Downloaded via UNIV OF HAWAII on December 15, 2020 at 22:55:28 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCOUNTS

s.e-a-r-c-h

pubs.acs.org/accounts

Exploiting Photoionization Reflectron Time-of-Flight Mass
Spectrometry to Explore Molecular Mass Growth Processes to
Complex Organic Molecules in Interstellar and Solar System Ice
Analogs

Published as part of the Accounts of Chemical Research special issue “Astrochemistry and Planetary Science”.
Andrew M. Turner and Ralf I. Kaiser*

Cite This: Acc. Chem. Res. 2020, 53, 2791-2805 I: I Read Online

ACCESS ‘ [ihl Metrics & More | Article Recommendations

CONSPECTUS: This Account presents recent advances in our

understanding on the formation pathways of complex organic

molecules (COMs) within interstellar analog ices on ice-coated

interstellar nanoparticles upon interaction with ionizing radiation x 'S
exploiting reflectron time-of-flight mass spectrometry (ReTOF- '

MS) coupled with tunable vacuum ultraviolet (VUV) single

photon ionization (PI) and resonance enhanced multiphoton C ;¥
ionization (REMPI) of the subliming molecules during the -
temperature-programmed desorption (TPD) phase. Laboratory 1 : /} f'@
simulation experiments provided compelling evidence that key ,’}L 0 @’@
classes of complex organics (aromatic hydrocarbons, alcohols, @;’ T

ethers, aldehydes, enols, ketones, and carboxylic acids) can be
synthesized upon exposure of astrophysically relevant model ices pA = - Pl

to ionizing radiation within and throughout the ices at temperatures Mass-to-charge (miz)

as low as 5 K.

Molecular mass growth processes can be initiated by suprathermal or electronically excited reactants along with barrierless radical—
radical recombination if both radicals hold a proper recombination geometry. Methyl (CH;), amino (NH,), hydroxyl (OH), ethyl
(C,Hy), vinyl (C,H;), ethynyl (C,H), formyl (HCO), hydroxycarbonyl (HOCO), hydroxymethyl (CH,0OH), methoxy (CH;0),
and acetyl (CH;CO) represent readily available reactants for radical—radical recombination within the ices. Reactive singlet species
were found to insert without barrier into carbon—hydrogen and carbon—carbon single bonds (carbene) leading to an extension of
the carbon chain and may add to carbon—carbon double bonds (carbene, atomic oxygen) forming cyclic reaction products. These
galactic cosmic ray-triggered nonequilibrium pathways overcome previous obstacles of hypothesized thermal grain-surface processes
and operate throughout the ice at S K. Our investigations discriminate between multiple structural isomers such as alcohols/ethers,
aldehydes/enols, and cyclic/acyclic carbonyls. These data provide quantitative, isomer selective input parameters for a cosmic ray-
dictated formation of complex organics in interstellar ices and are fully able to replicate the astronomical observations of complex
organics over typical lifetimes of molecular clouds of a few 10° to 10 years. Overall, PI-ReTOF-MS revealed that the processing of
astrophysically relevant ices can lead to multifaceted mixtures of organics reaching molecular weights of up to 200 amu. Further
advances in laboratory techniques beyond the FTIR-QMS limit are clearly desired not only to confidently assign detection in
laboratory ice analog experiments of increasingly more complex molecules of interest but also from the viewpoint of future
astronomical searches in the age of the Atacama Large Millimeter/submillimeter Array (ALMA).
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modeling study reveals that interstellar enols like vinyl alcohol
(C,H;0H) may act as tracers of a cosmic-ray-driven
nonequilibrium chemistry leading to complex organics within
low-temperature interstellar ices at 10 K.

Bergantini, A.; Abplanalp, M. J.; Pokhilko, P.; Krylov, A. L;
Shingledecker, C. N.; Herbst, E.; Kaiser, R. 1. A Combined
Experimental and Theoretical Study on the Formation of
Interstellar Propylene Oxide (CH;CHCH,0)—A Chiral
Molecule. Astrophysical Journal 2018, 860, 108.” This
work discloses that racemic propylene oxide (c-C3H40)
detected toward the high-mass star-forming region Sagittarius
B2(N) can be synthesized by nonequilibrium reactions
initiated by galactic cosmic rays on ice-coated interstellar
nanoparticles through excited-state, spin-forbidden pathways
operating at 10 K.

Abplanalp, M. J.; Frigge, R.; Kaiser, R. I. Low-temperature
synthesis of polycyclic aromatic hydrocarbons in Titan’s
surface ices and on airless bodies. Science Advances 2019,
5, eaaw5841.> Aromatic molecules such as benzene,
naphthalene, and phenanthrene can be efficiently formed
via galactic cosmic ray processing of low-temperature
acetylene ices (of airless bodies) throughout our Solar System
thus challenging conventional wisdom that aromatic hydro-
carbons are formed solely via gas phase reactions in
hydrocarbon-rich atmospheres of planets and their moons.
Kleimeier, N. F.; Turner, A. M.; Fortenberry, R. C,;
Kaiser, R. I. On the Formation of the Popcorn Flavorant
2,3-Butanedione (CH;COCOCH;) in Acetaldehyde-
Containing Interstellar Ices. ChemPhysChem 2020, 21,
1531-1540." We reveal the laboratory detection of 2,3-
butanedione (diacetyl, CH;COCOCH;), a butter and
popcorn flavorant, synthesized within acetaldehyde-based
interstellar analog ices exposed to ionizing radiation
exploiting isotopic substitution experiments combined with
isomer-selective, tunable vacuum ultraviolet (VUV) photo-
ionization of the subliming molecules, thus constraining the
molecular complexity of molecules forming in extraterrestrial
ices.

1. INTRODUCTION

For the last decades, cold molecular clouds, such as the Taurus
Molecular Cloud (TMC-1) and Bernard 68 (Figure 1), have
emerged as molecular factories and natural laboratories on a
macroscopic scale and aided our understanding of the
fundamental processes leading to the synthesis of complex
organic molecules (COMs) in the interstellar medium (ISM),
the space between the stars, through astronomical observations
combined with astrochemical modeling and laboratory experi-
ments (Table 1).'~* Molecular clouds are characterized by
number densities of 10> to 10* molecules cm™ and kinetic gas
temperatures of 10—15 K with interstellar dust particles,
nanometer-sized siliceous and carbonaceous grain nuclei,
shielding COMs from the destructive photon field.” Due to
the efficient extinction of ultraviolet (UV) and visible (vis)
photons, dense clouds entirely block the light of stars lying
behind them. Considering that COMs comprise close to 80% of
the 206 detected interstellar and circumstellar molecules, among
them essential precursors to molecular building blocks of life
such as the sugar-related glycolaldehyde (HCOCH,OH), the
processes that drive low-temperature organic chemistry in deep
space represent a fundamental chemistry problem. These
pathways define the molecular complexity that can be reached
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Figure 1. Image of the cold molecular cloud Bernard 68. This cloud is
on the brink of gravitational collapse within the next 200 000 years
leading to the formation of stars and conceivably solar systems (Credit:
ESO).

in our universe and advance our perception of where in our
Galaxy molecular precursors to the origins of life might be
synthesized.

Whereas sophisticated gas phase reaction networks coupling
barrierless, bimolecular ion—molecule® and neutral—neutral
reactions’ account for the formation of hydrogen-deficient
organics like cyanopolyynes (H(C=C),CN; n 1—4),”%
pathways leading to COMs have remained elusive, with gas
phase models predicting fractional abundances orders of
magnitude lower than observed." Mehringer et al. proposed
that the synthesis of complex organics is linked to the processing
of low temperature (10 K) ice-coated nanoparticles (interstellar
grains) by ionizing radiation such as galactic cosmic rays
(GCRs) and the internal ultraviolet photon field in cold
molecular clouds and in star forming regions.” Interstellar ices
consist of, for example, water (H,0O), methanol (CH;OH),
carbon monoxide (CO), carbon dioxide (CO,), methane
(CH,), and ammonia (NHj;) a few hundred nanometers thick
(Table 2). Exposure of these ices to ionizing radiation (photons,
GCRs) may trigger the formation of COMs by reactions of
atoms with excess kinetic energy'’ and vibrationally excited
radicals,’ which are not in thermal equilibrium with the
surrounding ice. Along with reactions of electronically excited
atoms and molecules,'' these species can easily overcome
reaction barriers® that lead to complex organics, some of which
can be ejected from the grains via §rain explosions,'” grain—
grain collisions,"* photodesorption,’ >

or reactive desorption,l‘
which enriches the gas phase even at 10 K. Eventually, the
densest parts of these molecular clouds undergo gravitational
collapse and ultimately develop into star forming regions. There,
heating from the central star raises temperatures up to 300 K and
leads to partial sublimation of the molecules formed on the
grains into the gas phase, and these molecules can be detected by
radio telescopes. In this hot core stage, the molecular synthesis
may also advance thermally through radical—radical recombi-
nation when the radicals diffuse within the ices as well as on the
grain surface.'® The relative role of nonthermal (molecular
cloud stage) versus thermal (hot core stage) molecular synthesis

https://dx.doi.org/10.1021/acs.accounts.0c00584
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Table 1. Key Classes of Ubiquitous Complex Organic Molecules (COMs)“ identified in the Gas Phase of the Interstellar Medium
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“COMs are per astronomical definition organic molecules containing six or more atoms of carbon, hydrogen, oxygen, and nitrogen. “Molecular
hydrogen represents the dominant molecule followed by carbon monoxide (CO) with fractional abundances relative to molecular hydrogen of

about 8 X 107° with COMs detected at levels of up to some 10~

8 Molecules in bold were confirmed in comet 67P/ Churyumov—Gerasimenko;

molecules whose formation pathways have been untangled in our laboratory are color coded in blue.

