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1. Introduction

Untangling the methane chemistry in interstellar
and solar system ices toward ionizing radiation:
a combined infrared and reflectron time-of-flight
analysist

Matthew J. Abplanalp,®® Brant M. Jones®® and Ralf I. Kaiser (2 *2°

Pure methane (CH4/CD,) ices were exposed to three ionizing radiation sources at 5.5 K under ultrahigh
vacuum conditions to compare the complex hydrocarbon spectrum produced across several interstellar
environments. These irradiation sources consisted of energetic electrons to simulate secondary
electrons formed in the track of galactic cosmic rays (GCRs), Lyman o (10.2 eV; 121.6 nm) photons
simulated the internal VUV field in a dense cloud, and broadband (112.7-169.8 nm; 11.0-7.3 V) photons
which mimic the interstellar ultra-violet field. The in situ chemical evolution of the ices was monitored
via Fourier transform infrared spectroscopy (FTIR) and during heating via mass spectrometry utilizing a
quadrupole mass spectrometer with an electron impact ionization source (EI-QMS) and a reflectron
time-of-flight mass spectrometer with a photoionization source (PI-ReTOF-MS). The FTIR analysis
detected six small hydrocarbon products from the three different irradiation sources: propane
[C3Hg(C3Dg)], ethane [CyHg(CyDg)l, the ethyl radical [CoHs(CyDs)l, ethylene [CoH4(CyD4)], acetylene
[CoHL(C,D,)l, and the methyl radical [CHs(CDs)]. The sensitive PI-ReTOF-MS analysis identified a
complex array of products with different products being detected between experiments with general
formulae: ChHznio (N = 4-8), CyHo, (0 = 3-9), CoHop2 (0 = 3-9), CyHops (0 = 4-9), and CyHzn_6
(n = 6-7) from electron irradiation and C,H,,,> (n = 4-8), C,H,, (n = 3-10), C,Hopn (n = 3-11),
CnHon_sq (n = 4-11), C,H,,_6 (n = 5-11), and C,H;,_g (n = 6-11) from broadband photolysis and Lyman
a photolysis. These experiments show that even the simplest hydrocarbon can produce important
complex hydrocarbons such as CsH4 and C4Hg isomers. Distinct isomers from these groups have been
shown to be important reactants in the synthesis of polycyclic aromatic hydrocarbons like indene (CoHg)
and naphthalene (CioHg) under interstellar conditions.

Charon, a moon of Pluto, has been proposed as a possible sink for
methane escaping Pluto’s atmosphere that can be photolyzed to

The New Horizons Mission to Pluto confirmed the presence of
methane - along with molecular nitrogen - as a major constituent
on Pluto’s surface.” The relatively volatile ice constituents,
including methane, of Pluto play a major role in Pluto’s geological
processes® as Pluto likely carries complex molecules such as
polycyclic aromatic hydrocarbons (PAHs), which accumulate at
the poles from seasonal cycling of methane on the surface.”**™**
Also, Makemake - the largest known Kuiper Belt Object (KBO)
after Pluto - has the most methane-dominated spectrum.>™®
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produce complex molecules up to PAHs that are less volatile and
deposit on the moon’s surface.”'*'® Methane has further been
tentatively detected throughout our solar system on Earth’s
moon?® and Mars,>* as well as on small bodies such as
Orcus,*?™* Triton,>**2° 2007 OR10,*° Eris,"**' Quaoar,**™**
Sedna,*” and Titan.*® Mixed methane and ethane lakes are also
likely to be present on Titan.?” It was suggested that ice clouds
containing methane may also be present on Uranus and
Neptune.*® Comets have also been identified having methane as
a constituent including C/1996 B2 Hyakutake,*® C/1995 O1 Hale-
Bopp, C/1999 H1 Lee, C/1991 T1 McNaught-Hartley, C/2002 C1
153/P Ikeya-Zhang, C/1994 S4 LINEAR,*® C/2000 WM1 LINEAR,
C/2001 A2 LINEAR," C/2007 N3 Lulin,** C/2004 Q2 Machholz,*?
and 2P/Encke.** These detections are very important as comets
have been thought to be carriers of (part of) the pristine material
that was present during our solar system’s formation.*
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Besides our solar system, methane’s detection was reported
throughout the interstellar medium in the gas phase as well as
in its solid form on interstellar grains at fractions of a few per
cent; furthermore, non-polar interstellar ices are suggested to
have higher methane abundances up to a few tens of percent.®
The detection of methane in molecular clouds and toward
young stellar objects has been repeatedly substantiated.*’>°
In the interstellar medium (ISM), methane (CH,), the simplest
saturated hydrocarbon, has been suggested to form on dust
grains via hydrogen atom addition to carbon atoms.”" Interstellar
ices typically consist of water (H,O) as the main constituent with
smaller fractions of carbon monoxide (CO), carbon dioxide (CO,),
methanol (CH;OH), and methane (CH,) with abundances of the
latter of up to 11% of water.>

These distinct, methane-carrying environments are exposed
to a complex array of ionizing radiation, such as ultraviolet
photons mainly in the form of Lyman o (10.2 eV) and charged
particles from the solar wind or in the form of galactic cosmic
rays (GCRs), which are able to chemically modify the methane
ices. In the ISM these ices are processed by GCRs (98% protons;
2% o-particles), which have kinetic energies as high as GeV.>>
Furthermore, GCRs are able to produce an internal ultraviolet
radiation field as they penetrate deep into molecular clouds,
producing a flux of 10° photons cm ™2 s~ *.°* The processing of
these ices produces complex species starting from simple ices.

