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ABSTRACT

Currently over 200 molecules have been detected in the interstellar medium (ISM) with about
one third being complex organic molecules (COMs), molecules containing six or more atoms.
Over the last decades astrophysical laboratory experiments have shown that several COMs are
formed via interaction of ionizing radiation within ices deposited on interstellar dust particles at
10 K (H,O, CH30H, CO, CO,, CH4, NH3). However, there is still a lack of understanding of the
chemical complexity that is available through individual ice constituents. The present research
investigates experimentally the synthesis of carbon, hydrogen, and oxygen bearing COMs from
interstellar ice analogues containing carbon monoxide (CO) and methane (CH,), ethane (C,Hg),
ethylene (C,Hy), or acetylene (C,H,) exposed to ionizing radiation. Utilizing online and in-situ
techniques, such as infrared spectroscopy and tunable photoionization reflectron time-of-flight
mass spectrometry (PI-ReTOF-MS), specific isomers produced were able to be characterized. A
total of 12 chemically different groups were detected corresponding to: C,H,O (n = 2, 4, 6),
C:H,0 (n=2,4,6,8), C4H,0 (n =4, 6, 8, 10), CsH,O (n =4, 6, 8, 10), CcH,O (n =4, 6, 8, 10,
12, 14), C,H,O, (n = 2, 4), C3H,0, (n =4, 6, 8), C4H,O, (n = 4, 6, 8, 10), CsH,0, (n = 6, 8),
CeH, 0, (n = 8, 10, 12), C4H,05 (n = 4, 6, 8), and CsH,O;3 (n = 6, 8). More than half of these
isomer specifically identified molecules have been identified in the ISM, and the remaining
COMs detected here can be utilized to guide future astronomical observations. From these
isomers, three groups — alcohols, aldehydes, and molecules containing two of these functional
groups — displayed varying degrees of unsaturation. Also, the detection of 1-propanol, 2-
propanol, 1-butanal, and 2-methyl-propanal have significant implications as the propyl and
isopropyl moieties (CsH;), which have already been detected in the ISM via propyl cyanide and
isopropyl cyanide, were able to be detected in our laboratory studies. General reaction
mechanisms for their formation are also proposed with distinct follow up studies being

imperative to elucidate the complexity of COMs synthesizes in these ices.
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1. INTRODUCTION
Complex organic molecules (COMs) — molecules containing six or more atoms of carbon,

hydrogen, oxygen, and nitrogen such as aldehydes (HCOR), ketones (RCOR”), carboxylic acids
(RCOOH), esters (RCOOR’), amides (RCONH,;), and nitriles (RCN) with R and R’ being an
alkyl group — are ubiquitous throughout the interstellar medium (ISM) (Fig. 1).!" 2 A detailed
understanding of the synthetic routes of structural isomers — molecules with the same molecular
formula but different order of atoms — of COMs is of fundamental significance to the laboratory
astrophysics and astronomy communities. These unique isomers are utilized as tracers to
determine the physical and chemical conditions of interstellar environments and can be used to
test chemical models of molecular clouds and star forming regions.? Despite the vital role of
structural isomers of COMs as evolutionary fingerprints in astronomy to constrain the
evolutionary stage of molecular clouds and star forming regions together with their chemical and

physical boundary conditions, definitive evidence is lacking on their formation mechanisms.> 4

Initially, astrochemical models of gas-phase-only-chemistry were utilized to explain
observed COMs, but these models yielded abundances with discrepancies of more than an order
of magnitude with respect to observations.> > For example acetaldehyde has been detected
toward SgrB2 with column densities of 2.2 x 10'4 molecules cm™, with respect to hydrogen, but
gas-phase astrochemical models produced column densities almost four orders of magnitude less
of 5.6 x 10! molecules cm2.!° Therefore, these ‘gas-phase only’ models have been modified in
multiple ways such as by including gas phase neutral-neutral reactions, grain-surface reactions,
injecting complex molecules formed on the surface of ice-coated grains, multi-phase temperature
procedures, photodesorption, and reactive desorption.> & ! Nonetheless, even these improved
models could not duplicate observed relative abundances of structural isomers of COMs.? 10 12
However, interstellar ices comprised of water (H,O), methanol (CH;0H), carbon monoxide
(CO), carbon dioxide (CO,), formaldehyde (H,CO), methane (CH,4), and ammonia (NHj3) are
present in molecular clouds,'® and the synthesis of COMs has been linked to the processing of
icy interstellar grains by ionizing radiation via galactic cosmic rays (GCRs) and the internal
ultraviolet photon field in cold molecular clouds — the nurseries of stars and planetary systems —
and in star forming regions.? 3 10 12 14-17 The inclusion of solid laboratory data — rate constants,
reaction products, branching ratios, temperature dependence, and chemical composition — into

astrochemical reaction networks has allowed these models to more accurately match ISM
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abundances, which suggests that key production routes to COMs on interstellar grains have been
missing. !0 12, 14, 15. 18 Incorporating the respective solid state data into models for the COMs
acetaldehyde (CH;CHO), ethenol (CH,CHOH), and propylene oxide (c-C5HgO) resulted in the
production of column densities of 2.75 x 10'* molecules cm=, 1.55 x 10'* molecules cm2, and 1
x 1013 molecules cm™, respectively. These new model abundances are very similar to observed
values of 2.2 x 10!'* molecules cm2, 2.2 x 104 molecules cm2, and 1 x 10!3 molecules cm2, for
acetaldehyde, ethenol, and propylene oxide, respectively. Therefore, novel laboratory
experiments exploiting experimental techniques able to probe the formation of COMs in
interstellar analogue ices via interaction of ionizing radiation are clearly necessary to unravel
comprehensively the complex organic chemistry occurring within interstellar ices. These
simulation experiments also allow to identify COMs, which have not been detected in the ISM to
date, which then can be searched for in future astronomical observations via, for instance, the
Atacama Large Millimeter/Submillimeter Array (ALMA). Although studies of the interaction of
ionizing radiation with interstellar Analogue ices have been carried out for the past five decades
the understanding of the synthesis of COMs in interstellar analogue ices subjected to ionizing

radiation is still in its infancy.” 1 20

Previous studies have been limited by the analytical tools used to identify newly formed
molecules, such as with Fourier transform infrared spectroscopy (FTIR)?!->* and electron impact
ionization quadrupole mass spectrometry (EI-QMS).16- 2527 Here, FTIR spectroscopy of the solid
state may identify functional groups of molecules, and small molecules themselves, but is
incapable of definitively identifying individual COMs.?>* 2329 Often these processed ices are then
heated causing the synthesized molecules to sublime into the gas phase, which simulates the
transition of a cold molecular cloud into a star forming region such as Sagittarius B2.!7-30-34 The
subliming molecules are then traditionally studied with EI-QMS, but often this causes
fragmentation of the products into overlapping fragments that make it very difficult, if not
impossible, to determine what parent molecule was actually produced in particular in complex
gas mixtures.”> 33 To circumvent these drawbacks novel analytical techniques need to be
employed. Utilizing tunable vacuum-ultraviolet (VUV) single photon photoionization coupled to
a reflectron time-of-flight mass spectrometer (PI-ReTOF-MS) allows a definitive isomer specific
detection based on their known ionization energies (IEs).3% 37 Since individual COMs, as well as

isomers, have discrete ionization energies, a correlation of the ionization energy with the mass-

4
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to-charge of the product helps to uniquely identify specific COMs.3#47 Note that the warm up
phase is also monitored via FTIR in the condensed phase so that the temperature-dependent
evolution of the functional groups of the COMs can be traced in the ices and correlated with its
corresponding sublimation profile.?* 8 Here, a decay of the absorption intensities of the
functional groups of the COMs in the ices can be correlated with an increase of signal of

individual COMs in the gas-phase upon sublimation.*’

As discussed above, ices containing carbon monoxide and methane at levels up to 50 % and
11 %, respectively, have been detected in the ISM.!? The processing of pure methane ices at ISM
temperatures has been shown to produce the C2 hydrocarbons ethane (C,Hg), ethylene (C,Hy),
and acetylene (C,H,) as major products and as well as more complex hydrocarbons up to
CyoH,.16- 29, 46, 5054 Therefore, analogue ices containing binary ice mixtures of carbon monoxide
and methane, ethane, ethylene, or acetylene have been selected to study the chemical complexity
of COMs able to be produced. Although interstellar ices are typically comprised of more
complex mixtures as noted above — water (H,0O), methanol (CH30H), carbon monoxide (CO),
carbon dioxide (CO,), formaldehyde (H,CO), methane (CH,), and ammonia (NH;) — these
simplified ices are necessary to provide a thorough understanding of the chemical complexity
available from these individual constituents, and the results obtained from these analogue ices
can be utilized to untangle the complex chemistry occurring in more realistic ice mixtures.
Although ethane, ethylene, and acetylene have not been detected in interstellar ices their
production from methane ices allows them to be utilized as a proxy for different amounts of
processing of ISM ices containing carbon monoxide-methane, and the unique products detected
from the different carbon monoxide-hydrocarbon systems can be utilized in constraining the
chemical complexity available.* 33-37 Furthermore, 18 of these COMs, out of the 20 detected C,
H, and O containing molecules in the ISM, are part of some group of isomers already detected in
the ISM corresponding to the general formulae C,H,O, C,HsO, C;H,O, C;HcO, C,H40,,
C,HgO,, or C3HO,. Therefore, unraveling the synthetic routes to COMs by studying only
carbon, hydrogen, and oxygen containing COMs and their isomers is an important first step in

understanding the chemical complexity available via ice phase chemistry in the ISM.

2. EXPERIMENTAL DETAILS
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The experimental apparatus consist of a contamination free stainless steel ultrahigh vacuum
(UHV) chamber operated at base pressures of a few 107! torr.’% 3 A silver mirror acts as the
substrate and is mounted within the UHV chamber to a cryostat that is cooled to 5.0 + 0.1 K. The
closed cycle helium cryostat (Sumitomo, RDK-415E) is able to be rotated in the horizontal plane
or repositioned in the vertical plane of the UHV chamber utilizing its differentially pumped
rotary-feedthrough (Thermionics Vacuum Products, RNN-600/FA/MCQO) and UHV compatible
bellow (McAllister, BLT106), respectively.®0-62 After the substrate has been cooled, a premixed
system of methane (CHy, Specialty Gases of America, 99.999 %), ethane (C,Hg, Gaspro, 99.999
%), ethylene (C,Hy, Linde, 99.999 %), or acetylene (C,H,, AirGas) and carbon monoxide (CO,
Aldrich, 99.99 %) was deposited onto the substrate via a glass capillary array, positioned 30 mm
away, using a background pressure of 5 x 108 torr over a few minutes (Table 1).33 To remove
even trace amounts of the acetone (CH3C(O)CH3) stabilizer from the acetylene gas, a dry ice-
ethanol slush bath combined with a zeolite absorber cartridge (Chromatography Research
Systems, Model 300) were utilized prior to mixing the acetylene gas with the carbon monoxide
gas. The deposition of each carbon monoxide-hydrocarbon mixture was monitored online and in-
situ via laser interferometry by reflecting a HeNe laser (A = 632.8 nm; CVI Melles-Griot; 25-
LHP-230) off the silver mirror into a photodiode.53-% Utilizing a refractive index (n) of 1.31,
1.30, 1.32, and 1.32 for carbon monoxide-methane/ethane/ethylene/acetylene ices, respectively,
and the recorded interference fringes allows for a precise determination of the ice thickness.!0 17-
% The total thickness of the carbon monoxide-methane, ethane, ethylene, and acetylene ices was
calculated to be 520 + 50 nm, 500 = 10 nm, 550 + 20 nm, and 800 + 50 nm, respectively.®’-6°
These ices had ratios of 1.4+ 0.5:1.0+£04,1.0+£03:1.5+04,1.0£0.2:1.7+0.6,and 1.0 +
0.3 : 1.1 + 0.5 for carbon monoxide to methane, ethane, ethylene, or acetylene, respectively.
These ratios were determined utilizing unique infrared features at 2139 cm! (v, CO), 2090 cm!
(v1, 3CO), 3010 cm! (v3, CHy), 4203 cm! (vi+vy, CHy), 2974 cm! (v, CoHg), 4322 cm’!
(V6tvig, CoHg), 949 cm! (v7, C,Hy), 4710 cm! (vy+vy, C,Hy), 3240 cm! (v3, C,H,), and 4072 cm-
' (vi+vs, C;H,), and their corresponding absorption coefficients of 1.1 x 107'7 cm molecules!,”°
1.3 x 10''7 ¢m molecules™,”? 1.4 x 10'7 cm molecules,*7 3.9 x 101 cm molecules,67 2.2 x 10
17 ¢cm molecules,%® 2.2 x 10" ¢cm molecules,%® 1.3 x 107 cm molecules,%® 1.0 x 10°1° ¢cm
molecules!,%® 2.4 x 107'7 ¢cm molecules,*® and 2.3 x 107! c¢m molecules,*® respectively.

Isotopically substituted starting mixtures were also utilized via deuterated-carbon-13-methane
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(13CDy, Isotec, 99 % 3C, 99 % D), deuterated-ethylene (C,D4, C.D.N. isotopes, 99.8 % D),
deuterated-acetylene (C,D,, C.D.N. Isotopes, 99 % D), carbon-13-carbon monoxide (13CO,
Aldrich, 99 % 3C), and oxygen-18-carbon monoxide (C'30, Aldrich, 99 % '%0), with similar
thicknesses for each system, to observe isotopic shifts in order to confirm both the infrared

spectroscopy and mass spectrometry assignments (Tables 2-3, S1).45-71.72

Following the deposition of the binary ice, each ice mixture was analyzed online and in-situ
before, during, and after processing with an FTIR spectrometer (Nicolet 6700). The infrared
spectrum is collected in absorption-reflection-absorption mode at a reflection angle of 45°, and
examined the infrared region of 500 to 5,000 cm™!, using a resolution of 4 c¢m!, during the
irradiation of the ice with 5 keV electrons (Figs. 2 and S1-S4). While monitoring with FTIR the
deposited ice was then irradiated with 5 keV electrons over an area of 1.0 + 0.1 cm? of the ice.
These energetic electrons impinge on the ice at an incidence angle of 70° relative to the surface
normal of the substrate, mimicking the secondary electrons produced when GCRs penetrate
interstellar ices.> 0 73-76 Utilizing Monte Carlo simulations, via CASINO 2.42 software, and
supplying the densities of methane (CHy, p = 0.47 g cm3), ethane (CoHg, p = 0.72 g cm?),
ethylene (C,Hy, p = 0.75 g cm), acetylene (C,H,, p = 0.76 cm), and carbon monoxide (CO, p =
1.03 g cm?), the penetration depth for these ices ranged from 300 — 400 nm. Note that this
penetration of the electrons results in chemistry occurring throughout the bulk of the ice mantle
and not only at the surface of the ice. Also, the dose deposited via the energetic electrons into the
ice was determined (Table 1).6%77-82 Interstellar ices present in cold molecular clouds of ages 10°
— 107 years have been calculated to receive doses of about 0.3 — 3.0 eV molecule!,
respectively.”® The current experiments utilized doses mimicking the higher end of this range.
Although irradiation with a dose comparable to what ISM ices receive is possible the duration to
deliver these amounts of energy are significantly shorter in laboratory experiments than in the
ISM, and an experiment replicating ISM irradiation times is simply not feasible. It is crucial to
point out that no laboratory astrochemistry experiment worldwide can reproduce the chemical
complexity and radiation environment concurrently. Therefore, simulation experiments are
conducted with well-defined model ices and irradiation sources to provide a systematic

understanding of the fundamental processes leading to COMs in ISM ices.