Table 2. Molecules Identified on Interstellar Grains toward
Massive Young Stellar Objects (MYSO) and in Cometary Ices
along with Their Abundances Relative to Water”

molecule  abundance toward molecular clouds®  abundance in comets”
H,0 100 100
CH,0H 3-31 02-7

CO 3-26 0.4-30

co, 11-27 4-30

CH, 1-3 04-16
H,CO 2-7 0.11-1.0

NH, 7 02-14

OCS 0.03—-0.16 0.1-0.4
OCN~™ 0.1-1.9

“These molecules represent the molecular building blocks and
precursors to complex organic molecules (COMs) synthesized in
low temperature extraterrestrial ices by ionizing radiation in the form
of photons and galactic cosmic rays. Tenuous detectlons, such as for
HCOOH, are not included. Data from ref 26. "Relative to the water
ice.

is essentially unknown, but growing numbers of observations
suggest that the nonthermal formation mechanisms can be more
efficient at low temperatures than previously thought.'” ™"
Traditionally, Fourier-transform infrared spectrometry
(FTIR) has been implemented to elucidate the effects of the
interaction of ionizing radiation with astrophysical analog
ices.”””" Although FTIR represents a facile approach to unravel
the destruction kinetics of small molecules such as water (H,0),
carbon monoxide (CO), carbon dioxide (CO,), methane
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(CH,), and methanol (CH;0H), along with the formation
rates of new radicals within the ices like formyl (HCO),
hydroxycarbonyl (HOCO), hydroxymethyl (CH,OH), and
methyl (CH,), the capability of FTIR to detect COMs
synthesized within the ices is often restricted.”” Since functional
groups of organics such as of carbonyl groups of, for example,
aldehydes and ketones portray comparable group frequencies in
the range of 1850 to 1600 cm™', FTIR rarely permits an
assignment of newly synthesized individual molecules in
complex mixtures within the ices.”> Complementary to FTIR
in the condensed phase, quadrupole mass spectrometry (QMS)
coupled with electron impact (EI) ionization of the subliming
molecules during the temperature-programmed desorption
(TPD) of the irradiated ices has been widely explored to
identify molecules after their sublimation into the gas phase.” EI
sources operating at typical electron energies up to 90 eV lead to
extensive fragmentation and, in the most unfavorable situation,
elimination of the molecular parent ion. Considering that ion
fragments of structural isomers frequently overlap, isomers can
hardly be discriminated. Soft ionization with low-energy
electrons of a few electronvolts has only a limited advantage
considering the extensive voltage drop of 1-2 eV across the
filament, and even structural isomers such as acetaldehyde
(HCOCHj; IE = 10.23 eV) and ethylene oxide (c-C,H,O; IE =
10.56 €V) cannot be discriminated since their ionization
energies (IE) fall within the energy spread of the electrons.
These considerations make it clear that a high-level innovative
experimental investigation of the formation and isomer-selective
detection of complex organics is imperative to deliver much

https://dx.doi.org/10.1021/acs.accounts.0c00584
Acc. Chem. Res. 2020, 53, 2791-2805
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Figure 2. Benefits of fragment free single photon ionization. (left) Extensive fragmentation by electron impact ionization (70 eV) of ethylene glycol
(HOCH,CH,OH); (right) single photon fragment-free ionization (10.6 eV) resulting in an intense molecular ion peak.
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Figure 3. Top view of the main chamber including the cryogenic target (point of converging lines), analytical instruments, and electron source. The
particle source is aligned with respect to the low temperature target to allow for the simultaneous in situ monitoring of FTIR, Raman, and UV—vis
spectroscopies. After exposing the sample to ionizing radiation, the cold head is heated allowing the newly formed products to sublime and become
photoionized and mass analyzed. The inset (top right) shows the geometry of the ReTOF ion source with respect to the target and ionization laser.

needed identification of the synthesized COMs along with the
underlying synthetic pathways. This requires new expertise
exploring transformative concepts in laboratory astrophysics and
exploiting previously unavailable detection techniques inter-
faced to space simulation chambers. These studies yield a better
understanding of the formation of key classes of complex
organics and constrain the molecular complexity that can be
synthesized in deep space. In this Account, recent advances on
the formation pathways of four key classes of complex organics

2794

in interstellar ices are examined: (i) aromatic hydrocarbons, (ii)
alcohols and ethers, (iii) aldehydes and enols, and (iv)
carboxylic acids. By implementation of these findings into
astrochemical models incorporating previously discounted
nonequilibrium chemistry throughout the interstellar ices,
exciting reaction mechanisms for key classes of ubiquitous
COMs are revealed and presented in astrochemical context.
This Account concludes with implications of our work and
comments on future research directions in this field.

https://dx.doi.org/10.1021/acs.accounts.0c00584
Acc. Chem. Res. 2020, 53, 2791-2805
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Figure 4. Schematics of distinct photoionization schemes. (left) Nonresonant four-wave mixing in a rare gas (nonlinear medium) from one frequency
(w;) to generate vacuum-ultraviolet light (VUV), @yyy = 3®,. (center) Resonant four-wave mixing to produce VUV light in a rare gas (nonlinear
medium). The blue arrows represent the first frequency (@, ), red arrows correspond to the second frequency used (®,), and purple arrows designate
the VUV photon that is produced (@yyy). Typically, @, is a UV photon and @, is a photon in the visible region. Four-wave sum mixing is shown on the
center left. Here, two photons of @, (2w,) are added to @, producing wyyy(@yyy = 2@, + ®,). Four-wave difference mixing is depicted on the center
right. Here, the difference of @, (2w;) and @, produces wyyy (@yyy = 20, — @,). (right) Schematic representation of a [1 + 1'] resonance enhanced

multiphoton ionization scheme (REMPI) exploiting w, and ,.
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Figure S. Temperature dependent PI-ReTOF-MS data for distinct ice systems exposed to energetic electrons. (top) Subliming products of irradiated
methane ices photoionized at 10.49 eV. (bottom) Subliming products of irradiated acetylene ices photoionized with REMPI by first accessing an
excited intermediate state using 4.787 eV photons followed by ionization with a second photon.

2. METHODOLOGY

Reflecting on the limitations of traditional analytical techniques
(FTIR, QMS) in space simulation chambers, a different
approach is required. Surface experiments, in which mono-
chromatic photons or monoenergetic charged particles interact
with interstellar ice analogs (typically 3 eV molecule™) up to 1
pum thick under clean conditions present in ultrahigh vacuum
(UHV) systems, are geared to provide this understanding.
Further, these simulation experiments should also identify
individual newly formed molecules in the gas phase during
sublimation of the ice samples via warm up (TPD) online and in
situ at 0.5 Kmin™" to resolve distinct isomers while maintaining
adequate signal. Individual COMs subliming into the gas phase
are identified exploiting a reflectron time-of-flight mass
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spectrometer (ReTOF-MS) coupled with soft photoionization
and monitoring the decay signal of relevant functional groups in
the condensed phase via FTIR. By softly ionizing the subliming
molecules in the gas phase via single photon ionization (PI) and
detection of the photoionized 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. The relevant organics have
ionization energies between 8 and 11 eV; therefore, vacuum
ultraviolet (VUV) light is necessary for the photoionization
process. Further, since the energy of the photon can be tuned
within a resolution of typically 0.001 eV, the subliming
molecules can be photoionized according to their known
ionization energies. Distinct organics have discrete ionization

https://dx.doi.org/10.1021/acs.accounts.0c00584
Acc. Chem. Res. 2020, 53, 2791-2805
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Figure 6. (left) Dominating formation pathways to C1 and C2 hydrocarbons and their radicals derived from FTIR spectroscopy Beginning with
methane (CH,), radiation-generated methyl radicals (CH;) recombine to ethane (C,H), which undergoes successive radiation-induced hydrogen-loss
to ethylene (C,H,) then acetylene (C,H,). (right) Dominating formation pathways to C3 and C4 hydrocarbons elucidated via PI-ReTOF-MS
depicted through radical—radical recombination of methyl (CH,), ethynyl (C,H), and vinyl (C,H;) radicals or through carbene (CH,) insertion into

bonds of ethane (C,Hy), ethylene (C,H,), and acetylene (C,H,).

energies; hence 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. Near the ionization threshold, this isomer-specific
ionization method is ideally fragment-free, which is a critical
advantage of single photon VUV photoionization compared to
electron impact ionization (Figure 2). The subliming structural
isomers might also be separated via fractionated sublimation;
thus this sublimation sequence along with the correlation of the
ionization energy with the mass-to-charge of the product offers a
powerful methodology to identify complex organics synthesized
in these ices.

