Some of these techniques are discussed
in this section.

4.1. Promising Mass Spectrometry Technigues

Molecules embedded in solid-state ices need to be desorbed into the gas phase for
characterization by mass spectrometry. In addition to thermal desorption, laser desorption
is a technique that gained popularity in chemical and biological studies (see, e.g., [115-117])
but started to be used in astrochemical studies only recently (e.g., [118,119]). Typically, a
laser pulse, either in the UV or IR, is absorbed by a small column of the ice and generates a
high intensity of heat in a relatively small spot size, increasing the temperature drastically.
This leads to an instantaneous desorption of ice at the spot, releasing the molecules from
the ice to the gas phase. As the desorption laser is usually pulsed, the technique works
particularly well with mass spectrometers that rely on synchronization, such as time-
of-flight mass spectrometers (TOF-MS). Although both UV and IR lasers are used for
desorption, their performance varies with the specific system under study. UV lasers
provide higher energy density than IR lasers, and may generate electronic vibrations
of molecules. IR lasers are characterized by lower energy density and only excite the
vibrational modes of molecules. For low absorption efficiencies of the molecules, the
desorption yield would be relatively low. As a remedy to this problem, one could use
an ice matrix that absorbs strongly at the laser wavelength. For this purpose, succinic
acid, glycerol, urea, benzoic or cinnamic acid derivatives were used as matrices in prior
studies [116,120,121]. However, in astrochemistry experiments, it makes sense to use an
astrophysically relevant matrix. Water, being the main component of interstellar and
planetary ices, is an ideal choice for the ice matrix. The possibility of using water ice
as the matrix has already been demonstrated [119,122-124]. In these studies, an IR laser
emitting at the frequency of the OH stretching mode is applied for efficient desorption.
When designing laser desorption experiments, it is therefore important to choose the
wavelength so that it overlaps with the infrared absorption peak of the ice matrix material.
For this reason, one needs to know the wavelength dependence of the laser desorption
yield for different matrix molecules. Such a study was carried out by Focsa et al. [125], who
measured the laser desorption yield of water and ammonia. Similar measurements are
desirable for other matrix candidates.

After desorption from the solid state, COMs need to be ionized before being detected
by a mass spectrometer, which measures the mass to charge ratio. In QMS, molecules are
typically ionized by electron impact. An electron energy of about 70-100 eV is usually
chosen to have a balance between a high degree of ionization and a low degree of frag-
mentation. However, as the size of the molecule increases, the fragmentation probability
increases. It is even possible that almost all the parent molecules are destroyed by electron
impacts and one can only measure fragments. This makes the identification of the parent
molecules a challenging task.

To solve the problems of destructive “hard” ionization by electron impacts, lasers have
been employed as a source of less-destructive “soft” ionization. The energy of UV photons
is much lower than the energy of 70-100 eV electrons and therefore UV light can ionize
molecules without significant fragmentation [126]. When a UV laser is used, usually one
desorbed molecule absorbs a photon, and is ionized to have a single charge with negligible
fragmentation. The mass to charge ratio directly corresponds to the parent molecule. If
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a tunable UV laser is used, it is even possible to distinguish between molecules with the
same mass or even the same chemical formula (i.e., isomers). This is because different
molecules usually have different ionization energy thresholds. By selecting the photon
energy to be above the threshold value, corresponding to one molecule while being below
the value corresponding to the other molecule, one only ionizes the molecule with the lower
ionization energy [113]. This provides extra information for the identification of COMs
that is unavailable to conventional mass spectrometry. Resonance-enhanced multi-photon
ionization (REMPI) is an alternative in situ method to ionize molecules (e.g., [127,128]). In
REMPI experiments, molecules are first excited to an excited intermediate state by multiple
photons, followed by ionization from the intermediate state by another photon or multiple
photons. This technique has been applied by a number of groups to near ultraviolet
spectroscopy of small molecules (H,, HyO) desorbed from ices of astrophysical interest in
TPD experiments (e.g., [128,129]). However, so far, laser ionization has not gained wide
application in the study of COM formation under conditions relevant to astrophysics. As
the study of COM formation proceeds to larger and larger ones, laser ionization will have
much to offer for the identification of larger COMs.