Physical Chemistry Chemical Physics

After irradiating the ice mixture the substrate is then heated at a rate of 0.5 K min! to 300 K
(temperature programmed desorption, TPD).6!- 83, 3% The subliming molecules are then analyzed
via EI-QMS (Extrel, Model 5221) and the PI-ReTOF-MS technique (Fig. 3).8-%2 The QMS
operates in residual gas analyzer mode using an electron impact ionizer (70 eV) with an emission
current of 1 mA to monitor the mass range from 1-200 amu during TPD.# Concurrently, the PI-
ReTOF-MS system also evaluates the subliming molecules by first using single photon
ionization via pulsed coherent VUV light to ionize the molecules. Next, those ions are detected
utilizing a modified reflectron time-of-flight mass spectrometer (Jordan TOF products, Inc.).40- 3>
87 A series of different photoionization energies were employed for the ice mixtures, and
included 8.40 eV (A= 147.6 nm), 9.00 eV (A= 137.8 nm), 9.15 eV (A= 135.5 nm), 9.60 eV (A=
129.1 nm), 9.63 eV (A= 28.7 nm), 9.75 eV (A= 127.2 nm), 9.80 eV (A= 126.5 nm), 9.93 eV (A=
124.9 nm), 10.49 eV (A= 118.2 nm), and 10.82 ¢V (A= 114.6 nm) with fluxes of 2.0 £ 0.5 x 102

photons s'! measured.?® 534

In detail, the VUV light utilized to photoionize the subliming molecules was generated via
four-wave mixing. Here, non-resonant four-wave mixing from frequency tripling the third
harmonic output (355 nm) of an Nd:YAG laser (Spectra-Physics Pro-250-30/Spectra-Physics
Pro-270-30) in xenon gas (99.999% Praxair), used as the non-linear medium, produces 10.49 eV
photons.*? Alternatively, all other photon energies (8.40 ¢V, 9.00 eV, 9.15 ¢V, 9.60 ¢V, 9.63 eV,
9.75 eV, 9.80 eV, 9.93 eV, 10.82 eV) were generated via resonant four-wave mixing by first
pumping separate dye lasers (Sirah Cobra-Stretch/Sirah PrecisionScan) with 355 nm or 532 nm
light from individual Nd:YAG lasers to produce photons at a resonance of either xenon or
krypton and the second wavelength generated is then used to tune the VUV photon energy for
each experiment. Once the VUV photons have been produced they are then separated from the
input wavelengths with a lithium fluoride (LiF) lens based on their difference in refractive
index.”® 88 This LiF separation lens has also been designed to focus the VUV photons about 1 cm
above the ice to photoionize subliming molecules. The photoionized molecules are then mass
analyzed via the ReTOF-MS utilizing a dual chevron configured multichannel plate (MCP). The
detected ion signals were then amplified (Ortec 9305) and shaped using a 100 MHz
discriminator. The collected mass spectra are recorded with 4 ns bin widths over 3600 sweeps

using a personal computer based multichannel scaler (FAST ComTec, P7888-1 E) that is
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triggered at 30 Hz (Quantum Composers, 9518) resulting in a single mass spectrum per 1 K

increase in temperature of the substrate (Fig. 3).

3. RESULTS & DISCUSSION
3.1. Infrared Spectroscopy

Processing of the ice mixtures resulted in several new infrared absorptions being detected
(Fig. 2). These features can be assigned to ten unique small closed molecules and radicals (Table
2). The small molecules identified in the carbon monoxide-methane irradiated ices include the
methyl radical (CH3) (3151 cml, v3; 613 cml, v,), the formyl radical (HCO) (1853 cm!, v3), the
C2 hydrocarbons acetylene (C,H,) (3253 cm!, v3), ethylene (C,Hy) (3093 cm™!, vo; 957 cm!, v7),
and ethane (C,Hg) (2978 cm!, vip; 2920 cm!, v+ vyp; 2885 cm™!, vs; 1466 cm!, vy; 1373 cm'!,
vg), and even carbon dioxide (CO;) (2341 cm!, vg) along with carbon suboxide (C30,) (2242
cm!, v3; 2192 ecm! | vy) (Fig. S1).19- 1721, 22, 41 Digerete small molecules identified in the carbon
monoxide-ethane irradiated ices include methane (CH4) (3008 cm!, v3; 1300 cm™!, v,), the
formyl radical (HCO) (1855 cm!, v3), the hydrocarboxyl radical (HOCO) (1845 cm™!, v,),
ethylene (C,Hy) (3092 cml, vo; 1435 cm!, vi5; 950 eml, v4), carbon dioxide (CO,) (2345 cm’!,
V), and carbon suboxide (C30;) (2242 cm!, v3; 2192 cm™!, v;) (Fig. S2).19-54. 89,90 The specific
small molecules detected in the carbon monoxide-ethylene irradiated ices were the formyl radical
(HCO) (1853 cm'!, v3), the hydrocarboxyl radical (HOCO) (1823 cm™!, v;), the C2 hydrocarbons
acetylene (C,H;) (3245 cm’!, v3; 1377 eml, v4+vs; 758 cm!, vs), and ethane (C,Hg) (2965 cm’!,
vi; 2920 eml, vg + vip; 2880 em!, vs; 2832 cm!, vg + vip; 2740 em’l, vy + v 1464 cm’l, vy
1377 cm!, vg) (Fig. S3).34 33, 66 Finally, the FTIR analysis of the carbon monoxide-acetylene
irradiated ices observed the formyl radical (HCO) (1853 cml, v3), ethylene (C,Hy) (2978 cm’!,
vi1), ethane (C,Hg) (2978 cm’!, vyy; diacetylene (C4H,) (3320 cm! |, vy 1240 cm!' | vg + vy),
vinylacetylene (C4Hy) (3285 cm!, vy; 2978 cm™!, v+ v4; 1240 em!, 2vy4), and carbon suboxide
(C30,) (2250 cm!, v3) (Fig. S4).°! These assignments were also confirmed via their isotopic

shifts? in BCO-13CD,, C'80-C,Hg, C180-C,Dy4, and C'80-C,D, ices, respectively (Table S1).

However, several of these features remain past the sublimation of these assigned molecules
proving that they are also related to more complex species formed from irradiation. Furthermore,
a broad absorption feature spanning 1600-1800 cm-!, which can be correlated with a carbonyl

functional group (C=0), was detected in each ice mixture. This infrared detection has been
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shown to belong to multiple carriers, rather than a single molecule, generally defined as saturated
aldehydes, alkylketones, a,B-unsaturated aldehydes/ketones, o,B-dicarbonyl compounds in keto-
enol form, a,f,y,0-unsaturated aldehydes/ketones, and/or unsaturated dicarbonyles. In summary,
infrared spectroscopy identified ten specific small molecules as well as newly formed molecules

carrying the carbonyl group.?3-97

3.2. Mass Spectrometry - PI-ReTOF-MS

Although FTIR analysis revealed the presence of several small molecules, it is incapable of
definitively identifying more complex species such as the parent molecules of the observed
carbonyl stretching band. However, the complimentary analytical technique, PI-ReTOF-MS,
provides extremely sensitive analysis that allows for the determination of the identity of the
molecular formulas of the complex molecules produced, and in some instances even the specific
isomers formed. Here, we discuss the detected molecular formulae containing carbon, hydrogen,
and oxygen atoms as the hydrocarbons formed from each of these hydrocarbon precursors (CHy,
C,Hg, CoH4, C,H,) as pure ices have been investigated and disseminated previously utilizing the

same technique.?- 46,33, 54

3.2.1. C;H,O (n=2,4,06)

PI-ReTOF-MS detected ions at m/z = 42, m/z = 44, and m/z = 46 corresponding to the general
formulae C,H,O, C,H40, and C,H¢O, respectively (Figs. 4 and S5-S7, Table 3). These
assignments were also confirmed via isotopic shifts as previously discussed to separate the
molecular formulae from overlapping mass-to-charge ratios, for example from Cs;Hg (m/z = 42).
The ion signal for C,H,O (m/z = 42) was observed in all ice mixtures, C,H4O (m/z = 44) was
detected in all systems except for carbon monoxide-acetylene ices, and C,HcO (m/z = 46) was
only seen subliming from the irradiated carbon monoxide-methane ices using a PI energy of
10.49 eV. Here, the sublimation event for the C,H,O ions, as well as the isotopologues studied,
began at 79 K, 101 K, and 100 K in all ices in which they were detected for increasing n.
However, each of these groups, C,H,O, C,H;0, and C,H4O, all display a bimodal sublimation

profile suggesting that multiple isomers may have been formed.

The ions corresponding to C,H,O (n = 2, 4, 6) represent the simplest carbon, hydrogen, and
oxygen atom containing molecules detected via PI-ReTOF-MS in these experiments, but each of

these formulae have multiple possible isomers. The possible isomers corresponding to C,H,0 are

10
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ketene (H,CCO; IE = 9.61 £ 0.03 eV)%, ethynol (HCCOH; IE = 9.75 ¢V),” and oxirene (c-
C,H,0). To our knowledge the photoionization energy of oxirene has not been measured, and
ethynol’s photoionization energy is a calculated value.”” The ketene isomer, which is also the
most stable isomer, has been observed in the ISM, but the other less stable isomers have not been
detected to date.! Interestingly the sublimation profile of C,H,O at PI = 10.82 eV shows two
peaks in the carbon monoxide-acetylene system (Fig. S7). The first peak observed in the
sublimation spectrum corresponds to ketene as tuning the PI energy below ethynol’s ionization
energy (9.75 eV) still shows signal, and this can only be due to ketene. This second peak is due
to another isomer that was able to be ionized by the higher photon energy since this second peak
does not appear in any lower PI energies utilized. Here, this second peak may be due to either
ethynol and/or oxirene, but is more likely to be ethynol and the calculated the photoionization
cross section is very low at 10.49 eV. This assignment is further supported by analysis of the
C,H40 and C;HgO systems, where isomers incorporating an oxygen atom into the ringed
molecule did not occur. Furthermore, the higher sublimation temperature is also support for
ethynol to be formed as the ethenol (CH,CHOH) and 1-propenol (CH;CHCHOH) isomers
sublime at higher temperature relative to their aldehyde isomers acetaldehyde (CH;CHO) and
propanal (CH;CH,CHO), respectively. For the carbon monoxide-methane and ethane systems
this ion signal reduces corresponding to the PI cross section of ketene. Alternatively, the carbon
monoxide-ethylene experiments showed a large decrease in signal when tuning the PI energy

from 10.49 eV to 9.60 eV.

Similarly to the C,H,O ion signal observed at 10.82 eV a bimodal structure was observed at
PI=10.49 eV for C,H40 in the carbon monoxide-methane system, and tentatively in the carbon
monoxide-ethane and ethylene ices, but no signal was detected in the acetylene containing ice.
Again the doublet structure suggests that multiple isomers are contributing to the C,H4O ion
signal. The three isomers possible for this signal include ethenol (CH,CHOH, IE = 9.33 + 0.05
eV)100 acetaldehyde (CH;CHO, IE = 10.23 + 0.01 €V)!%, and oxirane (c-C,H40, IE = 10.56 +
0.01 eV)!%l Interestingly all of these isomers have been detected in the ISM.! First, at a PI
energy of 10.49 eV the cyclic oxirane isomer cannot be ionized and therefore not detected.
However, the bimodal structure of the C,H4O sublimation peak suggests it is due to more than a
single isomer which would indicate that both remaining isomers were formed. Tuning the PI

energy below that of the ionization energy of acetaldehyde (IE = 10.23 £+ 0.01 eV) shows that

11
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both acetaldehyde and ethenol are formed as the first peak is no longer observed, but the second
peak is still detectable in the carbon monoxide-methane and ethane mixture. Therefore, the initial
peak belongs to acetaldehyde while the later peak is due to ethenol. Ethenol can only be
tentatively identified in the carbon monoxide-ethylene ice, but acetaldehyde is able to be

confirmed.

Finally, the most highly saturated form of this group is the C,H¢O ion signal corresponding to
ethanol (CH3;CH,OH, IE = 10.48 + 0.07 eV) and/or dimethyl ether (CH;0OCHj3;, IE = 10.03 £ 0.03
eV).192 Like the C,H40 isomers both C,H¢O isomers have been detected in the ISM.! A very
small signal corresponding to C,;HgO ions was only detected in the carbon monoxide-methane
system. While the tunable energies utilized in that study were not designed to separate the C,HsO
isomers there are two observable peaks at 103-120 K and 147-202 K that correspond well to the
sublimation events for dimethyl ether (98-115 K) and ethanol (140-153 K). These ranges were
determined from calibration ices of dimethyl ether and ethanol that were deposited and sublimed
in the same way as the carbon monoxide-hydrocarbon ices while monitoring with PI-ReTOF-MS

at 10.49 eV .40.83

3.22.C:H,On=2,4,6,8)

Ions corresponding to the general formulae C;H,O (n = 2, 4, 6, §) were also detected using
PI-ReTOF-MS (Figs. 5 and S8-S10). The assignment of molecules to C;H,O (m/z = 54), C3H4,0
(m/z = 56), C;HgO (m/z = 58), and C;HgO (m/z = 60) in this group was also confirmed via their
isotopic shifts (Table 3). Here, the CsH,O (m/z = 54), C3H40 (m/z = 56), and CsHgO (m/z = 58)
ion signals were observed in all carbon monoxide-hydrocarbon ices, and the C3HgO (m/z = 60)
ion signal was detected only in the carbon monoxide-methane system and tentatively from the
carbon monoxide-ethane ice at PI = 10.49 eV. The sublimation event for the C;H,O ions, as well
as the isotopologues studied, began at 98 K, 91 K, 117 K and 112 K in the ices in which they
were observed for increasing n. Similarly to the C;H,,O system most of these group’s sublimation
profiles display multiple peaks in several of the spectra again, or are very broad peaks suggesting

that more than a single isomer was formed.