The incorporation of single photon soft photoionization
coupled to a ReTOF-MS interfaced to the space simulation
chamber (Figure 3) requires the generation of VUV light from 8
to 11 eV. Here, pulsed VUV light at fluxes of 10"*~10"° photons
pulse™ is generated by resonance-enhanced sum (2w, + ,)
and difference (2w, — w,) frequency nonlinear mixing, referred
to as resonance-enhanced four-wave mixing, by accessing distinct
resonance lines of krypton and xenon (Figure 4).”>** Pulsed
VUV light (@,,,) is generated by two dye lasers (each pumped
by a Nd:YAG laser, which generates the UV (@) output for the
resonant line (2w;) in the gas medium and tunable photon
frequencies in the visible range (®,). The VUV light is thus
generated, including the sum (2w, + ®,) and difference
frequency (2w, — ®,), along with the fundamental @, and ®,
beams and a minor fraction of the tripled frequency (3w;).
Sometimes, the ionization energies of two molecules are, within
the error limits, too close to be discriminated. In this case, the
isomers might be discriminated be selectively photolyzing the
isomer(s) at distinct wavelengths in the ices.”> Alternatively,
resonance-enhanced multiphoton ionization (REMPI) followed
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by a mass-resolved detection in a ReTOF-MS often selectively
ionizes individual isomers of, for example, polycyclic aromatic
molecules upon their sublimation (Figure 4).’

3. RESULTS AND DISCUSSION

3.1. Hydrocarbons

Methane (CH,) represents the simplest saturated hydrocarbon
and has been detected on interstellar grains at fractions of a few
percent (Table 2).*° Methane ices are also abundant in the outer
solar system on trans-Neptunian objects (TNOs) such as Pluto
and Makemake.”” Comets like Hyakutake are important
repositories of methane as well since comets are contemplated
to carry the material that was present durin? our solar system’s
formation.”® Exposure of methane ices” ' along with ethane
(C,Hg),** ethylene (C,H,),> and acetylene (C,H,)>** as the
dominant radiolysis products lead up to C18 hydrocarbons with
key products like C3—C4 hydrocarbons® and polycyclic
aromatic hydrocarbons (PAHs)**® detectable via PI and
REMPI schemes coupled with ReTOF-MS (Figures Sa,b).
Recall that FTIR spectroscopy can be exploited to identify small
C1 to C2 hydrocarbons.”” Kinetic fitting of the temporal profiles
allowed the extraction of fundamental reaction mechanisms
(Figure 6). However, after the sublimation of these hydro-
carbons, multiple infrared absorptions remained, which revealed
that multiple complex hydrocarbons beyond C2 species were
synthesized as well.

3.1.1. GGH,. The ion signal detected at m/z = 40 during the
TPD phase using 10.49 eV photons can be linked to the
molecular formula C;H,, which has three possible isomers,
methylacetylene (CH;CCH; IE 10.36 eV), allene
(H,CCCH,; IE = 9.69 eV), and cyclopropene (c-C3H,; IE =
9.67 eV) (Figure 7a). In order to identify the isomer(s)

https://dx.doi.org/10.1021/acs.accounts.0c00584
Acc. Chem. Res. 2020, 53, 2791-2805
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Figure 7. TPD sublimation profiles of (a) m/z =40 (C;H,"), (b) m/z=
42 (C3H¢Y), () m/z = 52 (C,HyY), and (d) m/z = 54 (C4Hg") in
electron irradiated methane ices at photoionization energies of 10.49
eV (black), 9.77 eV (red), 9.45 eV (blue), and 9.15 eV (green).

contributing to the signal, the photon energy was tuned to 9.77
eV. At this energy, no signal was detected at m/z = 40 suggesting
that the signal at m/z = 40 only originated from the
methylacetylene isomer. Detailed isotopic substitution experi-
ments were conducted to elucidate the underlying formation
mechanism of methylacetylene via insertion of carbene (CH,)
into an acetylene carbon—hydrogen bond versus recombination
of a methyl radical (CH;) with an ethynyl radical (CCH). Both
carbene and methyl can be formed via decomposition of
methane by energetic electrons.”” In the D4-methane (CD,)—
acetylene (C,H,) system, the detection of m/z = 42 (C;H,D,)
would reveal that methylacetylene was formed via insertion of
D2-carbene (16 amu) into the carbon—hydrogen bond of
acetylene (C,H,; 26 amu), whereas signal at m/z = 43 (C;HD;)
would provide evidence of the radical (CD5; 18 amu)—radical
(C,H; 25 amu) recombination. Signal was detected at m/z = 42
and 43. Supported by tunable photoionization experiments at
10.49 and 9.93 eV, methylacetylene was revealed to be formed
via radical—radical recombination and carbene insertion in a
ratio of (2.0 + 0.4):1.0 (Figure 6).%

3.1.2. GGHg. The ion signal monitored at m/z = 42 using
10.49 eV photons can be linked to a hydrocarbon with the
molecular formula C;H, which can be due to cyclopropane (c-
C;Hg; IE = 9.86 eV) or propene (CH;CHCH,; IE = 9.73 eV)
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(Figure 7b). Exploiting tunable VUV light, propene and
cyclopropane were identified with a branching ratio of (30 +
22):(1 £ 0.75). The reaction mechanisms were explored in
methane (CH,) and D4-ethylene (C,D,) ices. In combination
with experiments at distinct photon energies of 10.49, 9.86,9.77,
and 9.73 eV, the detection of m/z = 4S indicates that propene is
produced via radical recombination of the methyl radical (CHy;
15 amu) with the D3-vinyl radical (C,D5; 30 amu). Ion counts at
m/z = 46 combined with experiments at tunable photon
energies revealed two pathways: an insertion of carbene (CH,;
14 amu) into the carbon—deuterium bond of D4-ethylene
(C,D,; 32 amu) to D4-propylene and an addition of carbene
(CH,; 14 amu) to the carbon—carbon double bond of D4-
ethylene (C,D,; 32 amu) forming D4-cyclopropane. Propene is
formed via radical—radical recombination and carbene insertion
with a ratio of (1.5 + 0.4):1, while propene and cyclopropane
were prepared via carbene insertion at a ratio of (2.3 +0.2):(1.0
+0.3).%

3.1.3. C,H, (Diacetylene, HCCCCH). Ion counts at m/z =
50 in electron-exposed acetylene ices are associated with the
molecular formula C,H,, which includes diacetylene
(HCCCCHj; IE = 10.0 V) and the carbene butatrienylidene
(H,CCCC; IE = 9.8 eV). Experiments exploiting tunable
photons and “C,H,—C,H, ices suggest that diacetylene is
formed via recombination of ethynyl radicals.

3.1.4. C4H, and C4H,. Signal detected at m/z = 52 at a
photon energy of 10.49 eV corresponds to the molecular
formula C,H, and could be due to vinylacetylene
(CH,CHCCH; IE = 9.58 eV), 1,2,3-butatriene (H,CCCCH,;
IE = 9.16 eV), cyclobutadiene (c-C,H,; IE = 8.16 eV), or
methylenecyclopropene (CH,(c-C;H,); IE = 8.15 eV) (Figure
7¢). Tuning the photon energy to 9.45 eV produced no signal at
m/z = 42 indicating that only the vinylacetylene isomer is
formed. Exploiting tunable photon energies in D2-acetylene
(C,D,)—"C,-ethylene (**C,H,) ices, vinylacetylene was found
to be formed predominantly via recombination of the ethynzrl
radical (C,D; 26 amu) with a vinyl radical (**C,Hj; 29 amu).”
Exploiting this strategy for signal at m/z = 54, 1,3-butadiene, 1,2-
butadiene, 2-butyne, and 1-butyne were assigned with ratios of
(3.5 £2.5):(4.9 + 3.4):(1 + 0.7):(3.2 + 2.3) (Figure 7d).”