As discussed above, a laser is a powerful tool with tremendous potential for both
the desorption and ionization of COMs. It is therefore natural to use a single laser for
both aspects, thus exploiting their strength. Such a method, typically used in combination
with a matrix, is called matrix-assisted laser desorption/ionization (MALDI). It has firstly
gained popularity in chemistry and biomedicine after being introduced by Karas and
co-workers [130]. Biological molecules as large as hundreds of thousands amu [122] are
measured using MALDI without fragmentation. For a review of the application of MALDI
to the identification of large biomolecules, we refer the reader to Clark et al. [131]. Figure 4
shows an example of the mass spectrum obtained from a MALDI experiment using a
Linear Trap Quadrupole (LTQ) Orbitrap Mass Spectrometer as a detector. Here, a matrix
which absorbs strongly at the wavelength of the laser is chosen. The intense heat generated
by the laser pulse rapidly evaporates the matrix, forming a plume which contains the
large biological molecules buried inside [121]. During the formation of the plume, the
molecules are ionized. The exact mechanism of ionization is still debated, and several
models are proposed as possible explanations of the ionization. For a detailed discussion,
we refer the reader to dedicated reviews such as [132,133]. Both UV and IR lasers have
been employed for MALDL. In the earlier years of MALDI, UV lasers were used almost
exclusively [122]. Later on, since water is present in many biological samples and the IR
beam absorbs strongly in the O-H stretching vibrational mode of water, there has been
an increasing number of MALDI experiments using IR lasers. Niu et al. [134] compared
the results of MALDI experiments performed by using IR and UV lasers, and showed that
similar results were obtained from these two lasers. This suggests that the choice of the
laser is largely dictated by the choice of the matrix material. In astrochemical studies of
COM formation in astrophysically relevant ices, with water being the main component, the
use of IR lasers would be a good choice.
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Figure 4. Representative MALDI LTQ Orbitrap MS of selected proteins. The panel insets show expanded MS regions
containing Apll and Apl3 peptides. Adapted from [135], Copyright Elsevier (2010).

Although MALDI is widely used in biological studies, it gained little attention in the
astrochemical community. As far as we know, so far, there is only one astrochemistry labo-
ratory that used the MALDI technique to identify COMs that are formed in astrophysically
relevant ices [103,119,136]. The setup is shown in Figure 5. Gudipati and co-workers grew
an ice mixture on a substrate kept at a temperature as low as 5 K, followed by irradiation
with 2 keV electrons or UV photons, producing new species, including COMs such as
formamide, acetamide, and methyl formate [103]. Subsequently, the ice mixture is exposed
to a pulsed IR laser beam which desorbs and ionizes the molecules in the ice. To have a
better ionization efficiency, an additional pulsed UV laser is also employed; therefore, they
named the technique “two color” (2C) MALDIL. It is synchronized with the IR laser but with
a time delay. The delay is tuned so that the signal of the detected ions is optimized. The
detector is a TOF-MS, by means of which COMs are identified. Gudipati and co-workers
used one or more of the following three molecules as the matrix: water, ammonia and
methanol. All these three molecules represent key species for astrophysical ices and have a
relatively strong absorption in the IR, around 3 microns.