Surprisingly, the ions corresponding to CsH,O show differing sublimation profiles across the
different ice mixtures, which are all non-polar. Here, the C;H,O group consists of the three

isomers, methyleneketene (CH,CCO; IE = 8.90 £ 0.05 eV), cyclopropenone (c-CsH,O; IE = 9.26
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+ 0.05 eV), and propynal (HCCCHO; IE = 10.62 + 0.15 eV).3® Both the propynal and
cyclopropenone isomers have been detected in the ISM, but the methyleneketene isomer remains
elusive.! Utilizing a PI energy of 10.82 eV, the propynal isomer was confirmed to form in the
carbon monoxide-acetylene system and was determined to sublime from 125-155 K. The
cyclopropenone isomer was also confirmed by tuning the PI energy below its IE of 9.26 £ 0.15
eV, and this resulted in no detectable signal determining that the second observed peak,
subliming from 150-230 K, to be due to cyclopropenone. The carbon monoxide-methane ice
produced a very weak ion signal correlated to cyclopropenone at 10.49 eV as well as at 9.75 eV
subliming from 168-220 K. The carbon monoxide-ethane system can only tentatively identify the
formation of the propynal isomer because its isotopic shifted system still allows for overlap of
the signal from the hydrocarbon C4Hg. This hydrocarbon was shown to sublime from 80-120 K,
but the observed sublimation profile persisted until 148 K suggesting that the propynal isomer
may also contribute to the signal. Investigating the carbon monoxide-ethylene system shows that
a peak subliming from about 120-165 K was observed at PI = 10.49 eV, and tuning to a lower PI
energy of 9.60 eV resulted in a disappearance of the signal. This lack of signal shows that the

carbon monoxide-ethylene ice produces only propynal.

Next, the C3H4O group consists of several possible isomers including methylketene
(CH;CHCO; IE = 8.90 = 0.05 eV), cyclopropanone (c-CsH4O; IE = 9.10 = 0.10 eV), and
propenal (C,H;CHO; IE = 9.95 + 0.05 ¢V).!9 The propenal isomer has been the only isomer
detected in the ISM.! The carbon monoxide-cthylene system has been previously discussed with
respect to the C3H4O isomers.?* % Briefly, the isotopically labeled system displayed a bimodal
structure at PI = 10.49 eV. Here, the tuning of the PI energy to 9.60 eV resulted in the second
peak no longer being detected. This result along with analysis of the formation mechanisms of
the different isomers allowed for the later peak to be identified as propenal and the first peak to
be assigned to cyclopropenone. From the carbon monoxide-methane and ethane isotopic ices a
broad peak was observed subliming from 95-200 K at PI = 10.49 eV. Tuning the PI energy to
9.93 eV, 9.75 eV, and 9.63 eV for the carbon monoxide-methane system and to 9.80 eV and 9.60
eV in the monoxide-ethane system causes the sublimation profile to only be detectable from 95-
155 K and 95-135 K, respectively. This change in signal shows that the propenal isomer was
likely formed and corresponded to the higher temperature portion of the sublimation profile at

10.49 eV. The PI energies utilized for these systems do not allow for any further isomers to be
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definitively identified, but the remaining sublimation profile measured below 10.49 eV match
very well to the spectrum assigned to cyclopropenone in the carbon monoxide-ethylene system.
Although the ion signal corresponding to C3;H4O also overlaps with n-butane (C4H;g), in the
carbon monoxide-ethane isotopic ice, this hydrocarbon has been shown to have a relatively weak
signal and therefore is only a partial contributor to the recorded signal. The signal detected in the
carbon monoxide-acetylene ice cannot be due to methylketene, and is unlikely to be
cyclopropanone, since no signal is detected at PI = 9.15 eV. The sublimation temperature range
of this peak (120-155 K) matches very well to the propenal peak observed in the carbon

monoxide-ethylene ice.

The ion signal corresponding to C;H¢O was detected across all ice mixtures and could
correspond to multiple isomers such as (E/Z)-1-propenol (CH;CHCHOH; IE = 8.70 + 0.03 eV),
acetone (CH;C(O)CHj5; IE =9.70 + 0.01 eV), propanal (CH3;CH,CHO; IE =9.96 + 0.01 eV), and
propylene oxide (c-C;H¢O; IE = 10.22 = 0.02 eV). Remarkably, propanal, acetone, and
propylene oxide have all been detected in the ISM, with the latter isomer representing the first
chiral molecule detected in the ISM — albeit present as a racemic mixture.! In the carbon
monoxide-methane system the sublimation profile shows an initial peak followed by a second
broad peak, and a similar structure was observed in the carbon monoxide-ethane systems as well
at PI = 10.49 eV. The carbon monoxide-ethane system has previously been explored.!® To
summarize, by tuning the ionization energy to 9.80 eV a large decrease in the signal between
110-150 K was observed, but upon decreasing to PI = 9.60 eV no change in the spectrum was
observed. These results proved that only propanal and not acetone was formed in this system,
and that the remaining peak subliming from 150-190 K was due to (E/Z)-1-propenol. Similarly
for the carbon monoxide-methane system, by adjusting the PI energy below propanal’s IE but
above acetone’s IE, via PI = 9.93 eV and 9.75 eV, the signal showed a large decrease in intensity
that was not directly associated with the change in photoionization cross section of acetone from
110-150 K. Therefore, a small portion of this ion signal is likely due to propanal, and by tuning
the PI energy to 9.63 eV acetone was also able to be confirmed as the portion of the signal
subliming at 110-150 K was no longer detected. However, a small peak still remained in the
region of 150-180 K which matches nicely to the assignment in the carbon monoxide-ethane
system of (E/Z)-1-propenol. Alternatively, the carbon monoxide-ethylene and acetylene systems’

ion signals for C3HsO were relatively less intense and followed a similar sublimation range to
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each other from 117-155 K. The PI energies utilized for these systems does not allow the
discrimination of acetone and propanal, but the non-detection of signal at 9.60 eV and 9.15 eV in
the carbon monoxide-ethylene and acetylene systems, respectively, shows that either of these

two possible isomers could be formed.

Finally, there are only three possible isomers with respect to C;HgO: 1-propanol
(CH;CH,CH,0OH; 10.22 £ 0.06 eV), 2-propanol (CH;CH(OH)CH;; 10.12 £ 0.07 eV), and
methylethyl ether (CH;0C,Hs; 9.72 + 0.07 eV).#! To date only the methylethyl ether isomer has
been detected in the ISM.! The C;HgO ion signal was only detectable in the carbon monoxide-
methane system and tentatively in the carbon monoxide-ethane system with an initial peak
subliming from 111-130 K, in the carbon monoxide-methane system, and a second peak detected
from 147-215 K in both the methane and ethane containing ices. Tuning the PI energy to 9.93 eV
revealed that only the first peak was still detectable, and confirms that it is due to methylethyl
ether while the second peak is due to 1-propanol and/or 2-propanol in the carbon monoxide-
methane system. However, tuning the PI energy for the carbon monoxide-ethane system below
10.49 eV to 9.80 eV shows no detectable signal, thus confirming that only 1-propanol and/or 2-
propanol are formed. Furthermore, sublimation onset temperatures of 135 K, corresponding to

the second sublimation peak, have been measured for the 1-propanol and 2-propanol isomers.*!

3.23.C,H,O(m=4,6,38 10)

Also, ions corresponding to C4H,O (m/z = 68), C4HcO (m/z = 70), C4HgO (m/z = 72), and
C4H10O (m/z = 74) were detected using PI-ReTOF-MS (Fig. 6 and S11-S13). The ion signal for
C4H40 (m/z = 68) was detected in each system. Meanwhile, the C4HqO (m/z = 70) and C4HgO
(m/z = 72) ion signals were observed in all systems except from the carbon monoxide-acetylene
ice. Finally, the signal corresponding to C4H,(O (m/z = 74) was only produced in the carbon
monoxide-methane and acetylene ices. The sublimation onset temperatures for the C4H,O ions,
as well as the isotopologues studied, began at 115 K, 112 K, 125 K and 148 K respective to
increasing n. Due to the increased complexity of these groups, reflected in the number of
structural isomers and their similar IEs, conclusive assignments are not possible.?® This C4;H40
group was detected in each carbon monoxide-hydrocarbon system, and throughout the carbon
monoxide-methane, ethylene, and acetylene systems tuning below a PI energy of 10.49 eV

results in no signal being detected. Similarly the carbon monoxide-ethane system follows this
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trend as no signal is detected beyond 150 K at a PI less than 10.49 eV, and the remaining signal
is due to the hydrocarbon group CsH;.>* The only isomer with a known IE above 10.00 eV that
may contribute to this signal is methylethynyl ketone (CH3C(O)CCH, IE = 10.23 + 0.05 eV).38

Again, the complexity of the C4H¢O group makes definitive assignments currently
impossible. Interestingly though almost all of the known isomers with ionization energies are
below 10.00 eV.3® Although this group was detected in all systems, except carbon monoxide-
acetylene, each system in which C4HsO was detected had a unique sublimation profile. First, the
carbon monoxide-methane ice detected a very broad peak from 110-260 K at PI = 10.49 eV and
decreasing the PI energy to 9.93 eV, 9.75 eV, and 9.63 eV resulted in a signal subliming from
110-215 K and peaking at 125 K to be observed. From the carbon monoxide-ethane ice a much
sharper peak was detected from 110-155 K, and had a maximum at 125 K that matched the
carbon monoxide-methane ice closely. This similarity suggests that common isomers are formed
from the carbon monoxide-methane and ethane systems. Finally, from the carbon monoxide-
ethylene ice this ion signal produced an initial peak subliming from 110-130 K with a maximum
at 125 K and a second peak at 135-175 K. Here, the first peak observed matches the peak
detected from carbon monoxide-methane and ethane. Interestingly, the second peak is no longer
detectable utilizing a PI energy of 9.60 eV, which suggests it could be due to 2-methyl-propenal
(CH,C(CH3)CHO, IE = 9.92 + 0.05 eV), 2-butenal (CH;CHCHCHO, IE = 9.73 £ 0.05 eV),
and/or 1-methyl-propenal (CH,CH,C(CHj3)O, IE = 9.65 + 0.02 e¢V). Although there are several
other isomers with IEs in this range, these isomers are noted as their close relative, propenal, was
observed to sublime from 120-155 K in the carbon monoxide-ethylene ice, and it is likely that

this larger aldehyde will sublime at relatively higher temperatures.

Although the C4HgO group is very complex, with over 30 isomers having overlapping IEs, the
I-butanal (CH;CH,CH,CHO, IE = 9.82 + 0.04 eV) and 2-methyl-propanal (CH3;CH(CH3)CHO,
IE = 9.71 £ 0.02 eV) isomers have unique IEs. Therefore, experiments were designed for the
carbon monoxide-methane system to determine if either of these isomers were formed.*! Here,
tuning the PI energy to 9.93 eV and then 9.75 eV resulted in a measurable change of the related
ion signal, which was detected to sublime from 125-275 K at PI =10.49 eV, and this change can
be related to the 1-butanal (IE = 9.82 + 0.04 eV) isomer. Furthermore, by tuning the energy to
9.63 eV the signal again differed, and this observed change can be related to the 2-methyl-
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propanal (IE = 9.71 + 0.02 eV) isomer. Even at the low PI energy of 9.63 eV a signal remained
though, showing that other isomers are formed. The carbon monoxide-ethane system also
detected a corresponding ion signal for this group that matched the sublimation profile detected
from monoxide-methane, but no conclusive information about the isomers formed in this system
can be extracted. The signal detected in the monoxide-ethylene system has a narrower peak than
the previous two systems from 125-175 K, and is no longer detectable at PI = 9.60 eV which

suggests that it could be related to one of the isomers above.

The C4H;0O group was only detectable in the carbon monoxide-methane and acetylene
systems, and each system showed a sublimation onset temperature of 127 K. Again the large
number of isomers with overlapping IEs does not permit definitive assignments, but an observed
change of the sublimation profile between 10.49 eV and 9.75 eV shows that the 1-butanol
(CH3CH,CH,CH,0H, IE = 9.99 + 0.05 eV), 2-butanol (CH;CH,CH(OH)CHj3, IE = 9.88 + 0.03
eV), 2-methyl-1-propanol (CH;CH(CH3)CH,0OH, IE = 10.02 £ 0.02 eV), and/or 2-methyl-2-
propanol (CH3;C(OH)(CH;3)CHj3, IE = 9.90 + 0.03 eV) may be formed. However, a remaining
signal at 9.75 eV shows that the other isomers with known IEs, including 2-methoxypropane
(CH;CH(OCH;)CH3, IE = 9.45 £+ 0.04 eV), methylpropyl ether (CsH,OCHj;, IE = 9.41 £ 0.07
eV), and/or ethyl ether (C,HsOC,Hs, IE = 9.51 £ 0.03 ¢V) may also be formed. The ion signal
detected in the carbon monoxide-acetylene ice is observed even at a PI energy of 9.15 eV

suggesting it could be due to another isomer with an unknown IE, or possibly due to CsH40 ions.

3.24. CsH,O (n=4, 6, 8, 10)

The next largest group detected via PI-ReTOF-MS, containing a single oxygen atom,
corresponds to CsH,O (n =4, 6, 8, 10) ions (Fig. 7 and S14-S16). The signal for CsH4,O (m/z =
80) ions were only detected in carbon monoxide-ethylene and tentatively from carbon monoxide-
acetylene mixtures. Interestingly the CsH¢O (m/z = 82) and CsHgO (m/z = 84) ions were
observed in all systems, but CsH;oO (m/z = 86) signal was only detected from carbon monoxide-
methane, ethane, and ethylene ices. The sublimation temperatures for the CsH,O molecules
started at 135 K, 128 K, 124, 120 K and 134 K with respect to an increase in n. The CsH4O ions
for this group were observed in both carbon monoxide-ethylene and acetylene mixtures with
unique sublimation profiles at PI = 10.49 eV. Tuning the PI energy to 9.60 eV results in no

detectable signal, and — of the isomers with known ionization energies — suggests 2,4-
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cyclopentadiene-1-one (c-(CsH4)O), which has a vertical IE of 9.49 eV, is not formed.
Alternatively, in the carbon monoxide-acetylene ice this ion signal is still observable at a PI

energy of 9.15 eV showing that alternative isomers are formed from the previous system.