3.1.5. Polycyclic Aromatic Hydrocarbons. Experiments
exploring the interaction of acetylene ices, the dominant alkyne
formed in the radiolysis of methane, with energetic electrons
mimic the exposure of acetylene ices to secondary electrons
released by GCRs penetrating these ices.” Although ultraviolet—
visible (UV—vis) and FTIR spectroscopy revealed the formation
of functional groups associated with aromatic systems such as 7
— m* transitions and absorptions at, for example, 890—1100
cm™' (out-of-plane C—H deformation modes in substituted
benzenes/aromatics) and 3030 cm™" (aromatic CH stretching
modes), individual molecules could not be detected considering
the aforementioned problems associated with overlapping
absorption bands. At a photon energy of 10.49 eV, the entire
array of subliming products was monitored since aromatics hold
IEs below 10.49 eV (Figures S and 8). Ion signals that can be
linked at least to m/z =78 (C¢Hg"), 102 (CgHg"), 104 (CgHg*),
128 (C,oHg"), and 178 (C.4H,,") were detected. These ion
counts might be associated with benzene (IE = 9.244 eV),
phenylacetylene (IE = 8.82S5 eV), styrene (IE = 8.464 eV),
naphthalene (IE = 8.144 eV), phenanthrene (IE = 7.891 eV),
and anthracene (IE = 7.439 eV), respectively. Each of these
molecules has multiple isomers that can be all ionized at 10.49
eV as well. Therefore, the overlap of distinct IEs of multiple

https://dx.doi.org/10.1021/acs.accounts.0c00584
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Figure 8. TPD sublimation profiles obtained via 10.49 eV photo-
ionization (black) and REMPI (red) for benzene (a, m/z = 78),
phenylacetylene (b, m/z = 102), styrene (c, m/z = 104), naphthalene
(d, m/z = 128), and phenanthrene (e, m/z = 178). The insets display
the REMPI wavelength dependence.

isomers complicates the assignment of individual isomers of
aromatic molecules exploiting single photon ionization.
REMPI represents an ideal tool to overcome the afore-
mentioned difficulties. This technique first accesses an excited
intermediate state, which is distinct for the individual isomer to
be probed, via a resonant photon absorption followed by a
second photon that ionizes the molecule. Figure 8 compares the
REMPI data with those obtained at 10.49 eV. One-color [1 + 1]
REMPI schemes are exploited, which are isomer specific for
benzene (4.787 V), phenylacetylene (4.447 eV), styrene (4.317
eV), and naphthalene (4.450 eV). A comparison of the data at
10.49 eV and those obtained from REMPI recorded at m/z = 78
(C¢Hg") and m/z = 102 (CgHg") shows that benzene and
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phenylacetylene are the dominating contributors. Here, the
differences between the single photon ionization and REMPI
sublimation profiles can be rationalized with the ionization of
additional C¢Hg and CgHg isomers that cannot be ionized with
the [1 + 1] REMPI scheme. REMPI also delivers evidence for
the synthesis of styrene (CgHg) and naphthalene (C,,Hg). Two-
color REMPI (3.635 eV, 4.317 eV) is isomer specific for
phenanthrene, while the one-color process (4.396 eV) can
ionize anthracene and phenanthrene. This procedure identified
at least the phenanthrene isomer (C;;H,,). Finally, more
complex PAHs up to 260 amu were also ionized exploiting the [1
+ 1] REMPI (4.787 eV), and their identification is in progress.
Our experiments also provided yields and branching ratios
calculated to be (314 + 110):(39 + 14):(23 £ 8):(13 £ 5):(1 +
0.4) for benzene, phenylacetylene, styrene, naphthalene, and
phenanthrene, respectively. The decrease of the molecular
complexity with increasing ring size suggests stepwise molecular
mass growth processes in the radiolyzed ices.

3.2. Alcohols and Ethers

The underlying formation pathways toward structural isomers of
COMs such as C2 and C3 alcohols and ethers is of particular
importance since these molecules represent key tracers to
determine the physical and chemical conditions of interstellar
environments and to test chemical models of molecular clouds
and star-forming regions such as of Sgr B2 (Table 1). First,
combining photoionization studies of the subliming molecules
at distinct photon energies with directed isotopic labeling of the
reactants in CD;OD/CH, and CH;0H/CD, ices elucidates
discrete reaction pathways to ethanol (C,H;OH) and the
dimethyl ether (CH;OCH,) isomers (Figure 9).>**° The
interaction of methane with energetic electrons leads to the
formation of methyl radicals (CH;) plus atomic hydrogen (H)
as well as carbene (CH,) plus two hydrogen atoms/molecular
hydrogen,*” while methanol decomposes via atomic hydrogen
loss from the methyl group or hydroxyl group resulting in the
formation of the hydroxymethyl (CH,OH) and methoxy
(CH;0) radicals, respectively. Carbene can insert into single
bonds, whereas the doublet radicals methyl, methoxy, and
hydroxymethyl can undergo radical—radical reactions. Radical—
radical recombination of methyl (CH;) with hydroxymethyl
(CH,OH) and methoxy (CH;0) lead to ethanol and dimethyl
ether, respectively, with branching ratios ranging from 1.0 to 1.4.
Stereospecific insertions of carbene into the carbon—hydrogen
and carbon—oxygen bonds formed ethanol, whereas insertion
into the oxygen—hydrogen bond resulted in dimethyl ether.
Branching ratios of ethanol to dimethyl ether were derived to be
1.9:4.5. Second, this principle of stepwise molecular mass
growth processes via radical—radical reactions was also trans-
ferred in pure methanol ices to synthesize the isomer triplet
ethylene glycol (HOCH,CH,0OH), methoxymethanol
(CH;0CH,OH), and dimethyl peroxide (CH;OOCH;) via
recombination of hydroxymethyl (CH,OH)—hydroxymethyl
(CH,OH), methoxy (CH;0)—hydroxymethyl (CH,OH), and
methoxy (CH;0)—methoxy (CH;0), respectively; molecules
in italics have not been detected in interstellar environments to
date.*! Third, our studies were also able to detect the more
complex C3 alcohols (n-/i-propanol (C;H,OH) and the ethyl
methyl ether isomer (CH;0C,H;).**** The trialcohol glycerol
(HOCH,CH(OH)CH,OH), a fundamental building block of
glycerol phosphates in cell membranes, could also be detected in
electron-exposed methanol ices.** The identification of glycerol
and ethylene glycol in irradiated methanol ices exploiting PI-

https://dx.doi.org/10.1021/acs.accounts.0c00584
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Figure 9. Alcohols and ethers identified in the present studies with molecules detected in the interstellar medium in bold.

ReTOEF-MS represents a particular success since both molecules
have essentially indistinguishable infrared spectra, and classical
FTIR cannot be utilized in their identification in complex
mixtures.** Fourth, our studies also revealed the mechanisms
leading to the formation of the epoxides (cyclic ethers) ethylene
oxide (c-C,H,0)* and propylene oxide (c-C3H40)* via
addition of suprathermal ground state oxygen (O(°P)) or
electronically excited oxygen (O('D)) to carbon—carbon
double bonds™ of ethylene and propylene, respectively.
Racemic propylene oxide represents the first chiral molecule
detected in the interstellar medium.*” Finally, our studies
unraveled the homologous series of the C2 alcohols ethanol
(C,H;OH), vinyl alcohol (C,H;OH)," and ethynol (C,HOH),
an isomer of ketene (H,CCO), involving keto—enol tautome-
rization (ethanol; 3.3) and hydrogenation of triplet dicarbon
monoxide (CCO).*®

3.3. Aldehydes and Enols
Aldehydes carry the carbonyl moiety (C=O0), hold crucial
functions in contemporary biochemistry (redox systems), and

are considered as precursors to form carbon hydrates
(condensation reactions), proteins (amino acids), and lipids
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(esters). First, PI-ReTOF-MS has been applied successfully to
detect the C1—C4 homologue series acetaldehyde
(HCOCH,)," propanal (HCOCH,CH,),"** and n- and i-
butanal (HCOCH,CH,CH,, HCOCH(CH,),),*” which were
formed at 5 K in electron irradiated ices containing carbon
monoxide and alkanes (CH,, C,H,) (Figure 10). Detailed
isotopic substitution experiments revealed that the radical—
radical recombination of the formyl radical (HCO), formed via
addition of suprathermal atomic hydrogen to carbon monoxide,
with methyl (CH;) and ethyl (C,H) form acetaldehyde and
propanal. The pathways to n- and i-butanal are still under
investigation and could involve recombination of formyl and 1-
or 2-propyl or carbene insertion into a carbon—hydrogen bond
of the ethyl group of propanal. Keto—enol tautomerization
within the ices at 5 K was found to be the driving force to
synthesize vinyl alcohol from acetaldehyde and cis/trans 1-
propen-1-ol (CH;CHCHOH) from propanal. Second, radical—
radical recombination involving the formyl radical plus a
hydrocarbon radical (vinyl, ethynyl) was also the driving force
to synthesize the hydrogen-deficient counterparts of propa-
nal:"** propenal (C,H;CHO)* and propynal (HCCCHO)

https://dx.doi.org/10.1021/acs.accounts.0c00584
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(Figure 10).>° Third, more exotic cyclic carbonyls, cyclo-
propanone (c-C3H,0)* and cyclopropenone (c-C3H,0),
which are isomers of propenal and propynal, were formed via
unimolecular reaction of complexes of carbon monoxide with
ethylene and acetylene, respectively. Finally, the elucidated
mechanism of barrierless radical—radical recombination path-
ways involving the formyl (HCO) species to complex organics
can be also exported to truly biorelevant organics as evidenced
from the preparation and detection of the sugar-related
glycolaldehyde (HCOCH,OH),*"** which forms via the
recombination of a formyl radical (HCO) with a hydroxymethyl
radical (CH,OH), and of glyoxal (HCOCHO)> through
recombination of two formyl radicals. The recombination of
two acetyl (CH;CO) radicals in acetone-doped water ices led to
the popcorn flavorant 2,3-butanedione (CH;COCOCH,)."
These studies reveal that complex organics carrying more than
one functional group can form easily in astrophysical model ices
exposed to ionizing radiation. It should be noted that the explicit
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identification of the aforementioned molecules represents only a
small fraction of nearly 300 molecular formulas of newly formed
complex organics, including molecular formulas that could be
connected to the formation of C4 to CS sugars synthesized in
astrophysical analog ices upon interaction with ionizing
radiation (4).%