Ions produced by the ionization process, either with or without a matrix, are analyzed
by a mass spectrometer to identify the parent molecules. Conventional QMS has a relatively
low mass resolution and therefore is not ideal for the identification of larger COMs. High-
resolution mass spectrometry (HRMS, resolution better than 10*) fills this gap and has been
proven to be a powerful tool. A comprehensive review of HRMS can be found in [137].
There are three main types of HRMS: time-of-flight mass spectrometry (TOF-MS), Fourier
transform ion cyclotron resonance mass spectrometry (FTICR-MS), and Orbitrap-MS. In
TOF-MS, ions are accelerated by a high voltage, usually in the kV range, and travel in a
flight tube. The time that the ions spent in the flight tube (i.e., time of flight) before reaching
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the detector depends on the mass to charge ratio of the ions. TOF-MS has a fast scan rate,
but a lower sensitivity and lower mass resolution than the other two types of MS. Typically,
high-resolution TOF-MS has a mass resolving power around 10*. Modern TOF-MS uses
additional techniques, such as reflectron or multi-pass, to yield an even higher resolving
power of a few 10° ([137] and references therein). FTICR-MS and Orbitrap-MS are both
Fourier transform mass analyzers. Both of them have a mass resolving power in the
10°-10° range. FTICR-MS has a better performance in the lower mass range (less than
a few hundred amu) [138]. In an FTICR-MS, a superconducting magnetic field confines
the motion of ions to approximately cyclotron motion. The frequency of the cyclotron
motion is related to the mass to charge ratio. The ions rotating at their resonance frequency
induce an image current, which is measured and then Fourier transformed to the mass
domain. Orbitrap-MS, instead of a superconducting magnet, uses an electrostatic field
between a spindle-like central electrode and a barrel-like outer electrode for ion trapping.
Due to the electrostatic force, ions cycle around the central electrode and simultaneously
oscillate along its axis. Axial oscillations of ions are m/z-dependent and are detected by
their image current produced on the outer electrode. Similar to FTICR-MS, this signal is
measured and converted to the mass domain. Figure 4 shows an example of the mass
spectrum obtained by an Orbitrap-MS. Since its introduction in 2004, Orbitrap-MS has seen
a wide range of applications in the identification of large biomolecules. Due to its compact
design of ion trapping, it is even being modified for future spaceflight missions [139]. For
a more detailed discussion of Orbitrap-MS, we refer the interested reader to the reviews
by [138,140].
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Cryogenic Ice
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Figure 5. Schematic representation of the system developed at the Ice Spectroscopy Laboratory
(ISL) at NASA Jet Propulsion Laboratory. The substrate is rotated for Vacuum Ultraviolet (VUV)
irradiation and subsequent 2C-MALDI TOF-MS measurements, in situ, within the vacuum chamber.
Adapted from [136], © AAS. Reproduced with permission.

To summarize, the combination of the aforementioned techniques, MALDI plus high-
resolution mass spectrometry (TOF-MS, Orbitrap-MS, or FTICR-MS), shows great potential
for the in situ detection and characterization of astrophysically relevant COMs. The final
choice between the proper mass spectrometry technique to be coupled to MALDI would
be defined by the resolution requirements of the specific system to be studied.

4.2. Promising Spectroscopy Techniques

As discussed in previous sections, even with a highly sensitive MS, it is not possible to
identify structural and chiral isomers of COMs. However, there is an additional promising
experimental approach to detect, in situ, COMs formed in solid-state or surface reactions
and released into the gas phase. This possibility is provided by high-resolution gas-phase
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spectroscopy. High-resolution spectroscopy in the microwave (MW), millimeter-wave
(MMW), terahertz (THz), and infrared (IR) spectral regions is a well-known and widely
used tool to study rotational and ro-vibrational spectra of molecules and weakly bound
molecular clusters. We refer the interested reader to the Handbook of high-resolution
spectroscopy [141] and a couple of review papers [142,143]. High-resolution laboratory
spectra are routinely used for the assignment of astronomical spectra obtained by ground-
based radio telescopes.

High-resolution laboratory spectra provide unambiguous information on the molecu-
lar composition and structure of the analyzed sample because each molecule (including
isomers) has its own, unique, spectroscopic signature due to the specific rotational and
ro-vibrational energy levels defined by the composition and structure of the molecule.
Importantly, it was shown that MW spectroscopy allows for the detection of molecular
chirality [144,145]. Thus, high-resolution spectroscopy may also help in exploring the
origin of the chirality of COMs.

Combing desorption techniques discussed above with high-resolution gas-phase spec-
troscopy may potentially allow for the unambiguous identification and characterization of
solid-state COMs. Indeed, this approach led to the independent development of two new
experimental setups. Figure 6 shows the schematics of these setups.

One setup (shown in the left panel of Figure 6) is based on a combination of a broad-
band high-resolution THz spectrometer and a simple surface desorption experiment [146].
The setup allows for the direct absorption measurements of gas-phase spectra of desorbed
species directly above the ice surface and is benchmarked on the detection of thermally
desorbed H,O, D,0, and CH3OH. It was demonstrated that the detection limit of the
technique is about 10°~10'° molecule cm~3, which is several orders of magnitude worse
than the MS detection limit [107]. However, the sensitivity of such a setup can be improved
by implementing multi-pass optics, providing many passes of the radiation through the
sample and, thus, increasing the absorption path length. Examples of multi-pass optics in
high-resolution spectroscopic studies can be found in the literature (e.g., ([147,148]). The
setup also includes a 670 nm laser diode for monitoring the ice thickness and a UV lamp
for inducing energetic processing of the pure ices.