The CsH¢O ions were observed in all systems with sublimation onset temperatures of 115 K
observed in the carbon monoxide-ethane and ethylene systems while the onset temperature was
detected at 140 K in the carbon monoxide-methane and acetylene systems. Tuning the PI energy
below 10.49 eV resulted in no signal to be detected from either the carbon monoxide-methane or
acetylene systems. However, a signal was still detectable even at PI = 9.60 eV in both the carbon
monoxide-ethane and ethylene systems. Note that the carbon monoxide-ethane isotopic ion
signal also is overlapped by the C¢H;, hydrocarbon ion, which has been detected as a product
from pure ethane ices.* These unique sublimation profiles suggest that a variety of isomers are

formed from mechanisms specific to each hydrocarbon reactant.

Similarly, the CsHgO ions were detected in each system studied, and from the carbon
monoxide-ethane and ethylene ices the sublimation onset temperature was 118 K while the onset
temperature was detected at 140 K in the carbon monoxide-methane and acetylene systems.
Interestingly, the ion signals for the carbon monoxide-methane and acetylene systems are unique
with no overlap from other possible products, but the carbon monoxide-ethane ion signal may
also have contributions from C¢H,4 as well as C4H,0, and the carbon monoxide-ethylene signal
could also be due to CcH4O with respect to the isotopic studies. This signal was detectable in all

systems below 10.49 eV showing that many different isomers are likely formed.38

All systems detected a signal corresponding to CsH;(O ions. The signal from the carbon
monoxide-methane sample was observed to be very broad and sublimed from 125-275 K.
However, the sublimation profiles observed from the carbon monoxide-ethane and ethylene
systems span 135-200 K showing that there are likely different isomers formed. Also, the carbon
monoxide-ethane and ethylene ions could be overlapped by signals from C4H40, and C¢H40,
respectively, in the isotopic experiments. Interestingly, there is still a small signal recorded at PI
= 8.40 eV in the carbon monoxide-ethane system, and out of 77 reported CsH;,O isomers only
propen-1,2-dimethylol (CH;C(CH;3)C(CH;3)OH, IE = 8.15 + 0.15 eV) had an IE below 8.40 eV .38

However, this is not conclusive that this isomer is the only one responsible for the remaining
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signal as several isomers had no IE reported. The carbon monoxide-acetylene ion signal

produced can only be tentatively assigned as it is very weak.

3.25.CH,O (n=4,06,8 10, 12, 14)

Also, 1ons corresponding to CcH,O (n =4, 6, 8, 10, 12, 14) were detected using PI-ReTOF-
MS (Fig. 8 and S17-S19). The signals for CiH4O (m/z = 92) and CcHqO (m/z = 94) were only
detected as products from carbon monoxide-ethylene and acetylene mixtures. The CcHgO (m/z =
96) signal was tentatively observed in both the carbon monoxide-methane and ethylene systems.
Next, the CsH19O (m/z = 98) ions were found subliming from all of the ice mixtures except
carbon monoxide-acetylene. Only the carbon monoxide-methane and ethane ices produced
signals corresponding to C¢H,O (m/z = 100), and C¢H 4O (m/z = 102) was only observed in
monoxide-methane and ethylene mixtures. The C¢H,O ions sublimation temperatures were 135

K, 140K, 137K, 140 K, 150 K and 148 K forn=4, 6, 8, 10, 12, 14, respectively.

Ions corresponding to the molecular formula CqH4O were only detected, tentatively, in the
carbon monoxide-ethylene and acetylene systems. For the ethylene containing ice the
isotopically shifted sublimation profile overlaps with CsH;,O, which can explain the increased
intensity of the signal. Tuning the PI energy to 9.60 eV still allows for a signal to be detected
showing that isomers with lower IEs, such as 24-cyclopentadien-1-ylidene methanone (c-
(CsH4)CO, IE = 8.05 eV) were also formed.3® The non-isotopically labeled system only detected
a tentative signal less than 15 counts subliming from 140-200 K. This ion signal, although weak,

is also observed in the acetylene mixture, and the sublimation profile extends from 140-280 K.

Like the previous system C¢H¢O ions were only detected in the unsaturated hydrocarbon
containing systems. The carbon monoxide-ethylene produced signal sublimes from 130-200 K
and is not detectable at a PI energy of 9.60 eV. Also, only a very weak signal is observed in the
acetylene mixture, making this a tentative detection, and the sublimation profile extends from
150-275 K. An interesting isomer able to be photoionized, and possibly formed, at these energies

is phenol (c-(C¢Hs)OH, IE = 8.49 £+ 0.02 eV),?® which has been tentatively detected in the ISM.!

Next, the C¢HgO ions were only tentatively observed in methane and ethylene containing ices,
and the signal in the isotopic carbon monoxide-ethane ice is due to C;H;4.°* By decreasing the PI

energy below 10.49 eV the weak signal observed in both systems is considerably decreased, but
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still detectable. Possible isomers related to these signals could be 2,4-hexadienal
(CH;3(CH)4CHO, IE = 9.22 £+ 0.03 eV), 2-cyclohexenone (c-(C¢Hg)O, IE = 9.23 + 0.05 eV), and
4-methylpentyn-3-one (CH3(CH3)CHC(O)CCH, IE = 9.89 eV) as these ionization energies are
reported as vertical values.’® The carbon monoxide-methane signal was recorded from 175-290

K, but the carbon monoxide-ethylene ion only sublimed from 130-210 K.

Also, the C¢H;0O, C¢H,0O, and C¢H;4O ions were tentatively detected in the carbon
monoxide-ethane and ethylene ices, and the C¢H;,0 signal was also observed as product from
the carbon monoxide-methane system. Decreasing the PI energy below 10.49 eV results in no
signal detected from the carbon monoxide-methane and ethylene ices for all of these possible
ions, but even at 9.60 eV signal is observed in the carbon monoxide-ethane system for CsH;¢O,
C¢H 1,0, and C¢H ;40 ions. Possible C¢H (O isomers for these signals include cyclohexanone (c-
(C¢Hy0)O, IE = 9.16 + 0.02 eV), 2-methyl-2-pentenal (CH;CH,CHC(CH3)CHO, IE = 9.54 V),
and 2-hexenal (CH3(CH,),(CH),CHO, IE = 9.65 ¢V).?8 Feasible C¢H;,0 isomers are 2-hexanone
(CH;3(CH,)3C(O)CH3, IE = 9.35 + 0.06 eV), hexanal (CH3(CH;),CHO, IE =9.72 + 0.05 eV), and
cyclohexanol (c-(CgH;;)OH, IE = 10.0 = 0.2 e€V).3® The most saturated system in this group,
CsH140, has many different possible isomers including 2-hexanol (CH3(CH,);CH(OH)CH;, IE =
9.80 +0.03 V) and 1-hexanol (CH3(CH,)sOH, IE = 9.89 e¢V).38

3.2.6. C;H, 0, (n =2, 4)

Also detected were ions corresponding C,H,O, (n = 2, 4) which is the smallest group to
contain two oxygen atoms (Fig. 9 and S20-S22). This group consists of C,H,0, (m/z = 58),
which was tentatively observed in all systems, but the isotopic shift in the carbon monoxide-
ethylene and acetylene ices still allows for an overlap with the C4Hg hydrocarbons and cannot be
confirmed. The C,H40, (m/z = 60) signal was only detected in the carbon monoxide-methane
ices. The sublimation temperatures for the C,H, O, ions, as well as the isotopologues studied,

began at 104 K, and 148 K for C,H,0, and C,H40,, respectively.

Here, C,H,0; can belong to several isomers including ethyne-1,2-diol (HOCCOH, 9.42 + 0.1
eV), glyoxal (HC(O)CHO, 10.2 + 0.1 eV),!% and 2-oxiranone (c-(C,H,0)O, 10.96 £ 0.1 eV).
The ion signal detected in the carbon monoxide-methane isotopic system is a unique signal with
no overlap from other ions, and the carbon monoxide-ethane isotopic system has an overlap from

C;HgO ions which only contributes a small portion to the overall signal at 160 K. The ion signal
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detected from carbon monoxide-methane showed two peaks with the first being very small and
subliming from 104-124 K, and the second sublimation event occurred at 125-180 K. Decreasing
the PI energy below 10.00 eV resulted in the second peak no longer being detected, and therefore
confirming that it belonged to glyoxal. This assignment is also in agreement with sublimation
profiles from previous studies tentatively identifying glyoxal,3!- 19 and these tunable experiments
definitively confirm its presence in carbon monoxide-methane ices. However, the initial peak
remained even at a lower PI energies of 9.93 eV, 9.75 eV, and 9.63 eV, which suggests that it
may belong to the ethyne-1,2-diol (9.42 + 0.1 eV) isomer, but due to the very low intensity of
this signal it can only be tentatively assigned. The 2-oxiranone isomer will not be detected in any
of the experiments due to its higher IE of 10.96 eV. The tentative detection of the glyoxal isomer
in the carbon monoxide-ethane system is due to the low intensity of the signal, but the
disappearance of any notable signal at 9.80 eV suggests that it was formed. In both the carbon
monoxide-ethylene and acetylene ices this ion signal is overlapped by a major hydrocarbon
product, C4Hg, making a definitive identification impossible. However, in both systems this ion
signal shows a broad peak that spans a sublimation temperature range much larger than that
corresponding to C4Hg alone.>® In both systems the sublimation event ends at 190 K which

matches very closely to the confirmed glyoxal sublimation profile.

Next, C,H40, signal was only detectable in the carbon monoxide-methane system, and this
could be due to ethene-1,2-diol (CH(OH)CHOH; IE = 9.62 + 0.04 ¢V)*® or glycolaldehyde
(CH,(OH)CHO; IE = 9.95 + 0.05 eV),'% but not methyl formate (HC(O)OCHj;; IE = 10.85 +
0.05 eV) or acetic acid (CH;C(O)OH; IE = 10.65 £ 0.02 eV) due to their IEs being greater than
10.49 eV.3® Three of these isomers, glycolaldehyde, methyl formate, and acetic acid, have
already been detected in the ISM.! The sublimation profile recorded at PI = 10.49 eV ranges
from 145-270 K, but changing the PI energy to 9.93 eV, 9.75 eV, or 9.63 eV shows an altered
signal subliming from 178-260 K. By tuning the PI energy below 9.95 eV the glycolaldehyde
isomer can no longer be efficiently photoionized and therefore no longer detected, and thus
confirming its contribution to the ion signal from 145-178 K. This assignment agrees very well
with previous sublimation profiles assigned to glycolaldehyde.?? 19 Furthermore, the remaining
sublimation event can only be due to the ethene-1,2-diol isomer at P1 =9.75 eV and 9.63 eV, and

this signal also matches very well to previously recorded sublimation profiles.3?
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3.2.7. CsH,0, (n =4, 6, 8)

Products corresponding to C;H,0, (n = 4, 6, §) ions were detected using PI-ReTOF-MS (Fig.
10 and S23-S25). lons consistent with C3H;,O, (m/z = 72) ions were observed from carbon
monoxide-methane and ethylene ices. Signals corresponding to C3HgO, (m/z = 74) ions were
observed from carbon monoxide-methane and acetylene ices, and C3HgO, (m/z = 76) signals
were observed only from carbon monoxide-acetylene ices. It should be noted for this group that
in each case these ion signals still have overlap from other molecules detected, such as
hydrocarbons, even in several of the isotopic systems. These ion signals were observed to

sublime at 123 K, 140 K and 135 K with respect to increasing n.

The C;H40, signal was observed only in the carbon monoxide-methane system, and the
signal detected from the ethylene system corresponds to the hydrocarbon C¢Hg.>® At PI = 10.49
eV the carbon monoxide-methane signal suggests that there are three sublimation events with
maxima at 146 K, 178 K, and 230 K. Decreasing the PI energy to 9.93 eV showed that two peaks
are still present, with the first subliming from 125-162 K and the later from 165-210 K. Tuning
the PI energy to 9.75 eV results in the initial peak to decrease in intensity with little change to the
second peak. Finally, by altering the PI energy to 9.63 eV only the second peak was detectable.
Although not many of the isomers for this system have known IEs the methylglyoxal
(CH;C(O)CHO, IE = 9.60 + 0.06 €V)3® isomer could be responsible for the second sublimation

event since the similar molecule, glyoxal, was confirmed to form in this system.

Similarly, the CsHgO, signal was only observed in the carbon monoxide-methane system, and
the signal detected from the acetylene system corresponds to the hydrocarbon C¢H, in the
unlabeled signal and the isotopically shifted signal corresponds to CgHg ions.>3 Utilizing a PI
energy below 10.49 eV resulted in a substantial decrease in signal, but the profile remained
broad suggesting that the isomer(s) responsible for this signal is still ionized. Therefore, several
of the isomers with known IEs can be assumed to be minor products or not formed, including 1-
hydroxyacetone (CH;C(O)CH,OH, IE = 10.0 eV), methyl acetate (CH3;C(O)OCHs;, IE = 10.25
eV), and propanoic acid (C,HsC(O)OH, IE = 10.44 eV). The ethyl formate (HC(O)OC,Hs, IE =
10.61 eV) and methyl acetate isomers of this group have been detected in ISM.!

Finally, the C3HgO, ion signal was tentatively observed in the carbon monoxide-acetylene

system. The signal detected from the acetylene system can correspond to the hydrocarbon C¢Hy4
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in the unlabeled signal and the isotopically shifted signal overlaps C¢Hg ions. However, the
sublimation profile recorded at 10.82 eV and 10.49 eV displays two sublimation events with the
first reaching a maximum at 149 K and the second peak ranging from about 150-275 K. Here,
the first sublimation event matches very well to the unlabeled signal suggesting that they are
from the same ion, but more information about the ionization energies of the possible isomers is

needed to constrain if this signal is only due to C3HgO, ions.

3.2.8. C,H,O, (n=4,6,8, 10)

The next largest group detected containing two oxygen atoms corresponds to C4H,O, (n = 2,
4, 6, 8, 10) ions via PI-ReTOF-MS (Fig. 11 and S26-S28). This complex group of molecules
C4H40, (m/z = 84), C4;HcO, (m/z = 86), C4HgO, (m/z = 88), and C4H,00, (m/z = 90) have
multiple overlapping ion signals from other products even in the isotopically shifted systems.
These sublimation signals were recorded at various onset temperatures between the different
systems and this is due to the contribution of other confirmed molecules that overlap with these

mass-to-charge ratios.