3.4. Carboxylic Acids

Carboxylic acids are considered crucial biomarkers and reaction
intermediates in the formation of amino acids and proteins with
long chain carboxylic acids acting as backbones of lipids, which
perform critical biological functions including storing energy,
signaling, and cell membranes.”® Only two carboxylic acids,
formic acid (HCOOH) and acetic acid (CH;COOH), have
been identified in the interstellar medium toward Sgr B2 (Table
1; Figure 11). The successful identification of formic acid in
water—carbon monoxide ices exposed to ionizing radiation via
the recombination of the hydroxycarbonyl (HOCO) radical
with a hydroxyl (OH) radical’* fueled the identification of

https://dx.doi.org/10.1021/acs.accounts.0c00584
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Figure 12. (left) Astrochemical models predicting the fractional abundances of acetaldehyde and vinyl alcohol in Sgr B2(N) operated with (black and
red, respectively) and without (green and blue, respectively) a cosmic-ray-triggered chemistry. These results provide compelling evidence of the
essential role of a cosmic-ray-driven formation of acetaldehyde and vinyl alcohol. (right) Astrochemical models predicting the fractional abundances of
propylene oxide in cold material in front of Sgr B2(N) revealing that solely gas-phase reactions (red) cannot reproduce the relative abundance of
astronomically detected propylene oxide. Models including a cosmic-ray-triggered chemistry (black) provide compelling evidence of the critical role of
a cosmic-ray-driven formation of propylene oxide within interstellar ices. In both graphs, gray bars define the observed astronomical abundances along
with the error limits revealing a remarkable match to the predicted data.

distinct formation pathways of acetic acid. Isotopic labeling
experiments combined with PI-ReTOF-MS revealed that in
apolar methane—carbon dioxide ices, acetic acid can be
synthesized easily via the recombination of a methyl radical
(CHj;) with the hydroxycarbonyl (HOCO) radical;>® however,
in polar acetaldehyde-doped water ices, acetic acid was formed
through the radical-radical reaction of the acetyl radical
(CH,CO) with a hydroxyl radical (OH).*° These investigations
demonstrate that the polarity of the ice matrix can dramatically
alter the underlying formation mechanisms to even sim‘})le
complex organics. Further, glycolic acid (HCOCOOH),”” a
biorelevant molecule of the Krebs cycle carrying two functional
groups prepared via recombination of a formyl radical (HCO)
with a hydroxycarbonyl radical (HOCO), was detected
exploiting PI-ReTOF-MS.

4. SUMMARY AND OUTLOOK

In this Account, reflectron time-of-flight mass spectrometry
coupled with tunable vacuum ultraviolet (VUV) single photon
ionization (PI-ReTOF-MS) and resonance enhanced multi-
photon ionization (REMPI) of the subliming molecules during
the temperature-programmed desorption (TPD) phase has
been established as a versatile approach to explore the formation
pathways of complex organic molecules in interstellar analog
ices upon interaction with ionizing radiation. These experiments
have been conducted under ultrahigh vacuum conditions
(UHV) at temperatures as low as 5 K and have identified key
classes of complex organics, in particular thermally unstable
molecules like enols and cyclic carbonyls, which are difficult to
probe by traditional analytical tools (FTIR, QMS).

First, the laboratory simulation experiments provided
compelling evidence that key classes of complex organics can
be formed upon exposure of astrophysically relevant model ices
within the ices at temperatures as low as 5 K.' At low
temperatures, the reaction mechanisms are dictated by supra-
thermal (H(*S), O(’P)) and electronically excited reactants
(CH,, NH, O('D))>** along with barrierless radical—radical
recombination if both radicals hold a proper recombination
geometry.! Our experiments revealed that doublet radicals
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methyl (CH,), amino (NH,), hydroxyl (OH), ethyl (C,Hy),
vinyl (C,H;), ethynyl (C,H), formyl (HCO), hydroxycarbonyl
(HOCO), hydroxymethyl (CH,OH), methoxy (CH;0), and
acetyl (CH;CO) represent readily available reactants for
barrierless radical—radical recombination within the ices at 5 K
(Figure 6). These radicals are formed from the closed-shell
simple precursors. Further, the reactive singlet species insert
without barrier into carbon—hydrogen and carbon—carbon
single bonds (carbene) leading to molecular mass growth by
expansion of the carbon chain and also add to carbon—carbon
double bonds (carbene, atomic oxygen) forming cyclic
products. Suprathermal atoms holding excess kinetic energies
of a few electronvolts react under nonthermal (non-Arrhenius)
and hence nonequilibrium conditions.'® This excess energy may
be imparted in the transition state of a chemical reaction thus
opening up classically (thermally) closed reactions under
nonequilibrium conditions. Exploiting an inverse Laplace
transformation, these processes have been shown to have
suprathermal rate constants close to gas kinetics limits (~107"°
cm?® s7'), which are orders of magnitude faster than the
corresponding thermal reactions at 5 K (107" to 1077° cm?®
s7!).”> Most important, suprathermal pathways and radical—
radical recombination at 5 K throughout the ices bypass
previous obstacles of hypothesized thermal grain surface
scenarios leading to complex organics, which only consider
the first few monolayers of reactants and thus less than 1% of the
mass of the icy layers. Our studies also reveal that the low
temperature ices store reactive radicals such as formyl (HCO)
and hydroxymethyl (CH,OH). Upon annealing of the ices,
these radicals may diffuse and recombine. Based on our results,
however, this thermal route represents less prominent pathways
leading to complex organics within the processed ices at a level
of a few percent compared to a formation of these organics at 5
K

Second, PI-ReTOF-MS is able to discriminate between
structural isomers. Further, distinctly polar and apolar ices
were found to have diverse reaction pathways to complex
organics such as to acetic acid. Astronomical models excluding
suprathermal chemistry do not fully replicate the astronomical

https://dx.doi.org/10.1021/acs.accounts.0c00584
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observations of complex organics isomer-selectively such as
acetaldehyde (HCOCH,) versus vinyl alcohol (C,H;0H) and
propylene oxide (c-C3H¢O). Although suprathermal reactions
triggered by GCRs have been predicted to advance the
chemistry on interstellar grains for decades,**”** previous
computational difficulties have been overcome only recently. An
incorporation of isomer selective production rates of organics via a
GCR mediated suprathermal chemistry using formation rates
determined in the present studies can fully replicate the
astronomical observations of complex organics over typical life
times of molecular clouds (Figure 12), thus revealing the
unprecedented potential of combining formation rates of
complex organics obtained from PI-ReTOF-MS studies with
astrochemical models to rationalize astronomical observations
quantitatively.

Third, although focusing on the formation of complex
organics in the interstellar medium, organics were also identified
in carbonaceous chondrites,”® which are considered the most
primitive remnants from the formation of the solar system.’”
Further, comets such as 67P/Churyumov—Gerasimenko are
regarded as leftover debris from gas, ice, rocks, and dust that
formed the solar system from interstellar matter. Hence, a
comparison of the organic inventory from comets with results
from our studies could be crucial in constraining fundamental
reaction mechanisms that might have led to the formation of
organics detected on comets. Once formed abiotically, these
organics might have been delivered to early Earth, thus
providing the feedstock of organic molecules for the earliest
stages of biochemical evolution. Since disk debris have also been
observed in extrasolar systems such as toward Formalhaut, our
studies also define an inventory of organics that are available to
seed the evolution of life in extrasolar systems.

Finally, PI-ReTOF-MS can be expanded beyond astrochem-
ical questions to explore fundamental problems of chemical
bonding through the preparation of novel molecules relevant to
astrobiology and inorganic chemistry. This has been accom-
plished via the detection of organics carrying the peptide bond
(formamide, HCONH,;®" urea, H,NCONH,;** N-methylfor-
mamide, HCONHCH;)*® and of phosphorus-containing
species like phosphorus oxoacids”® along with their alkyl-
substituted counterparts like alkylphosphoric and alkylphos-
phonic acids.”® Recently identified exotic phosphorus-carrying
molecules like formylphosphine (HCOPH,) and phosphino
formic acid (PH,COOH)***’~% along with two P;Nj isomers,
cyclotriphosphazene and 1,3,5-triphosha-2,4,6-
triazabicyclo[2.2.0]hexa-2,5-diene, the inorganic analogs of
benzene and Dewar-benzene,” highlight the potential of PI-
ReTOF-MS.