The other setup (shown in the right panel of Figure 6) is a combination of a chirped
pulse Fourier transform microwave (CP-FTMW) spectrometer and a U-shaped waveguide
as a molecular cell mounted in a high-vacuum chamber, where this waveguide could be
cooled to cryogenic temperatures [149]. The development of the CP-FTMW technique was
performed by Pate and co-workers [150] and has quickly been used by several groups to
obtain high-resolution gas phase spectra (e.g., [151-154]) and to study reaction dynamics
(e.g., [155-158]). The ability of a CP-FTMW spectrometer to create a phase-reproducible
chirped excitation pulse of more than 10 GHz linear frequency sweep and microsecond
duration with subsequent broadband signal detection makes it possible to simultaneously
detect many transitions, belonging to a single or several species with meaningful relative
intensities, thus allowing one to follow the time evolution of spectra and reaction dynamics.
In the experiments discussed in [149], ice samples were deposited onto the waveguide inner
walls, and the desorbed molecules were detected inside the waveguide by using the CP-
FTMW spectrometer with a 1 GHz frequency sweep. The setup was tested by measuring
the high-resolution inversion spectrum of NHj desorbed during the TPD experiments.
The detection limit of the setup was estimated to be 6 x 10~ mbar or 5 pmol of material.
This is again several orders of magnitude worse than the MS detection limit; however, the
setup has the advantage of providing broadband molecular spectra of desorbing volatiles.
Potentially, the sensitivity of such a setup can be increased by increasing the power of the
microwave excitation and decreasing the noise of the molecular response. However, the
authors estimated that their setup should already be sensitive enough to study rotational
spectra of COMs formed in the solid state and released into the gas phase. The authors also
discussed possible modifications of the setup to perform UV-triggered surface chemistry.
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with permission from [149]. Copyright 2020, American Chemical Society.

To summarize, a new experimental approach—the combination of gas-phase high-
resolution spectroscopy with a surface desorption technique—has been presented by
two groups. Both experimental setups show potential for in situ COM detection and
characterization. However, neither has been directly tested, so far, on COMs synthesized in
surface reactions. For this, proof of the applicability and suitability of this new experimental
approach is necessary.

5. Conclusions

Complex organic molecules (COMs) are considered to be potential precursors of prebi-
otic species, such as amino acids, sugars, and nucleobases. In this review, we discussed the
nature of COMs and their detection and occurrence in several astrophysical environments
such as interstellar clouds, protostars, protoplanetary disks, and the outer solar system. We
provided the processes and mechanisms underlying the formation and evolution of COMs
in the solid state, i.e., within molecular ices of astrophysical interest. We reviewed several
fundamental experimental studies, which have been performed by different groups and
with various setups and facilities, resulting in a great experimental effort and advancement
toward the understanding of the COM formation mechanisms. Nevertheless, many ques-
tions are still open, such as those involving the identification and analysis of more complex
COMs formed in situ during processing experiments of astrophysically relevant ices.
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In this context, we discussed the main problems and limitations of infrared spec-
troscopy and mass spectrometry, the most commonly used experimental techniques for
the study of solid-state COMs. Although these techniques have greatly contributed to
the advancement of knowledge in the field of astrochemistry, their further contribution
to this area of research has reached its intrinsic limit. The main problems of infrared
spectroscopy and mass spectrometry are related to the identification and characterization
of large molecules as the main scientific goals in the field of astrochemistry are moving
towards species with increased molecular complexity. However, knowledge brought from
other research fields (such as gas-phase spectroscopy, chemistry, and biology) provides the
possibility to initiate novel experimental techniques in the field of solid-state astrochem-
istry, which show great potential to overcome the main experimental limitations of present
experiments. Examples have been provided in this review, focusing on important technical
details and demonstrating the advantages and benefits of these novel techniques.

We believe that the experimental route described in the present review will be the next
big step for laboratory astrochemistry towards a better understanding of the astrochemical
pathways from simple molecules to complex organic and prebiotic molecules.
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