The C4H40, ion signal was only confirmed via the carbon monoxide-methane isotopic system,
and only tentatively from carbon monoxide-ethane and ethylene ices due to the overlap from
CsH, 0, and C¢H, respectively, in the isotopic systems. The sublimation profile detected from
the carbon monoxide-methane ice was recorded from 145-295 K at PI = 10.49 eV. After
changing the PI energy to less than 10.49 eV the profile was observed to sublime only from 145-
150 K. Thus, multiple isomers can be confirmed to form from the methane containing ice
mixture. [somers possibly formed that correspond to this group include 1,4-dioxin (c-C4H40,, IE

=7.75 £ 0.02 eV) and propiolic acid (CHCC(O)OCHj3;, IE = 10.3 eV).

Also, an ion signal corresponding to the general formula C4H¢O, was confirmed in the
monoxide-methane and ethane isotopic systems, but only tentatively in ethylene ices because of
the overlap from C¢H,. Here, the sublimation event was detected from 142-275 K and 130-210
K in the methane and ethane ices at PI = 10.49 eV. Decreasing the PI energy to 9.93 eV, 9.75 eV,
and 9.63 eV produces a sublimation profile with two maxima at 150 K and 180 K from the
methane ice. Interestingly, both the methane and ethane C,H4O, ion signals were still detectable
at PI energies of 9.63 eV and 9.60 eV, respectively. Furthermore, the shape of each signal

remains similar between the different PI energies utilized. There are multiple isomers of this
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group that have IEs below 9.60 eV and therefore could contribute to this signal. One of these
isomers 2,3-butadione (CH3(CO),CHs, IE = 9.23 + 0.03 e¢V)?? is a possibility and is pointed out
here due to its similarity of structure to the acetaldehyde molecule, which was verified to form in

each of these three systems.

Next, signal due to ions of the general formula C4HgO, was confirmed via the carbon
monoxide-methane system, and tentatively in the carbon monoxide-ethane ice. The sublimation
profile detected from the carbon monoxide-methane ice ranged from 135-300 K at a PI of 10.49
eV. This signal has a small shoulder from 135-160 K that disappears when the PI energy was
decreased below 10.49 eV, but a signal from 160-250 K was still present. The ion signal detected
from the carbon monoxide-ethane system sublimed from 160-250 K utilizing a PI of 10.49 eV,
but was no longer detectable at lower PI energies. This sublimation event from 160-250 K
suggests that similar isomers were formed in both systems, but that additional isomers were also
formed from the methane containing ice. Two isomers with IEs related to these changes in the
ion signals are butanoic acid (CH3(CH;),C(O)OH, IE = 10.17 = 0.05 eV) and 2-methylpropanoic
acid ((CH3),CHC(O)OH, IE = 10.24 + 0.12 ¢V).38

Lastly, C4H;0O, ions were detected tentatively in the carbon monoxide-methane, ethylene,
and acetylene ices. However, the ethylene and acetylene corresponding ion signals can be
accounted for via the hydrocarbons C;H;y and CgH, in both of these isotopic systems.>3 Although
the methane ion signal also overlaps with C4H;(O its similarity in signal between the natural and
isotopically labeled systems suggests that it may be due to C4H (O, ions. This ion signal was
only detectable at PI = 10.49 eV subliming from 175-275K. Unfortunately most isomers for this
group do not have reported IEs, but this information allows for methoxypropanol

(CH;0(CH,),COH, IE = 9.3 V) to be ruled out as a possible product.??

3.2.9. CsH,0, (n =6, 8)

A signal corresponding to CsH,O, (n = 6, 8) ions was also detected using PI-ReTOF-MS (Fig.
12 and S29-S31). Both of these molecules, CsHsO, (m/z = 98) and CsHgO, (m/z = 100), were
detected as products from the carbon monoxide-methane and tentatively from ethane ices. With
respect to CsHgO, ions, the carbon monoxide-methane sublimation profile at PI = 10.49 eV
displays a possible bimodal structure with maxima at 185 K and 245 K. Changing the PI energy
t0 9.93 eV, 9.75 eV, or 9.63 eV shows that the first peak is still detected, but that the second peak
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is no longer present. Like several of the previous ions detected this is likely due to different
isomers being produced. The ethane containing ice displays a sublimation profile from 145-210
K, and this signal was detected for each PI energy used. However, this ion signal could overlap
with C¢H;,0 ions. Possible isomers formed for this group include 3-hydroxy-2-cyclopenten-1-
one (c-(CsHs)OOH, IE = 9.22 + 0.05 e¢V) and 1,3-cyclopentanedione (c-(CsHg)(1-O)(3-0), IE =
9.46 +0.05 eV).38

The CsHgO, signal was observable in both the carbon monoxide-methane and ethane systems.
The methane ice produced a broad sublimation profile spanning 140-295 K while the ethane ice
displayed a peak subliming from 140-200 K. Altering the PI energy to 9.93 eV, 9.75 eV, or 9.63
eV still shows a sublimation profile from 140-275 K from the carbon monoxide-methane system.
Here, the later portion of the 10.49 eV signal is no longer detected and must be due to another
isomer. Likewise, the ion signal from the ethane experiment is observed at PI energies of 9.80
eV and 9.60 eV, but no longer detected at the low PI energy of 8.40 eV. Two possible isomers
possibly formed following these constraints are 2,4-pentanedione (CH;C(O)CH,C(O)CHj, IE =
8.85+0.02 eV) and 1,3-cyclopentanedione (CH3;C(CH3)CHC(O)OH, IE = 9.63 eV).38

3.2.10. CéH,0, (n =8, 10, 12)

The ions corresponding to CsH,O, (n =8, 10, 12) were detected using PI-ReTOF-MS (Fig. 13
and S32-S34). The C¢HgO, (m/z = 112), CcH g0, (m/z = 114), and C¢H 2,0, (m/z = 116) ions
were only able to be observed in the carbon monoxide-methane and ethane systems. The CsHgO,
signal sublimed from 175-300 K in the methane ice at PI = 10.49 eV and this signal was
significantly reduced when a lower PI energy was utilized. Alternatively, the signal for C¢HgO,
from the ethane system was observed from 150-275 K, and was detected for PI energies of 10.49
eV, 9.80 eV, 9.60 eV, and 8.40 eV. These differences show that unique isomers are formed
between the two ice mixtures. Possible isomers include 2,5-dimethyl-3-furanone (c-(C4H,O)(2-
CHj3)(3-O)(5-CH,), IE = 8.23 + 0.05 eV), 1,3-cyclohexanedione (c-(C¢Hg)(1-O)(3-0), IE = 9.52
+0.05 eV), and 1,4-cyclohexanedione (c-(CsHg)(1-0)(4-0), IE = 9.85 eV).38

Next, the C¢H;0O, signal was detected in the methane ice at 150-295 K at 10.49 eV and also
via lower PI energies of 9.93 eV, 9.75 eV, and 9.63 eV with only a decrease in intensity
observed. The C¢H;(O, ion was also confirmed to be a product from the ethane ice, and sublime

at 145-225 K for several PI utilized (10.49 eV, 9.80 eV, and 9.60 eV). However, no signal was
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detected for this ion at a PI energy of 8.40 eV. Several conceivable isomers include 3-methyl-
2,4-pentanedione (CH3;C(O)CH(CH;3)C(O)CH;, IE = 8.55 eV), 2-hydroxycyclohexanone (c-
(C¢Hg)(1-0)(2-OH), IE = 9.70 eV), and 2-butenoic acid ethyl ester (CH;CH,OC(O)(CH),CHs;,
IE=10.11¢V).8

Finally, the C¢H;,0, signal was also detected in the methane ice subliming at 175-295 K with
PI=10.49 eV, and tuning the PI energy lower displays only a weak tentative signal. The ethane
system produced a sublimation profile from 175-250 K and this was detectable in 9.80 eV and
9.60 eV, but not 8.40 eV. Isomers possibly contributing to this signal therefore include butyl
acetate  (CH3(CH,);O0C(O)CH;, IE = 992 + 0.05 eV), isobutyl acetate
(CH;3(CH;)CHCH,OC(O)CHj;, IE = 9.97 eV), and pentanoic acid (CH;CH,OC(O)(CH),CHs, IE
=10.4+£02¢V).3®

3.2.11. C/H,03 (n =4, 6,8)

The ions corresponding to C4H, 03 (n = 4, 6, §) were also detected using PI-ReTOF-MS (Fig.
14 and S35-S37). Each of the corresponding ions, C4H4O5 (m/z = 84), C4H¢O3 (m/z = 86), and
C4HgO;5 (m/z = 88), were only able to be detected in the carbon monoxide-methane system. The
C4H,405 signal was detected from 150-280 K at PI energies of 10.49 eV, 9.93 eV, 9.75 eV, and
9.63 eV. Similarly, the C4H¢O5 ion signal was recorded from 145-285 K at PI energies of 10.49
eV, 9.93 eV, 9.75 eV, and 9.63 eV. Finally, C4H3O; ions were detected from 150-280 K at PI
energies of 10.49 eV, 9.93 eV, and 9.75 eV. However, utilizing a PI energy of 9.63 eV revealed a
sublimation profile from 155-220 K. Isomers corresponding to C4;H403, C4HgO3, and C4HgO5
include succinic anhydride (c-(C4H40)(2-O)(5-O), IE = 10.84 eV), isobutyl acetate
(CH30C(0O)C(O)CHs, IE = 9.88 eV), and 2-hydroxyisobutyric acid (CH;C(CH3)(OH)C(O)OH,
IE =10.9 £ 0.1 eV), respectively.’®

3.2.12. CsH,03 (n =6, §)

The final group containing three oxygen atoms corresponded to CsH,03 (n = 6, 8) ions, and
was detected using PI-ReTOF-MS (Fig. 15 and S38-S40). The ions related to CsHgO3 (m/z =
114) and CsHgO; (m/z = 116) were observed in the carbon monoxide-methane system and
tentatively from the ethane containing ice. In the methane studies a sublimation profile from 150-
290 K was recorded for both the CsHsO5; and CsHgO; ions, and both of these ions were observed

for all PI energies utilized. The ethane mixture produced tentative ion signals from 175-250 K
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for both the CsHqO; and CsHgO; related signals. Again these signals persisted at lower PI
energies of 9.80 eV and 9.60 eV, but were no longer detectable at PI = 8.40 eV. Isomers
belonging to these groups are

2,3,4-pentanetrione (CH3(CO);CH;, IE = 9.52 eV) and methylacetoacetate (CH3;OC(O)
CH,C(O)CHj, IE = 9.82 eV), respectively.’®

3.3 Specific Isomer Yields

Since several specific molecules were able to be uniquely identified their yields can be
calculated if their photoionization cross sections are known. The methodology for determining
the yield of the definitively identified products has been described previously.*! Briefly,
calibration ices were deposited onto the substrate, quantified via infrared absorption coefficients,
and sublimed while monitoring with PI-ReTOF-MS. Next, by integrating each calibration
compounds’ ion signal versus temperature, and accounting for the respective photoionization
cross section, the signal intensity detected via PI-ReTOF-MS can be correlated with the number
of molecules in the ice. Utilizing this calibration factor and the calculated dose deposited into the
ice from the CASINO simulations the yield in molecules per energy deposited can be calculated
for individual molecules from PI-ReTOF-MS counts and that molecule’s PI cross section (Table
4). For instances where certain molecules were tentatively assigned due to the possible overlap
of other isomers the yield calculations have been carried out assuming that only a single isomer

is present and therefore yield an upper limit.

Four isomers were detected, at least tentatively, across all of the mixtures studied. The ketene
isomer was produced at yields of 1.24 £ 0.37 x 102 molecules eV-!, 3.83 + 1.15% 10-* molecules
eV, 4.13 £ 1.24x 10 molecules eVl and 7.62 £ 2.29x 10 molecules eV! in the carbon
monoxide-methane and ethane systems, and tentatively in the ethylene and acetylene systems,
respectively. Propenal was produced in the carbon monoxide-ethylene system and tentatively in
the methane, ethane, and acetylene systems at yields of 2.14 + 0.64 x 10 molecules eV-!, 8.67 +
2.60 x 10" molecules eV-!, 3.34 £ 1.00 x 10 molecules eV-!, and 1.33 = 0.40 x 10* molecules
eV-1, respectively. Also, the propanal isomer was formed via the carbon monoxide-ethane ice
and tentatively in the carbon monoxide-methane, ethylene, and acetylene systems with yields of
8.84 £ 2.65 x 10 molecules eV'!, 1.11 £ 0.33 x 10 molecules eV-!, 1.25 + 0.38 x 10*

molecules eV-!, and 3.18 = 0.95 x 103 molecules eV-!, respectively. Finally, glyoxal was also
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detected in the carbon monoxide-methane system and tentatively in the ethane, ethylene, and
acetylene systems, but no PI cross section data is currently available to allow for the calculation
of its yield. Inspecting these yields shows that the ketene, propenal, and propanal isomers were

all produced with the highest abundance in the carbon monoxide-methane system.