Overall, PI-ReTOF-MS reveals that the processing of
astrophysically relevant ices leads to multifaceted mixtures of
organics in terms of hydrocarbons, alcohols, aldehydes, and
carboxylic acids that reach molecular weights of up to 200 amu.
Advances in laboratory techniques are clearly desired not only to
confidently assign detection of molecules in laboratory experi-
ments as the molecules of interest become more complex but
also from the viewpoint of future astronomical searches in the
age of the Atacama Large Millimeter/submillimeter Array
(ALMA). This should be combined with advanced astrochem-
ical modeling to account for the actual findings in the laboratory
and literature. Structural isomers serve as key tracers to a better
understanding of nonequilibrium versus thermal reaction
pathways and constrain not only the molecular complexity,
but also the fundamental chemical pathways leading to complex
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organics based on cutting edge physical chemistry experiments
coupled with novel astrochemical models and astronomical
observations. However, these techniques and the detection of
more complex organic molecules in space, in particular
biorelevant molecules relevant to the origins of life theme, have
just scratched the surface. Future experimental advances should
couple PI-ReTOF-MS to synchrotron facilities to take
advantage of beamlines operating with tunable VUV light.
Further, although pump—probe experiments are widely used in
the gas phase to explore, for instance, the photodissociation
dynamics of organics,” they have not been exploited extensively
in low-temperature targets to elucidate, in particular, the
formation of molecules in astrophysically relevant ices. This
requires the development of ultrashort electron pulses to initiate
chemical bond cleavages, whereas a laser pulse investigates the
progress of, for example, the initial bond rupture. Finally,
exploitin% radio frequency trapping of nanoparticles has been
achieved,”"”” but this technique could be expanded by cooling
single nanoparticles to 10 K, condensing ices onto their surfaces,
chemically processing these ices, and probing the newly formed
molecules.

B AUTHOR INFORMATION
Corresponding Author

Ralf I. Kaiser — Department of Chemistry and W.M. Keck
Research Laboratory in Astrochemistry, University of Hawai'i
at Manoa, Honolulu, Hawaii 96822, United States;

orcid.org/0000-0002-7233-7206; Phone: 808-9565731;
Email: raltk@hawaii.edu; https://

www.uhmreactiondynamics.org/

Author

Andrew M. Turner — Department of Chemistry and W.M. Keck
Research Laboratory in Astrochemistry, University of Hawai'i
at Manoa, Honolulu, Hawaii 96822, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.accounts.0c00584

Notes

The authors declare no competing financial interest.
Biographies

Andrew M. Turner earned his master’s degree from Indiana University
and Ph.D. in Physical Chemistry at the University of Hawaii (2018)
studying phosphorus chemistry in interstellar ice analogues, for which
he received the 2020 Dissertation Award from the Astrochemistry
Subdivision of the American Chemical Society (ACS). He is currently
the Assistant Director of the W. M. Keck Research Laboratory in
Astrochemistry. His research interests include phosphorus chemistry,
astrobiology, complex organic molecules, and chemical education.

Ralf I. Kaiser received his Ph.D. in Chemistry from the University of
Miinster (Germany) in 1994 and conducted postdoctoral work at UC
Berkeley (Department of Chemistry). During 1997—2000, he received
a fellowship from the German Research Council (DFG) to perform his
Habilitation at the Department of Physics (University Chemnitz,
Germany) and Institute of Atomic and Molecular Sciences (Academia
Sinica, Taiwan). He joined the Department of Chemistry at the
University of Hawai'i at Manoa in 2002, where he is currently Professor
of Chemistry and Director of the W. M. Keck Research Laboratory in
Astrochemistry. He was elected Fellow of the Royal Astronomical
Society (UK), the Royal Society of Chemistry (UK), the American
Physical Society (APS), the American Association for the Advancement

https://dx.doi.org/10.1021/acs.accounts.0c00584
Acc. Chem. Res. 2020, 53, 2791-2805



Accounts of Chemical Research

pubs.acs.org/accounts

of Science (AAAS), the Institute of Physics (UK), and the American
Chemical Society (ACS).

B ACKNOWLEDGMENTS

This research was supported by the US National Science
Foundation (NSF), Division for Astronomy (NSF-AST
1800975). The W. M. Keck Foundation and the University of
Hawaii at Manoa financed the construction of the experimental
setup. RIK. acknowledges and thanks the coauthors and
collaborators that contributed to the published work mentioned
in this Account.

B REFERENCES

(1) Abplanalp, M. J.; Gozem, S.; Krylov, A. L; Shingledecker, C. N.;
Herbst, E.; Kaiser, R. I. A study of interstellar aldehydes and enols as
tracers of a cosmic ray-driven nonequilibrium synthesis of complex
organic molecules. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (28), 7727—
7732.

(2) Bergantini, A.; Abplanalp, M. J.; Pokhilko, P.; Krylov, A. I;
Shingledecker, C. N.; Herbst, E.; Kaiser, R. I. A Combined
Experimental and Theoretical Study on the Formation of Interstellar
Propylene Oxide (CH;CHCH,O)—A Chiral Molecule. Astrophysical
Journal 2018, 860 (2), 108.

(3) Abplanalp, M. J.; Frigge, R; Kaiser, R. L. Low-temperature
synthesis of polycyclic aromatic hydrocarbons in Titan’s surface ices
and on airless bodies. Science Advances 2019, 5 (10), No. eaaw5841.

(4) Kleimeier, N. F.; Turner, A. M.; Fortenberry, R. C.; Kaiser, R. 1. On
the Formation of the Popcorn Flavorant 2,3-Butanedione
(CH;COCOCH;) in Acetaldehyde-Containing Interstellar Ices.
ChemPhysChem 2020, 21 (14), 1531—1540.

(5) Kaiser, R. L. Experimental investigation on the formation of
carbon-bearing molecules in the interstellar medium via neutral-neutral
reactions. Chem. Rev. 2002, 102 (5), 1309—13S8.

(6) Green, S.; Herbst, E. Metastable isomers-A new class of interstellar
molecules. Astrophys. J. 1979, 229, 121—131.

(7) Huang, L.; Lee, Y.; Kaiser, R. Crossed beam reaction of the
cyanogen radical, CN (X**), with acetylene, CZHZ(XIZ;): Observa-
tion of cyanoacetylene, HCCCN (X'"). J. Chem. Phys. 1999, 110 (15),
7119-7122.

(8) Huang, L.; Balucani, N.; Lee, Y.; Kaiser, R.; Osamura, Y. Crossed
beam reaction of the cyano radical, CN (X*Z*), with methylacetylene,
CH,CCH (X'A"): Observation of cyanopropyne, CH*CCCN (X'A"),
and cyanoallene, H,CCCHCN (X'A’). J. Chem. Phys. 1999, 111 (7),
2857—-2860.

(9) Mehringer, D. M,; Snyder, L. E. The location of complex
molecules in G34. 3+ 0.2: further evidence for grain-surface chemistry.
Astrophys. J. 1996, 471 (2), 897—902.

(10) Morton, R. J.; Kaiser, R. L. Kinetics of suprathermal hydrogen
atom reactions with saturated hydrides in planetary and satellite
atmospheres. Planet. Space Sci. 2003, 51 (6), 365—373.

(11) Zhou, L.; Zheng, W.; Kaiser, R. I; Landera, A.; Mebel, A. M,;
Liang, M. C,; Yung, Y. L. Cosmic-ray-mediated Formation of Benzene
on the Surface of Saturn’s Moon Titan. Astrophys. J. 2010, 718 (2),
1243—-1251.

(12) d’Hendecourt, L.; Allamandola, L.; Baas, F.; Greenberg, J.
Interstellar grain explosions-Molecule cycling between gas and dust.
Astron. Astrophys. 1982, 109, L12—L14.

(13) Tielens, A.; McKee, C.; Seab, C.; Hollenbach, D. The physics of
grain-grain collisions and gas-grain sputtering in interstellar shocks.
Astrophys. ]. 1994, 431, 321.

(14) Westley, M.; Baragiola, R.; Johnson, R.; Baratta, G. Photo-
desorption from low-temperature water ice in interstellar and
circumsolar grains. Nature 1995, 373 (6513), 405—407.

(15) Vasyunin, A; Herbst, E. Reactive desorption and radiative
association as possible drivers of complex molecule formation in the
cold interstellar medium. Astrophys. J. 2013, 769 (1), 34.

2803

(16) He, J.; Emtiaz, S.; Vidali, G. Measurements of diffusion of
volatiles in amorphous solid water: application to interstellar medium
environments. Astrophysical Journal 2018, 863 (2), 156.