It is also interesting to compare the yields of the structural isomers detected between the
systems. For the C,H4O isomers, ethenol was produced at yields of 1.48 + 0.44 x 10-3 molecules
eV-l, 1.51 £ 0.45 x 10* molecules eV-!, and 5.96 + 1.79 x 10~ molecules eV-!, and acetaldehyde
was formed in yields of 1.01 + 0.30 x 10-2 molecules eV-!, 1.30 £+ 0.39 x 10 molecules eV-!,
and 3.01 = 0.90 x 10~ molecules eV-! in the carbon monoxide-methane and ethane systems, and
tentatively in the ethylene ice, respectively. The C,HO isomers ethanol and dimethyl ether were
only tentatively observed in the carbon monoxide-methane system at yields of 5.34 + 1.60 x 104
molecules eV-! and 1.28 + 0.38 x 10~ molecules eV-!, respectively. The C3H¢O isomers detected
in these experiments were propanal, 1-propenol, and acetone. The I-propenol isomer was
produced from the carbon monoxide-ethane ice and tentatively in the carbon monoxide-methane
system at an abundance of 2.36 + 0.94 x 10 molecules eV-!, and 1.52 £+ 0.61 x 10" molecules
eV-1, respectively. Here, the propanal isomer was detected with yields of 8.84 + 2.65 x 104
molecules eV, 1.11 £ 0.33 x 103 molecules eV-!, 1.25 £ 0.38 x 10* molecules eV-!, and 3.18 +
0.95 x 10 molecules eV-! via the carbon monoxide-ethane ice and tentatively in the carbon
monoxide-methane, ethylene, and acetylene systems, respectively. Lastly, acetone was produced
at yields of 5.44 + 1.63 x 10 molecules eV-!, 1.06 = 0.32 x 10* molecules eV-!, and 2.69 + 0.81
x 1073 molecules eV-! from the carbon monoxide-methane ice and tentatively in the ethylene and
acetylene systems, respectively. The C;HgO isomers include 1-propanol, 2-propanol, and
methylethyl ether. The 1-propanol and 2-propanol isomers have IE energies too similar to
discriminate if both are formed. The signal corresponding to 1-propanol was observed in the
carbon monoxide-ethane system and tentatively from the carbon monoxide-methane system at
yields of 1.57 £ 0.63 x 10 molecules eV-!, and 2.20 + 0.90 x 10-* molecules eV-!, respectively.
Likewise, the 2-propanol isomer was observed in the carbon monoxide-ethane system and
tentatively from the carbon monoxide-methane system at yields of 8.69 + 3.48 x 10-* molecules
eV-l, and 1.20 + 0.50 x 10-3 molecules eV-!, respectively. Finally, the methylethyl ether isomer
was only observed via the carbon monoxide-methane system with a yield of 2.10 + 0.90 x 10-

molecules eV-!. The C4HgO isomer 1-butanal was formed at a yield of 2.00 = 0.80 x 10*
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molecules eV, 1.00 + 0.40 x 10 molecules eV-!, and 5.93 £ 2.37 x 10~ molecules eV-! in the
carbon monoxide-methane and tentatively in the ethane, and ethylene ices, respectively. The 2-
methyl-propanal isomer was also detected in the carbon monoxide-methane and tentatively in the
ethane, and ethylene ices with yields of 1.32 = 0.53 x 10-* molecules eV-!, 1.00 + 0.40 x 10+
molecules eV-!, and 4.45 + 1.78 x 10~ molecules eV-!, respectively. Although multiple isomers
were detected for the C;H,O, C;H4O, and C,H4 O, there is no available PI cross section
information available to calculate the corresponding yields of these isomers, except for the

C;H,40 isomer propenal as previously stated above.

The branching ratios of these structural isomers detected here can also be used to better
understand the chemistry from which they were formed. From a thermodynamic equilibrium
mechanism the branching ratio of these isomers will be controlled via the equilibrium constant
K. Here, K corresponds to the yield of the isomers via K = [isomerl]/[isomer2] = exp(-AG/RT),
utilizing the ideal gas constant (R), a specific temperature (T), and the difference of the isomers’
Gibbs free energies (AG). Utilizing this calculation the theoretical thermal equilibrium ratios
were determine at temperatures of 10 K and 200 K, this higher temperature was chosen as it
defines the maximum temperature where any sublimation signal related to these isomers was still
observed. Calculating this value for acetaldehyde versus vinyl alcohol reveals branching ratios of
3.80 + 0.76x 10%* (10 K) and of 1.94 + 0.39 x 10'! (200 K). The ethanol to dimethyl ether
isomer ratio should be formed at 1.5 x 10%¢! (10 K) and 1.14 x 10!3 (200 K). The propanal versus
1-propenol calculations correspond to 6.34 = 1.27 x 108 (10 K) and 2.75 + 0.55 x 10* (200 K)
for propanal to (E)-1-propenol, and 4.8 = 0.96 x 10%2 (10 K) as well as 1.4 + 0.28 x 103 (200 K)
for propanal versus (Z)-1-propenol due to the energy differences of the 1-propenol conformers.
The acetone and 1-propenol isomers should be produced with a ratio of 9.1 + 1.82 x 10?5 (10 K)
along with 6.28 + 1.26 x 10'2 (200 K). Meanwhile, the acetone versus propanal ratio was
calculated to be 1.44 +0.29 x 10'7 (10 K) and 2.28 + 0.46 x 103 (200 K). The 1-propanol versus
2-propanol ratio was determined to be 2.3 £ 0.4 x 10° (10 K) and 3.3 £ 0.6 x 10* (200 K). The
1-propanol and methylethyl ether isomers will have a ratio of 8.5 + 0.7 x 10! (10 K) and of 7.0
+ 0.6 x 10° (200 K), but the 2-propanol to methylethyl ether ratio was determined to be 2.0 = 0.1
x 10287 (10 K) as well as 2.3 = 0.1 x 10'* (200 K). Finally, the ratio of the 2-methyl-propanal to
1-butanal isomer was calculated at 1.9 = 0.1 x 107 (10 K) and 7.3 + 0.3 x 107 (200 K).

However, a large discrepancy is observed upon comparison of these thermodynamic ratios with
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the experimentally derived ratios across each of the systems studied (Table 5). The experimental
ratios display a considerable overproduction of all isomers from 3-286 orders of magnitude. This
vast inconsistency proves that these isomers are not formed via thermal equilibrium conditions,

but instead through non-equilibrium processes within the ices (see section 3.4).

3.4 Energetics
Next, formation pathways to general COMs containing the functional groups that were
confirmed to form via the detection of the specific isomers discussed previously are analyzed.
Although the FTIR analysis delivered proof on the development of functional groups linked with
carbonyl containing molecules — aldehydes and ketones — even at 5 K, the FTIR data were
incapable of identifying individual COMs due to coinciding absorptions of the functional groups.
Due to these complications kinetic profiles tracking the formation of individual COMs could not
be extracted and this discussion of possible reaction mechanisms needs to be verified via future
experiments. The formation of aldehydes (RCHO), with R being an alkane, alkene, or alkyne
hydrocarbon group, can be accounted for via the reaction of a single carbon monoxide and
alkane, alkene, or alkyne molecule (reaction (1)).
CO +RH — RCHO (1)
However, these overall reactions (1) are frequently thermodynamically unfavorable at 5 K due to
their endoergicity and are typically not barrierless reactions.?!- 4. %6 Consequently, an alternative
energy source is needed, such as secondary electrons produced in the track of GCRs within
interstellar ices, to initiate the reaction beginning with the rupture of a carbon-hydrogen bond of
alkanes, alkenes, or alkynes (reaction (2)).!0- 21,22, 24, 32,33, 66,91, 107, 108
RH — R +H (*S12) )
Here, the carbon-hydrogen bond cleavage is an endoergic process of typically 380 — 560 kJ mol-!
(3.94 eV — 5.77 eV)?*6:33. 54109 for methane, ethane, ethylene and acetylene, and several electron
volts of energy can be supplied, via the electrons processing the ice, to the hydrocarbon molecule
causing this bond rupture (Table 1). Thus, reaction (2) produces a hydrocarbon radical (R) and a
suprathermal hydrogen atom (H) that contains excess energy capable of overcoming reaction
barriers to addition (E,) such as with ground state carbon monoxide in reaction (3) (E, = 11 kJ
mol!, 0.11 eV; ARG =-56 kJ mol!, -0.59 eV) producing the formyl radical (HCO).!021, 41,66
H (3S)2) + CO (X'X") — HCO (X?4) 3)
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It is important to point out that the formyl radical was observed in each of the carbon monoxide-
hydrocarbon systems and verified with isotopic shifts (Table 2 & S1). Next, the hydrocarbon
radicals (R), such as methyl (CH3), ethyl (C,Hs), vinyl (C,H3), ethynyl (C,H), 1-propyl (1-CsH»),
and 2-propyl (2-C;H7) radicals can then barrierlessly recombine in the ice with formyl radicals
(reaction (4a); ARG = -340 £ 20 kJ mol'!, -3.5 + 0.2 eV)*1- 46,19 to form the detected aldehydes:
acetaldehyde, propanal, propenal, propynal, 1-butanal, and 2-methyl-propanal, respectively.
Similarly, two formyl radicals can recombine barrierlessly as well to form the detected glyoxal
isomer (reaction (4b))
HCO (X?4") + R — RCHO (4a)
2 HCO (X?4") — (CHO), (4b)
Furthermore, these aldehydes can produce ketones (RC(O)R’) via another carbon-hydrogen bond
breaking, thus forming an aldehyde type radical (reaction (5a)) which can then recombine
barrierless with another hydrocarbon radical (reaction (5b)).
RCHO — RC(0) + H (3812) (5a)
RC(O) + R" — RC(O)R’ (5b)
Here, reaction (5) can account for the production of acetone for example. Alternatively, the
aldehyde products (reaction (6a)), as well as ketones (reaction (6b)), can be hydrogenated, via
suprathermal hydrogen atoms, leading to alcohols (ARG = -470 + 20 kJ mol'!, -4.9 £ 0.2 eV).#!
RCHO + 2H (%S,) — RCH,0H (6a)
RC(O)R’ + 2H (%S12) — RHC(OH)R’ (6b)
For example, reaction (6) can explain the production of several detected alcohols via the
hydrogenation of ketene, acetaldehyde, propenal, propanal, acetone, and glyoxal, which produces
ethenol, ethanol, 1-propenol, 1-propanol, 2-propanol, and glycolaldehyde and/or ethane-1,2-diol,
respectively. The ketene, cyclopropanone, and cyclopropenone molecules are likely formed
through excitation pathways via the interaction of excited carbon monoxide or the respective
excited methane, ethylene, or acetylene hydrocarbon unit, but further experiments exploring the
reaction dynamics of these pathways are needed.’> % °! The excitation of the reactants is again
possible via the energy deposited into the ice from the energetic electrons. The products
containing excess energy are then able to be stabilized by the surrounding ice matrix. Finally,
ethers may be formed from a methanol precursor, which could be formed from via the successive

hydrogenation of the formyl radical to produce the methoxy radical (CH30) (reaction (7a); ARG
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= -440 + 20 kJ mol!, -4.6 = 0.2 e¢V).*! The methoxy radical can then barrierlessly recombine

with a hydrocarbon radical forming an ether type molecule (reaction (7b); ARG = -350 + 20 kJ
mol!, -3.7+0.2 eV).4!

HCO (X?24") + 2H (3S,) — CH;0 (7a)

CH;0 + R — CH3;0R (7b)

For instance the recombination of the methanol based radical with a methyl or ethyl radical

produces dimethyl ether and methylethyl ether, respectively.

These schematic reactions are able to account for the production of each of the 21 specific
isomers observed in this manuscript. As previously discussed the experimental branching ratios
dervied from the present experiments strongly support these non-equilibrium pathways outlined
above, and suggest that tunneling is not a dominating formation pathway in the current
experiments. This conclusion is further supported by the similarity in product yields between the
hydrogen and deuterium substituted systems which would not be possible via the difference in
tunneling capabilites of the hydrogen and deuterium atoms. Briefly, the only remaining
functional groups detected in purely carbon, hydrogen, and oxygen atom bearing COMs in the
ISM are the ester (RC(O)OR’) and acid (RC(O)OH) groups, and both have multiple oxygen
atoms incorporated into the funtional groups. Note that the only pathway to obtain multiple
oxygen atoms into a single molecule discussed here was via the recombination of two formyl
radicals (reaction (4b)), which does not produce a molecule with two oxygen atoms connected to
the same carbon atom. Therefore, it is unlikely that either the ester or acid functional groups are
formed in any significant abundance from these reactants. However, these groups can be formed
via other reactants known to be present in ISM ices via studies on the formation of these types of

molecules utilizing ices containing water? or carbon dioxide® with hydrocarbons.

4. CONCLUSIONS

Our studies were able to confirm the formation of at least 21 distinct isomers which can be
associated with the general formulae C,H,0, C,H,0O, C,HsO, C;H,0, C;H,0, C3HsO, C5HO,
C4HgO, C,H,0,, and C,H4O, (Fig. 16; Table 4). The C,H,O group was confirmed via the
detection of ketene (H,CCO) and tentatively ethynol (HCCOH), the C,H4O group was verified
through the observation of ethenol (CH,CHOH) and acetaldehyde (CH;CHO), and the C,H¢O
group was established via the detection of ethanol (CH3;CH,OH) and dimethyl ether (CH;OCH3).
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Interestingly, ketene,!'? ethenol,'!! acetaldehyde,' ethanol,'!? and dimethyl ether!!? have all been

observed in the ISM.!

Next, the C;H,O group was ratified via the identification of propynal (HCCCHO) and
cyclopropenone (¢c-C;H,0), the C3H4,O group was corroborated from the assignment of propenal
(CH,CHCHO) and cyclopropanone (c-CsH40), the Cs;H¢O group was proven with the
recognition of I-propenol (CH,CHCH,OH), propanal (CH;CH,CHO), and acetone
(CH;C(O)CH3;), and the C3HgO group was revealed as a product via the detection of 1-propanol
(CH3CH,CH,0H) and/or 2-propanol (CH;CH(OH)CH3;), and methylethyl ether (CH;COC,H5).
Propynal,''* cyclopropenone,!’> propenal,!'® propanal,!!® acetone,''” and methylethyl ether'!®
have all been detected in the ISM.! The only isomers detected here that have not been observed

in the ISM are the cyclopropanone and 1-/2-propanol isomers.

The C4HgO group was confirmed via the detection of 1-butanal (H;C(CH,),CHO) and 2-
methyl-propanal (CH;CH(CH;)CHO), but neither of these isomers have been observed in the
ISM to date.! Finally, the C,H,O, group was authenticated via the detection of glyoxal
(HC(O)CHO), and the C,H40, group was validated from the observation of glycolaldehyde
(CH(OH)CHO) and ethene-1,2-diol (CH(OH)CHOH). From these groups only the
glycolaldehyde'!® isomer has been detected in the ISM so far.!

Here, a homologous series of saturated alcohols was confirmed via the C2 and C3 alcohols
ethanol, and 1-propanol and/or 2-propanol, respectively (Fig. 16). From these alcohol COMs,
ethanol has been detected in the ISM.! It is worth pointing out that this is the first evidence of a
C3 alcohol via the detection of 1-propanol and/or 2-propanol.!> 4! Furthermore, these isomers
contain unique structural carbon chains with 2-propanol having a branched carbon chain while 1-
propanol is a straight carbon chain. Interestingly, these types of unique carbon chains have been
observed in the ISM already via the analogous nitrogen containing COMs propyl cyanide
(CH3CH,CH,CN) and isopropyl cyanide (CH;CH(CH3)CN).!2% These similarities suggest that 1-
propanol and 2-propanol may also be useful tracers of the hydrocarbon chemistry taking place in
the ISM if detected. Also, the related C2 and C3 unsaturated alcohols were detected via ethynol,
ethenol, and 1-propenol. These unsaturated alcohols are capable of undergoing tautomerization,
which form the structural isomers ketene, acetaldehyde, and propanal via the hydrogen shift of

ethynol, ethenol, and 1-propenol, respectively (Fig. 16). From these six COMs ethenol,
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acetaldehyde, and propanal were all detected in the ISM.! Finally, the dimethyl ether and
methylethyl ether molecules are also related to these alcohol molecules as they are structural
isomers of ethanol, and 1-propanol and 2-propanol, respectively. Here, the ether functional group
is formally produced from an alcohol precursor via the recombination of a methoxy (CH30) or
ethoxy (C,Hs0) radical with an alkyl radical. Both of these ether type COMs, dimethyl ether and
methylethyl ether, are present in the ISM.!