(17) Cernicharo, J.; Marcelino, N.; Roueff, E.; Gerin, M.; Jiménez-
Escobar, A.; Caro, G. M. Discovery of the methoxy radical, CH;O,
toward B1: dust grain and gas-phase chemistry in cold dark clouds.
Astrophys. ], Lett. 2012, 759 (2), L43.

(18) Jiménez-Serra, I; Vasyunin, A. I; Caselli, P.; Marcelino, N.;
Billot, N.; Viti, S.; Testi, L.; Vastel, C.; Lefloch, B.; Bachiller, R. The
spatial distribution of complex organic molecules in the L1544 pre-
stellar core. Astrophys. J.,, Lett. 2016, 830 (1), L6.

(19) McGuire, B. A.; Burkhardt, A. M.; Kalenskii, S.; Shingledecker, C.
N.; Remijan, A. J; Herbst, E; McCarthy, M. C. Detection of the
aromatic molecule benzonitrile (c-C¢qH;CN) in the interstellar
medium. Science 2018, 359 (6372), 202—205.

(20) Kaiser, R.; Gabrysch, A.; Roessler, K. Cosmic ray simulator: A
versatile apparatus for quantitative studies on the interaction of cosmic
rays with frozen solids by on line and in situ quadrupole mass
spectrometry and Fourier transform infrared spectroscopy. Rev. Sci.
Instrum. 1995, 66 (4), 3058—3066.

(21) Schutte, W.; Greenberg, J. Explosive desorption of icy grain
mantles in dense clouds. Astron. Astrophys. 1991, 244, 190—204.

(22) Abplanalp, M. J.; Forstel, M.; Kaiser, R. . Exploiting single
photon vacuum ultraviolet photoionization to unravel the synthesis of
complex organic molecules in interstellar ices. Chem. Phys. Lett. 2016,
644, 79—98.

(23) Abplanalp, M. J.; Kaiser, R. I. On the formation of complex
organic molecules in the interstellar medium: untangling the chemical
complexity of carbon monoxide-hydrocarbon containing ice analogues
exposed to ionizing radiation via a combined infrared and reflectron
time-of-flight analysis. Phys. Chem. Chem. Phys. 2019, 21 (31), 16949—
16980.

(24) Hilbig, R.,; Wallenstein, R. Narrowband tunable VUV radiation
generated by nonresonant sum-and difference-frequency mixing in
xenon and krypton. Appl. Opt. 1982, 21 (5), 913—917.

(25) Zhu, C.; Eckhardt, A. K.; Bergantini, A.; Singh, S. K.; Schreiner, P.
R; Kaiser, R. L. The elusive cyclotriphosphazene molecule and its
Dewar benzene-type valence isomer (P3N;). Science Advances 2020, 6
(30), No. eaba6934.

(26) Boogert, A. A.; Gerakines, P. A.; Whittet, D. C. Observations of
the icy universe. Annu. Rev. Astron. Astrophys. 2015, 53, 541.

(27) Prialnik, D.; Barucci, M. A.; Young, L. The Trans-Neptunian Solar
System; Elsevier: 2019.

(28) Rubin, M.; Engrand, C.; Snodgrass, C.; Weissman, P.; Altwegg,
K.; Busemann, H.; Morbidelli, A.,; Mumma, M. On the Origin and
Evolution of the Material in 67P/Churyumov-Gerasimenko. Space Sci.
Rev. 2020, 216 (5), 102.

(29) Jones, B. M,; Kaiser, R. I. Application of Reflectron Time-of-
Flight Mass Spectroscopy in the Analysis of Astrophysically Relevant
Ices Exposed to Ionization Radiation: Methane (CH,) and D,
Methane (CD,) as a Case Study. J. Phys. Chem. Lett. 2013, 4, 1965—
1971.

(30) Abplanalp, M. J.; Jones, B. M.; Kaiser, R. I. Untangling the
methane chemistry in interstellar and solar system ices toward ionizing
radiation: a combined infrared and reflectron time-of-flight analysis.
Phys. Chem. Chem. Phys. 2018, 20 (8), 5435—5468.

(31) Forstel, M.; Bergantini, A.; Maksyutenko, P.; Gobi, S.; Kaiser, R.
I. Formation of methylamine and ethylamine in extraterrestrial ices and
their role as fundamental building blocks of proteinogenic a-amino
acids. Astrophysical Journal 2017, 84S (1), 83.

(32) Abplanalp, M. J.; Kaiser, R. I. Complex hydrocarbon chemistry in
interstellar and solar system ices revealed: A combined infrared
spectroscopy and reflectron time-of-flight mass spectrometry analysis of
ethane (C,H) and D6-ethane (C,D¢) ices exposed to ionizing
radiation. Astrophysical Journal 2016, 827 (2), 132.

(33) Abplanalp, M. J.; Kaiser, R. I. Implications for extraterrestrial
hydrocarbon chemistry: Analysis of ethylene (C,H,) and D4-ethylene
(C,D,) ices exposed to ionizing radiation via combined infrared

https://dx.doi.org/10.1021/acs.accounts.0c00584
Acc. Chem. Res. 2020, 53, 2791-2805



Accounts of Chemical Research

pubs.acs.org/accounts

spectroscopy and reflectron time-of-flight mass spectrometry. Astro-
physical Journal 2017, 836 (2), 195.

(34) Abplanalp, M. J; Kaiser, R. 1. Implications for Extraterrestrial
Hydrocarbon Chemistry: Analysis of Acetylene (C,H,) and D2-
acetylene (C,D,) Ices Exposed to Ionizing Radiation via Ultraviolet-
Visible Spectroscopy, Infrared Spectroscopy, and Reflectron Time-of-
flight Mass Spectrometry. Astrophysical Journal 2020, 889 (1), 3.

(35) Abplanalp, M. J.; Gobi, S.; Kaiser, R. I. On the formation and the
isomer specific detection of methylacetylene (CH;CCH), propene
(CH3CHCH,), cyclopropane (c-C3;Hy), vinylacetylene
(CH,CHCCH), and 1,3-butadiene (CH,CHCHCH,) from inter-
stellar methane ice analogues. Phys. Chem. Chem. Phys. 2019, 21 (10),
5378—5393.

(36) Kaiser, R.; Roessler, K. Theoretical and laboratory studies on the
interaction of cosmic-ray particles with interstellar ices. I. Synthesis of
polycyclic aromatic hydrocarbons by a cosmic-ray-induced multicenter
mechanism. Astrophys. J. 1997, 475 (1), 144—154.

(37) Kaiser, R. I; Roessler, K. Theoretical and laboratory studies on
the interaction of cosmic-ray particles with interstellar ices. IIL
Suprathermal chemistry-induced formation of hydrocarbon molecules
in solid methane (CH,), ethylene (C,H,), and acetylene (C,H,).
Astrophys. J. 1998, 503 (2), 959—975.

(38) Bergantini, A.; Maksyutenko, P.; Kaiser, R. I. On the formation of
the C,H4O isomers ethanol (C,H;OH) and dimethyl ether
(CH,0CH,) in star-forming regions. Astrophysical Journal 2017, 841
(2), 96.

(39) Bergantini, A.; Gobi, S.; Abplanalp, M. J.; Kaiser, R. L. A
Mechanistical Study on the Formation of Dimethyl Ether (CH;OCH;)
and Ethanol (CH;CH,OH) in Methanol-containing Ices and
Implications for the Chemistry of Star-forming Regions. Astrophysical
Journal 2018, 852 (2), 70.

(40) Turner, A. M.; Abplanalp, M. J.; Kaiser, R. L. Probing the carbon-
phosphorus bond coupling in low-temperature phosphine (PH;)-
methane (CH,) interstellar ice analogues. Astrophysical Journal 2016,
819 (2), 97.

(41) Zhu, C.; Frigge, R.; Bergantini, A.; Fortenberry, R. C.; Kaiser, R. L
Untangling the Formation of Methoxymethanol (CH;OCH,0H) and
Dimethyl Peroxide (CH;OOCH;) in Star-forming Regions. Astrophys-
ical Journal 2019, 881 (2), 156.

(42) Bergantini, A.; Frigge, R,; Kaiser, R. I. Constraining the
Molecular Complexity in the Interstellar Medium—The Formation
of Ethyl Methyl Ether (CH;OCH,CHj;) in Star-forming Regions.
Astrophysical Journal 2018, 859 (1), 59.

(43) Abplanalp, M. J.; Gobi, S.; Bergantini, A.; Turner, A. M.; Kaiser,
R. I. On the synthesis of chocolate flavonoids (propanols, butanals) in
the interstellar medium. ChemPhysChem 2018, 19 (S), S56—560.

(44) Kaiser, R. L; Maity, S.; Jones, B. M. Synthesis of Prebiotic
Glycerol in Interstellar Ices. Angew. Chem., Int. Ed. 2015, 54 (1), 195—
200.

(45) Bennett, C.].; Osamura, Y.; Lebar, M. D.; Kaiser, R. I. Laboratory
Studies on the Formation of Three C,H,O Isomers—Acetaldehyde
(CH;CHO), Ethylene Oxide (c-C,H,0), and Vinyl Alcohol
(CH,CHOH)—in Interstellar and Cometary Ices. Astrophys. J. 2008,
634 (1), 698—711.

(46) Brann, M. R;; Thompson, R. S.; Sibener, S. Reaction Kinetics and
Influence of Film Morphology on the Oxidation of Propene Thin Films
by O (°P) Atomic Oxygen. J. Phys. Chem. C 2020, 124 (13), 7205—
7218.

(47) McGuire, B. A,; Carroll, P. B,; Loomis, R. A.; Finneran, 1. A;
Jewell, P. R;; Remijan, A. J.; Blake, G. A. Discovery of the interstellar
chiral molecule propylene oxide (CH;CHCH,O). Science 2016, 352
(6292), 1449—1452.

(48) Turner, A. M.; Koutsogiannis, A. S.; Kleimeier, N. F.; Bergantini,
A.; Zhu, C,; Fortenberry, R. C.; Kaiser, R. I. An Experimental and
Theoretical Investigation into the Formation of Ketene (H,CCO) and
Ethynol (HCCOH) in Interstellar Analog Ices. Astrophysical Journal
2020, 896 (1), 88.

(49) Abplanalp, M. J.; Borsuk, A.; Jones, B. M.; Kaiser, R. L. On the
formation and isomer specific detection of propenal (C,H;CHO) and

2804

cyclopropanone (c-Cy;H,0) in interstellar model ices—a combined
FTIR and reflectron time-of-flight mass spectroscopic study.
Astrophysical Journal 2015, 814 (1), 4S.

(50) Zhou, L.; Kaiser, R. L; Gao, L. G.; Chang, A. H.; Liang, M.-C.;
Yung, Y. L. Pathways to oxygen-bearing molecules in the interstellar
medium and in planetary atmospheres: cyclopropenone (c-C;H,0)
and propynal (HCCCHO). Astrophys. J. 2008, 686 (2), 1493—1502.

(51) Maity, S.; Kaiser, R. L; Jones, B. M. Infrared and reflectron time-
of-flight mass spectroscopic study on the synthesis of glycolaldehyde in
methanol (CH;O0H) and methanol-carbon monoxide (CH;0H-CO)
ices exposed to ionization radiation. Faraday Discuss. 2014, 168, 485—
s16.

(52) Maity, S.; Kaiser, R. L; Jones, B. M. Formation of complex organic
molecules in methanol and methanol-carbon monoxide ices exposed to
ionizing radiation - a combined FTIR and reflectron time-of-flight mass
spectrometry study. Phys. Chem. Chem. Phys. 2015, 17 (5), 3081—3114.

(53) Zhu, C.; Turner, A. M.; Abplanalp, M. J.; Kaiser, R. . Formation
and High-order Carboxylic Acids (RCOOH) in Interstellar Analogous
Ices of Carbon Dioxide (CO,) and Methane (CH,). Astrophysical
Journal Supplement Series 2018, 234 (1), 1.

(54) Bennett, C. J.; Hama, T.; Kim, Y. S.; Kawasaki, M.; Kaiser, R. L.
Laboratory studies on the formation of formic acid (HCOOH) in
interstellar and cometary ices. Astrophys. J. 2011, 727 (1), 27.

(55) Bergantini, A.; Zhu, C.; Kaiser, R. 1. A Photoionization Reflectron
Time-of-flight Mass Spectrometric Study on the Formation of Acetic
Acid (CH;COOH) in Interstellar Analog Ices. Astrophysical Journal
2018, 862 (2), 140.

(56) Kleimeier, N. F.; Eckhardt, A. K; Kaiser, R. I. A Mechanistic
Study on the Formation of Acetic Acid (CH;COOH) in Polar
Interstellar Analog Ices Exploiting Photoionization Reflectron Time-of-
flight Mass Spectrometry. Astrophysical Journal 2020, 901 (1), 84.

(57) Zhu, C.; Turner, A. M; Meinert, C.; Kaiser, R. I. On the
Production of Polyols and Hydroxycarboxylic Acids in Interstellar
Analogous Ices of Methanol. Astrophysical Journal 2020, 889 (2), 134.

(58) Kaiser, R.; Eich, G.; Gabrysch, A.; Roessler, K. Theoretical and
laboratory studies on the interaction of cosmic-ray particles with
interstellar ices. II. Formation of atomic and molecular hydrogen in
frozen organic molecules. Astrophys. J. 1997, 484 (1), 487—498.

(59) Cronin, J. R;; Chang, S. Organic matter in meteorites: Molecular
and isotopic analyses of the Murchison meteorite. In The Chemistry of
Life’s Origins; Springer: 1993; pp 209—258.

(60) Botta, O.; Bada, J. L.; Ehrenfreund, P. The amino acid
composition of carbonaceous chondrites: clues to their parent bodies.
Proc. Asteroids, Comets, Meteors 2002, S00, 925—928.

(61) Jones, B. M.; Bennett, C. J.; Kaiser, R. I. Mechanistical Studies on
the Production of Formamide (H,NCHO) within Interstellar Ice
Analogs. Astrophys. ]. 2011, 734 (2), 78.

(62) Forstel, M.; Maksyutenko, P.; Jones, B.; Sun, B.-J.; Chang, A.;
Kaiser, R. Synthesis of urea in cometary model ices and implications for
Comet 67P/Churyumov-Gerasimenko. Chem. Commun. 2016, 52 (4),
741-744.

(63) Frigge, R.; Zhu, C.; Turner, A. M.; Abplanalp, M. J.; Bergantini,
A,; Sun, B.-J; Chen, Y.-L,; Chang, A. H,; Kaiser, R. I. A Vacuum
Ultraviolet Photoionization Study on the Formation of N-methyl
Formamide (HCONHCHj,) in Deep Space: A Potential Interstellar
Molecule with a Peptide Bond. Astrophysical Journal 2018, 862 (1), 84.

(64) Turner, A. M.; Abplanalp, M. J.; Blair, T.].; Dayuha, R.; Kaiser, R.
I. An Infrared Spectroscopic Study Toward the Formation of
Alkylphosphonic Acids and Their Precursors in Extraterrestrial
Environments. Astrophysical Journal Supplement Series 2018, 234 (1), 6.

(65) Turner, A. M.; Bergantini, A.; Abplanalp, M. J.; Zhu, C.; Gobi, S.;
Sun, B.-J.; Chao, K.-H.; Chang, A. H.; Meinert, C.; Kaiser, R. I. An
interstellar synthesis of phosphorus oxoacids. Nat. Commun. 2018, 9
(1), 3851.

(66) Turner, A. M.; Abplanalp, M. J.; Bergantini, A.; Frigge, R.; Zhu,
C.; Sun, B.-J.; Hsiao, C.-T.; Chang, A. H,; Meinert, C.; Kaiser, R. L
Origin of Alkylphosphonic Acids in the Interstellar Medium. Science
Advances 2019, S, eaaw4307.

https://dx.doi.org/10.1021/acs.accounts.0c00584
Acc. Chem. Res. 2020, 53, 2791-2805



Accounts of Chemical Research

pubs.acs.org/accounts

(67) Turner, A. M.; Abplanalp, M. J.; Chen, S.Y.; Chen, Y. T.; Chang,
A. H,; Kaiser, R. I. A photoionization mass spectroscopic study on the
formation of phosphanes in low temperature phosphine ices. Phys.
Chem. Chem. Phys. 2015, 17 (41), 27281-27291.

(68) Zhu, C.; Frigge, R.; Turner, A. M.; Kaiser, R. L; Sun, B.-J.; Chen,
S.-Y.; Chang, A. H. First identification of unstable phosphino formic
acid (H,PCOOH). Chem. Commun. 2018, 54 (45), $716—5719.

(69) Frigge, R.; Zhu, C.; Turner, A. M.; Abplanalp, M. J.; Sun, B.-J;
Huang, Y.-S.; Chang, A. H.; Kaiser, R. I. Synthesis of the hitherto elusive
formylphosphine (HCOPH,) in the interstellar medium-a molecule
with an exotic phosphorus peptide bond. Chem. Commun. 2018, 54
(72), 10152—10155.

(70) Carrasquillo, E.; Utz, A.; Crim, F. Collisional relaxation of single
rotational states in highly vibrationally excited acetylene. J. Chem. Phys.
1988, 88 (9), 5976—5978.

(71) Gerlich, D. Molecular ions and nanoparticles in RF and AC traps.
Hyperfine Interact. 2003, 146 (1—4), 293—306.

(72) Esser, T. K.; Hoffmann, B.; Anderson, S. L.; Asmis, K. R. A
cryogenic single nanoparticle action spectrometer. Rev. Sci. Instrum.
2019, 90 (12), 125110.

2805

https://dx.doi.org/10.1021/acs.accounts.0c00584
Acc. Chem. Res. 2020, 53, 2791-2805