Similarly, a homologous series of C2, C3, and C4 saturated aldehydes was also detected from
the carbon monoxide-hydrocarbon mixtures. The C2 aldehyde group is confirmed from the
assignment of acetaldehyde; the C3 aldehyde propanal was observed along with its ketone
isomer acetone, and C4 aldehydes were probed via 1-butanal and 2-methyl-propanal. Also, the
unsaturated aldehydes propenal and propynal were produced from these analogue ices. These
detections confirm that all degrees of unsaturation are synthesized in the form of alkyne (C,H),
alkene (C,H3), and alkyl (C,Hs) functional groups from propynal, propenal, and propanal,
respectively (Fig. 16). These findings have significant implications as all of the C2 and C3
aldehydes and ketones detected from these experiments are observed in the ISM, but the C4
aldehydes, 1-butanal and 2-methyl-propanal, have remained elusive to astronomical detection.!
However, 1-butanal and 2-methyl-propanal are also carriers of straight and branched propyl
groups, respectively, which have been observed in the analogous COMs propyl cyanide
(CH;CH,CH,CN) and isopropyl cyanide (CH3;CH(CH;3)CN) where the HCO functional group is
replaced with a cyano moiety (Fig. 16).'2° Similarly to the I-propanol and 2-propanol these
COMs would be useful tracers for the production of analogous COMs with differing functional

groups.

The exotic cyclic molecules cyclopropenone and cyclopropanone have also been observed
here along with their respective aldehyde isomers propynal and propenal (Fig. 16). Although
both C5H,O isomers, propynal and cyclopropenone, have been observed in the ISM only the
C;H40 isomer propenal, but not cyclopropanone has been confirmed.! The similarity of these

systems suggests that cyclopropanone is also a likely COM awaiting detection in the ISM.

Finally, COMs containing two oxygen atoms were detected via glyoxal, glycolaldehyde, and
ethene-1,2-diol were observed in the present experiments, but only glycolaldehyde — the sugar

related molecule — has been confirmed in the ISM.! Interestingly, only glycolaldehyde has been
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observed in the ISM. However, similarly to the previously mentioned aldehyde and alcohol
groups the diol isomer, ethene-1,2-diol, is a possible tautomer of glycolaldehyde (Fig. 16).
Furthermore, the varying degrees of unsaturation detected in the aldehyde and alcohol groups

shows that the unsaturated relative, glyoxal, is also a likely ISM constituent.

These isomers show that certain functional groups are preferentially formed based upon the
reactant ice mixture. The isomers show that carbonyl (C=0), alcohol (O-H), and ether (C-O-C)
functional groups were the only types confirmed to be produced. Also, these specific
identifications had varying degrees of unsaturation, as well as unique structures including
straight carbon chains, branched carbon chains and even cyclic carbon rings. Interestingly, a
single detection existed for molecules containing two carbonyls (glyoxal), one carbonyl and one
alcohol (glycolaldehyde), and two alcohols (ethane-1,2-diol), and suggests these molecules may
be closely related and observable in the IISM in future surveys.

The ester (RC(O)OR’) and acid (RC(O)OH) functional groups have been detected in
interstellar COMs, but were not definitively detected in these experiments. Interestingly, the
ethylene oxide (c-C,H40)!?! and propylene oxide (c-C3HgO)'?? isomers have been detected in the
ISM, but were not formed in the present experiments. However, similar experiments utilizing
carbon dioxide mixed with methane, ethylene, and propene produced acetic acid,!?* >4 ethylene
oxide,?? and propylene oxide,'? respectively. These results show that even a minor change of the
reactants can produce a new array of structural isomers. Although the present chemical systems,
which only represent a simplified model ISM ice, have been previously investigated the lack of
sensitive analytical techniques utilized has not allowed a complete understanding of the
chemistry occurring. Therefore, it is necessary to continue to exploit these powerful analytical

tools to explore the complex and unconventional chemistry that is occurring in ISM ices.?*

The COMs consisting solely of carbon, hydrogen, and oxygen atoms currently detected in the
ISM show a vast diversity in their chemical complexity (Fig. 1). Interestingly, these studies
provide evidence that among these observed molecules more than half can be can be formed
upon interaction of carbon monoxide-methane, -ethane, -ethylene, or -acetylene ices with
energetic electrons (Table 4). It should be noted that several molecules detected in the present
study, but not yet in the ISM could be due to a lack of spectra to search the ISM for the

respective molecule rather than a lack of the molecule. Also, the isomers not observed in the
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ISM, but detected in the present experiments are likely produced in the ISM as well, and can be
used to guide searches of these molecules in the ISM. Concurrently, with the aid of the Atacama
Large Millimeter/Submillimeter Array (ALMA), the detection of new COMs of varying
complexity will continue to grow, and an understanding of these data will require advanced
experimental laboratory techniques as exposed here. These results also provide understanding of
the link between the origin and evolution of comets and the interstellar material that created
them. The recent mission to comet 67P/Churyumov-Gerasimenko, via the Rosetta mission,
detected COMs incorporating the carbonyl functional groups including acetaldehyde, acetone,
propanal, and glycolaldehyde.!?®> Furthermore, analysis of meteorites, such as the Murchison
meteorite, has revealed the production of 29 different aldehydes and ketones including for
example formaldehyde, acetaldehyde, propanal, butanal, and acetone.!?® These detections fulfill
the chemical cycle from interstellar clouds via star-forming regions to our solar system, which
ultimately brings us closer to eventually predicting where in the Galaxy molecular precursors

linked to the Origins of Life might have been synthesized.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements
RIK and MJA thank the US National Science Foundation (AST-1800975) for support to conduct
the experiments and data analysis. The experimental apparatus was financed by the W. M. Keck

Foundation through an equipment grant.

36

Page 36 of 71



Page 37 of 71

Physical Chemistry Chemical Physics

Table 1 List of experiments and experimental parameters for each ice mixture.

Ice Processin Dose Photoionization Experiment Tvpe
Composition g (eV molecule™) Energy (eV) P yp
30 nA of 5 keV 3.1+ 1.0 (CO) FTIR analysis during
CO—CH,4 electrons for 60 3 5 41 0 (CH,) 10.49, 9.8 irradiation and PI-ReTOF-
minutes ’ ’ 4 MS during TPD
CO—CH 310 ntA Of? k%\é 3.1£1.0(CO) i FTIR analysis during
4 clectrons for 3.5+ 1.0 (CHy) irradiation and TPD
minutes
30 nA of 5 keV 45+0.9 (5CO) FTIR analysis during
BCO-13CD,4 electrons for 60 33407 (5CD,) 10.49,9.93,9.75,9.63 | irradiation and PI-ReTOF-
minutes ' ' 4 MS during TPD
30 nA of 5 keV 3.7+ 1.0 (CO) ' FTIR analysis during
CO—C,Hq electrons for 60 5.6+ 1.3 (CyHe) 10.49 irradiation and PI-ReTOF-
minutes ' A6 MS during TPD
cocn ARk 3741.0(C0) ] FTIR analysis during
26 . 5.6 + 1.3 (C,Hy) irradiation and TPD
minutes
30 nA of 5 keV 3.9+ 1.0 (C*0) FTIR analysis during
C80—C,H, electrons for 60 5'6 N 1'3 (CaHy) 10.49, 9.8, 9.6, 8.4 irradiation and PI-ReTOF-
minutes ' o Ae MS during TPD
30 nA of 5 keV 3.6+ 1.0 (CO) FTIR analysis during
CO—-C,H, electrons for 60 4 9 11 0 (CaHy) 10.49, 9.00 irradiation and PI-ReTOF-
minutes : A2 MS during TPD
cocn 2,1% é‘t’; I‘g 201:‘:’6\6 3.6+ 1.0 (CO) ] FTIR analysis during
24 . 4.9+ 1.0 (CHy) irradiation and TPD
minutes
30 nA of 5 keV 3.9+ 1.0 (C%0) FTIR analysis during
C80—C,D, electrons for 60 5'7 N 1’ 0 (CoHy) 10.49, 9.60 irradiation and PI-ReTOF-
minutes ' ) > MS during TPD
20 nA of 5 keV FTIR analysis during
CO—CH, electrons for 15 00'66 iiOO.ll (ECI?I)) 10.49 irradiation and PI-ReTOF-
minutes ' ) 72 MS during TPD
. 210 ntA Ofg kel\; 0.6 0.1 (CO) i FTIR analysis during
CO-CoH, electrons for 0.6 + 0.1 (CH,) irradiation and TPD
minutes
20 nA of 5 keV 0.7+0.1 (C%0) FTIR analysis during
CBO—C;,D, electrons for 15 0' 6+ 0'1 (C,Dy) 10.82,10.49, 9.15 irradiation and PI-ReTOF-
minutes ' A2 MS during TPD
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Table 2 Infrared absorption features recorded before and after the irradiation of each ice mixture at 5 K.
CO—CH, CO—C,H, CO—C,H, CO—C,H,
Before After Before After Before After Before After Assignment
Irradiation | Irradiation Irradiation Irradiation Irradiation Irradiation | Irradiation | Irradiation Carrier Ref.
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
6470, 5190, Vit vz, Svat 3vs, v+ vs, .
4076, 3948, 2y vat 24 + Ve (CaH) Combination/ a
3863 Overtone
4746, 4710, 4578, Vo + 2Ve, Vo+ Vo, Vi1 + Va2, Vs Overtones/ bed
4500, 4426, 4396, + V12, Vo + V3, Vot Vg, Vi1 + Combinations
4310, 4275, 4192 vy, vittve  (CoHy)
453:& 3202’ Vot 3, V3t vy, vitvg (CHy) Combinations ef
4400, 4357, 4321, vg+Vip, Vot Vs, Vgt Vg, Overtones/ gh
4272,4251,4177, Vit Vg, Vot Vs, Vit vy, vy Combinations
4161, 4126, 4100, tvi, vgt vt v, gt
4070 Vi1t Vi, Vs+vi2(CyHe)
4248 4246 4248 4248 2v; (CO) Overtone i
3328 vi (C,H,) CH stretch a
3300 v3 (CoHy) CH stretch ik
3260 v+ v; (CoHg) Combination hl
3320 v4 (C4H,) CH stretch m
3285 vi (C4Hy)/vey (R-C=CH) CH stretch 1,0.p
3253 3245 3246 v3 (C,H,) CH stretch 2,60
3151 v3 (CH3) CH stretch a
3141 ver (R-CHCH,) CH: asymmetric br
3105 vio (CaHs) CH2 :tsrzltl;lriletnc b
3093 3092 3092 Vo (CyHy) CH, Ztsl?:tré?emc ed
3069 vy + vy (CHy) Combination cd
3010 v3 (BCoH,) CH stretch ed
3011 3008 v3 (CHy) degenerate stretch efo
2974 2977 CHj; degenerate
Vio C2H6 /V] 1 C2H4 /V5 + V7 stretch/ CH2 efno
2978 2978 ( )(C4I(—I4) ) symmetric stretch/ .
combination
2962 2959 2965 Vi (C:Hy) CH; symmetric eho
stretch
2943 2943 2940 vgt+ vy (CoHg) Combination eho
2920 2918 2918 vgt vi1 (CoHg) Combination eho
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2905 vi (CHy) i symmetric eto
2885 2882 2880 vs (CaHg) CHls symmetric cho
2852 vy + vy + Vi (CoHg) Combination hl
2827 2832 vs+ vi1 (C2Hg) Combination hl
2818 v+ vy (CHy) Combination efo
2748 2740 2740 v+ ve(CoHg) Combination eho
2735, 2708 v+ vs (CoHp) Combination st
2650 vg + vy, (C,Hg) Combination hl
2595 2v, (CHy) Overtone efo
2560 Vet Vo (CoHpg) Combination Lu
2359 v3+ v (CoHg) Combination hlu
2341 2345 Ve (CO) CO z;stz'er?crﬁetrlc v
2338 v; (10CO) CO E;stzé?crﬁetrlc w
2276 ve(13CO) CO 1stzf§1£11etrlc Y
2242 2241 2250 Vs (C105) CO Z?;gﬁemc ;
2192 2192 v; (C30,) CO stretch i
2137 2134 2138 2138 vi (CO) CO stretch by
2090 2089 2090 2091 vi (CO) CO stretch i
2087 vi (C'*0) CO stretch bw
2043 vy (13C120) CO stretch w
1989 v, (CoHy) C=C stretch ‘
1965 v4+ vg (CoHy) Combination X
1899 v7+vg (CoHy) Combination X
1877 ab CO stretch y
1853 1855 1845 1853 v (HCO) CO stretch :
1845 1823 v, (HOCO) CO stretch aa
1800-1600 1800-1600 1800-1600 1800-1600 ab CO stretch q
1619 vy (CoHy) C=C stretch d
1466 1464 1464 v 11 (CyHpg) CHj; deformation e.h.o
1435 1439 vi2 (CoHy) CH, scissor q
1373 1371 1377 1375 v4+ vs (CoHa)/v ¢ (CoHg) CH; symmetric ehos
deformation
1339 v3 (CoHy) CHj, scissor d
1302 1300 v4 (CHy) Degenerate stretch efo
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1240 2v17 (CaHa)ve + vg (CaHy) OV"’“"‘E/) Sombma mnps

1224 Ve (CoHa) CH, rock d

957 950 953 A% (C2H4) CH2 wag d

821 823 823 Viz (CzHé)/ Vio (C2H4) Bending dh

758 748 Vs (Csz) CCH bend a
613 v, (CH3) Out of plane efo

2 Hudson, et al. (2014). ® Brock, et al. (1994). ¢ Bohn, et al. (1994). ¢ Abplanalp and Kaiser (2017). ¢ Bennett, et al. (2006). f Abplanalp, ef al. (2018). ¢ Lattanzi,

et al. (2011). ™ Abplanalp and Kaiser (2016). i Jamieson, et al. (2006). i Zhou, et al. (2014). ¥ Shimanouchi (1972). ! Hepp and Herman (1999). ™ Zhou, et al.
(2009). ™ Cuylle, et al. (2014). ° Kaiser and Roessler (1998). P Zhou, et al. (2010). 9 Kaiser, et al. (2014). * Allamandola, et al. (1989). ¢ Bottger and Jr. (1964)
Doney, et al. (2018). * Kim (2003). ¥ Bennett, et al. (2004). ¥ Bennett, et al. (2009). * Ennis, et al. (2011). ¥ Zhou, et al. (2008). #? Bennett, ef al. (2005). #

Abplanalp, et al. (2015). 2 Carbonyl stretching region (saturated/unsaturated aldehydes/ketones with mono-/di-/tri-/tetra- substituted side chains)
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Table 3 Ions detected at different photoionization energies subliming from irradiated ices of (a) CO—
CH4/13C0—13CD4, (b) CO—Csz/CISO—CzHG, (C) CO_C2H4/C180—C2D4, (d) and CO—Csz/Clso_CzDza
(a) Formula CO—CH, (m/?) BCO-BCDy4(m/z)
10.49 eV 9.8 eV 10.49 eV 9.93 eV 9.75 eV 9.63 eV
C;H, 40 - 47 47 47 47
C;Hg 42 42 51 51 51 -
C,H,0O 42 42 46 46 46 46
C,H,;0 44 44 50 50 50 50
C,H;O 46 - 54 - - -
C;H,0 54 - 59 59 59 -
C,Hg 54 - 64 64 64 64
C;H,0 56 56 63 63 63 63
C,Hg 56 56 68 68 68 68
C;HsO 58 58 67 67 67 67
C,H,0, 58 58 62 62 62 62
C;HzO 60 - 71 71 - -
C,H,0, 60 - 66 66 66 66
CsHg 68 - 81 81 81 81
C4H,0 68 - 76 - - -
CsHj, 70 70 85 85 85 -
C,HsO 70 70 80 80 80 80
C,HgO 72 72 84 84 84 84
C;H,0, 72 72 79 79 79 79
C4H;,0 74 74 88 88 88 88
C;HqO, 74 74 83 83 83 83
CsHjg 82 - 98 98 98 98
CsHqO 82 - 93 93 93 -
CsHzO 84 - 97 97 97 97
C,H,0, 84 - 92 92 92 92
C,H(O, 86 86 96 96 96 96
CsH;,0 86 86 101 101 101 101
C,H;0, 88 - 100 100 100 100
C4H10,0, 90 - 104 - - -
CgHzO 96 - 110 110 110 110
C;Hyy 98 - 119 119 119 -
CeH ;0O 98 - 114 114 114 114
CsHgO, 98 - 109 109 109 109
C;Hq 100 - 123 - - -
CeH;,0 100 100 118 118 118 118
C;sH;z0, 100 - 113 113 113 113
C,H,0, 100 - 108 108 108 108
CeH 140 102 102 122 - - -
C,HsO4 102 102 112 112 112 112
C,4Hz0, 104 - 116 116 116 116
C¢H30, 112 - 126 126 126 126
CsHgO4 114 114 125 125 125 125
Ce¢H 00, 114 114 130 130 130 130
CsHz04 116 116 129 129 129 129
Ce¢H .0, 116 116 134 134 134 134
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(b) Formula

CO—C2H6 (m/ Z)

C 180_C2H6 (m/Z)

10.49 eV 10.49 9.8 9.6 84
C;Hy 40 40 - - -
C;He 42 42 42 - -
C,H,0O 42 44 44 44 -
C,H,O 44 46 46 46 -
C4He 54 54 54 54 -
C;H,0O 54 56 56 56 -
C;H,O 56 58 58 58 -
C4Hg 56 56 56 56 -
C;HO 58 60 60 60 -
C,H,0, 58 62 - - -
CsHg 68 68 68 68 -
CH,O 68 70 70 70 -
CsHy 70 70 70 70 -
C4HsO 70 72 72 72 -
C4HO 72 74 74 74 -
CeHio 82 82 82 82 82
CsHsO 82 84 84 84 -
CeHio 84 84 84 84 -
CsHsO 84 86 86 86 86
C4H4,0, 84 88 88 88 88
CeHi4 86 86 86 86 86
CsH,,0 86 88 88 88 88
C4HesO, 86 90 90 90 -
C4H30, 88 92 - - -
C;Hy4 98 98 98 98 -
CeH,00 98 100 100 100 100
CsHqsO, 98 100 100 100 100
CgHy 100 100 100 100 100
C¢H,,0 100 102 102 102 -
CsH30, 100 104 104 104 -
C¢H140 102 104 104 104 -
CsHig 112 112 112 112 -
CeHs0, 112 116 116 116 -
CeH 100, 114 118 118 118 -
CsHgO4 114 120 120 120 -
CeH 120, 116 120 120 120 -
CsHsO4 116 126 126 126 -
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cOo—-C 2H4 (m/ Z)

C180—C; D4 (m/Z)

(¢) Formula
10.49 eV 9.00 eV 10.49 eV 9.60 eV
C;H, 40 - 44 -
C;Hg 42 - 48 -
C,H,0 42 - 46 -
C,H,0 44 - 50 50
CsH, 50 - 52 -
C4Hy 52 - 56 56
C4Hg 54 - 60 60
C;H,0 54 - 58 -
C;H,0 56 56 62 62
C4Hg 56 56 64 64
CH,0, 58 64 64 -
C;HqO 58 - 66 -
CsHg 66 66 72 72
CsHg 68 68 76 76
C.H,0 68 68 74 -
CsHy 70 70 80 80
C4HcO 70 70 78 78
CsH), 72 - 84 -
C4HzO 72 - 82 -
C;H,0, 72 - 80 80
CeHg 78 78 84 -
CeHg 80 80 88 88
CsH,0 80 80 86 -
CesHio 82 82 92 92
CsHqO 82 82 90 90
CeHo 84 84 96 96
CsHgO 84 84 94 94
C.H,0, 84 84 92 92
CeH4 86 - 100 100
CsH,,0 86 - 98 98
C4H¢O, 86 - 96 96
C;Hg 90 - 96 96
C4H,,0, 90 - 104 104
C;Hg 92 92 100 100
CsH,0 92 92 98 98
C;Ho 94 94 104 104
CsHsO 94 94 102 -
C;H), 96 96 108 108
CeHO 96 96 106 106
C;Hy4 98 98 112 112
CeH,00 98 98 110 110
CeH .0 100 - 114 -
Ce¢H 1,0 102 102 118 -
CgHyo 106 106 116 -
CsHyp 108 108 120 120
CgHyy 110 110 124 124
CsHs 112 112 128 128
CoHg 114 114 120 120
CoH 4 122 122 136 -
CoHj6 124 124 140 140
CioHig 138 138 156 156
CioHyo 140 140 160 160
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(d) Formula CO—GH, (m/2) C80-C,D; (m/s)
10.49 eV 10.82 eV 10.49 eV 9.15 eV
C;Hy 40 44 44 3
CH,0 42 46 46 -
C,H, 50 52 52 -
CHy 52 56 56 :
G:H,0 54 58 53 .
CiHg 54 60 60 0
C3H4O 56 62 62 -
C4H8 56 64 64 _
C;HeO 58 66 66 _
CH0, 58 64 64 ;
CsHy 64 68 68 68
CsHe 66 72 72 72
C,H,0 68 74 74 -
CsHg 68 76 76 _
CsHyo 70 80 30 30
CeH, 74 76 76 .
C3HeO, 74 84 84 ’4
CeHy 76 80 30 20
C3HgO, 76 88 38 33
CeHs 78 84 ’4 4
CsH,0 80 86 86 %6
CeHg 80 88 88 ]8
CsHsO 82 90 90 90
CeHio 82 92 92 92
CsHgO 84 94 94 94
C;Hs 90 96 96 96
C,H,00, 90 104 104 104
C6H4O 92 o8 98 -
CelO 94 102 102 :
CsHe 102 108 108 108
CgHg 104 112 112 112
CioHg 128 136 136 136

a Ttalics indicate a tentative detection
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Table 4 Specific molecules detected in the carbon monoxide-hydrocarbon studies.

Yield (molecules eV-!) Important
ISM .
Formula Detected Isomer A Functional
Detection CO-CH, CO-C;H, CO-CH, CO-C;H, Grou
ps
tb=o=. Ves 1244037 | 383+1.15 | <413+124 | ©7.62+2.29 Carbonyl
¢ x102 x10 x103 x10-3 (C=0)
CH0 Ketene
d i Alcohol
M Not Detected | Not Detected | Not Detected | Not Detected Tenta‘Flve cono
Detection (O-H)
Ethynol
H : 1.48+£0.44 1.51+£0.45 ©5.96+1.79 Alcohol
¢ Yes %103 104 105 Not Detected (O-H)
C,H,0 Ethenol
H 1.01 +0.30 1.30+0.39 ©3.01 £0.90 Carbonyl
¢ Yes %102 10 105 Not Detected (C=0)
Acetaldehyde
c Alcohol
%{‘ Yes >34 i_41 60 Not Detected | Not Detected | Not Detected cono
¢ x10 (O-H)
C,H,O Ethanol
«
c + Eth
ey € Yes 1'2X81 0_50 38 Not Detected | Not Detected | Not Detected C Oerc)
Dimethyl Ether
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X

d Tentative d Carbonyl
Yes Detection Not Detected | Not Detected Yes (C=0)
CLH,0 Cyclopropenone
~ d Tentative d d Carbonyl
Py A Yes Not Detected Detection Yes Yes (C=0)
Propynal
Not Detected " Tentative * Tentative 4Yes Not Detected Carbonyl
L\, Detection Detection (C=0)
CLH.O Cyclopropanone
L 2 Ves ©8.67+42.60 | ©334+£1.00 | 2.14+0.64 | ©1.33+0.40 Carbonyl
¢ ¢ x104 x104 x104 x104 (C=0)
Propenal
' c Alcohol
w Not Detected 1.52 i_?'m 2.36+ 2'94 Not Detected | Not Detected cono
¢ ¢ <10 *10 (O-H)
1-Propenol
C;HsO
Ye ©1.11+£0.33 8.84 £2.65 ©1.25+0.38 ©3.18+£0.95 Carbonyl
s > x10°3 X104 x10-4 x10-5 (C=0)
Propanal
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\Q}y&
« [

5.44 +1.63 ©1.06 +0.32 ©2.69+0.81 Carbonyl
Yes X104 Not Detected <10 <105 (C=0)
Acetone
%¢220+£0.90 | *1.57+0.63 Alcohol
W Not Detected 10+ 10 Not Detected | Not Detected (0-H)
1-propanol
L*—I#«’ ) b b Alcohol
C;H:O o Not Detected 1.20 %30'50 8.69+ _3'48 Not Detected | Not Detected cono
x10 x10 (O-H)
C ¢
2-propanol
2.10+£0.90 Ether
\M Yes <10 Not Detected | Not Detected | Not Detected (C-0-C)
Methylethyl Ether
2.00£0.80 ©1.00 £ 0.04 ©5.93+237 Carbonyl
Not Detected «104 10 <10 Not Detected (C=0)
1-butanal
C,HgO '
b& 1.32+0.53 1.00 +0.40 445+1.78 Carbonyl
32+0. ©1.00 £0. €445+ 1. arbony
‘ Not Detected %104 %10 <105 Not Detected (C=0)
e

2-methyl propanal

47




Physical Chemistry Chemical Physics

d Tentative d Tentative d Tentative Carbonyl
d
C2H,0, Not Detected Yes Detection Detection Detection (C=0)
Glyoxal

« ¢ Carbonyl

1 (C=0)

Yes dYes Not Detected Not Detected Not Detected
Glycolaldehyd Alcohol
ycolaldehyde
O-H

C2H402 ( )
Alcohol

Not Detected dYes Not Detected | Not Detected | Not Detected ( (():OH())

Ethene-1,2-diol

aSee text for ISM detection references. "These isomers have IEs too similar to differentiate which was produced. °A tentative detection with yields

calculated assuming only this isomer was produced. No photoionization cross section data available.
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Table 5 Experimental Branching Ratios Detected Isomers

Isomers CO-CH4 CO-C2H6 CO-C2H4 CO-C2H2
acetaldehyde : ethenol 6.8+3.8 0.9+0.5 0.5+0.3 a
ethanol : dimethyl ether 42.0 £23.5 a a a
propanal : 1-propenol 7.0+£3.9 3.8+£2.1 a a
acetone : 1-propenol 3.6+2.0 a a a

propanal : acetone 20+1.1 a 1.2+0.7 1.2+0.7
2-propanol : 1-propanol 5.5+£3.1 5.6£3.1 a a
1-propanol : methylethyl ether 11+£6 N.D. a a
2-propanol : methylethyl ether 57+32 N.D. a a
1-butanal : 2-methyl propanal 1.5+0.8 1.0£0.6 1.3£0.6 a

aNo ratio was able to be calculated due to the non-detection of an isomer(s) in that system.
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Alcohols Aldehydes Ketones Acids Esters Ether
‘j 9 gﬁg
&
Methanol Acetaldehyde Acetic Acid Ethyl Formate Dimethyl Ether
¢ ¢ ¢ W :M
Ethanol Propenal Cyclopropenone Methyl Formate  Methylethyl Ether
¢ ¢ ¢ ¢
Ethenol Propanal Methyl Acetate Ethylene Oxide
&,
Co ¢
Ethylene Glycol Propynal Propylene Oxide

[
e

Methoxymethanol Glycolaldehyde

Fig. 1 Selected complex organic molecules (COMs) detected in the ISM containing carbon, hydrogen, and oxygen atoms.
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Fig. 2 Infrared spectra from 500-5000 cm™! before (black) and after (red) irradiation of (a) carbon monoxide-methane (CO-CHy), (b) carbon monoxide-ethane

(CO-C,Hg), (c) carbon monoxide-ethylene (CO-C,H,), and (d) carbon monoxide-acetylene (CO-C,H,). Assignments of reactants and products are compiled in
Table 2.
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Fig. 4 PI-ReTOF-MS ion signal for C;H,O (n = 2, 4, 6) versus temperature subliming from carbon monoxide-methane ices (CO-CHy; 'BCO-'3CDy).
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Fig. 6 PI-ReTOF-MS ion signal for C;H,O (n =4, 6, 8, 10) versus temperature subliming from carbon monoxide-methane ice (CO—CHy; 3CO-'3CDy).
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The isomer specific detection of complex organic molecules from irradiated carbon monoxide
hydrocarbon ices and their yields have been elucidated.
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