Laboratory processing of pure methane ices has been studied
by several groups over the last few years. High energy experi-
ments using y-rays were among the very first investigations of
methane irradiation. Previous experiments used a cobalt-60 y-ray
source to irradiate pure methane at 4.2 K and analyzed the ice
exploiting electron spin resonance (ESR) to detect methyl
radicals (CH;3) and hydrogen atoms in nearly equivalent
ratios;>* further this detection was confirmed by several other
studies.”>® Solid methane was also irradiated at 77 K utilizing
cobalt-60 y-rays and detected products, as large as heptane
(C,Hy¢), using gas chromatography.>® Four of these products
matched calibrations of straight chain hydrocarbons of pro-
pane, butane, hexane, and heptane. However, the authors were
unsure if these products were truly formed in the solid methane
or in the gas above the methane sample. Also, they suggested
the rapid ‘polymerization’ of the solid methane by the detection
of ‘viscous oil’ that could have only formed from the solid
methane. The oil was determined to contain both saturated
straight-chain and branched hydrocarbons with a typical length
of 20 carbon atoms per molecule.®°

The irradiation of methane with ions has also been previously
studied. Previous studies on the irradiation of pure methane ice
at 10-15 K with 10-20 MeV protons (H") and helium ions (*He*")
were performed and detected the production of acetylene (C,H,),
ethylene (C,H,), ethane (C,Hs), and hydrocarbons up to Cj,
during heating of the processed ice via a quadrupole mass
spectrometer (QMS).®" These experiments also resulted in a
residue forming, which was analyzed with scanning electron
microscopy, Rutherford backscattering spectroscopy, elastic
recoil detection analysis, infrared spectroscopy in transmission,
hydrogen nuclear magnetic resonance, high performance liquid
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chromatography, and gas chromatography-mass spectrometry
with the detection of long aliphatic and unsaturated hydro-
carbons as the primary products including PAHs.®® Other experi-
ments also used this irradiation source to study the formation of
atomic and molecular hydrogen formation via Fourier transform
infrared spectroscopy (FTIR) as well as QMS from 10-50 K
and found that, similar to previously cited experiments, the
methyl radical and hydrogen atom were primary products while
methane can also decompose to carbene (CH,).** They also
detected an “‘explosive” desorption of the ice after a dose of
90-145 eV was reached and stated that this may be a non-
thermal mechanism to transport molecules from the ice into
the gas phase. Another study used the same type of irradiation
source to process pure methane at 15-77 K to simulate the
effects of solar wind interacting with a comet surface, and
found that a residue was formed after subliming the irradiated
methane ice.®* Further experiments also discussed the formation
mechanisms of hydrocarbons up to coronene by simulating the
interaction of GCRs, via 9 MeV a-particles and 7.3 MeV protons,
with solid methane, ethylene, and ethane.®® These mechanisms
were determined to be initiated by collision cascades that
resulted in suprathermal chemistry such as the production of
carbon atoms that were not in thermal equilibrium with the rest
of their 10 K ice. Other experiments investigated the processing of
pure methane ice with 30 keV He" ions at 10-20 K using infrared
absorption spectroscopy and showed that the optical constants
were continually altered by the impinging ions, but that these
changes did not alter the energy deposition of the ions.®® The
products identified were ethane, propane (C;Hg), and a polymer-
like material that after much processing formed a refractory
residue. The irradiation of pure methane with 60 keV Ar** ions
at a dose of 7 eV per 16 amu was also performed and detected
ethane, propane, ethylene, and acetylene as products via FTIR.*
Another study utilizing Raman spectroscopy irradiated pure
methane films with 30 keV He" and 60 keV Ar** ions with a final
dose of 1000 eV per 16 amu and observed a broad stretch that was
assigned to the G and D features of amorphous carbon.®®%
A similar study utilizing 200 keV Ar* and 400 keV Ar’** ions to
irradiate pure methane ices at a dose up to 310 eV per 16 amu
showed the formation of a refractory residue via diffuse reflec-
tance measurements in the visible and near-IR.”° The residue was
compared to Centaurs and trans-Neptunian objects.”® The pro-
cessing of pure methane ices via 1 keV He" ions showed that new
molecules were formed within the ices, but not in the surface
layer, and that these newly formed molecules are formed via
nuclear collisions in the ice.”* Ion irradiation of pure methane via
220 MeV '°0”* at 15 K showed the formation of the methyl
radical, acetylene, ethylene, ethane, and propane with ethane
being the primary product, but the carbon budget of these
products only accounts for 30-50% of the amount of methane
destroyed during irradiation and the authors identify the remain-
ing carbon being incorporated in species they were unable to
observe such as PAHs.”> Recently, pure methane ices were
irradiated with a suite of heavy ions (6 MeV '°0**, 220 MeV
%07, 267 MeV *°Fe***, and 606 MeV "°Zn***) at 15 K and analysis
by mid-IR showed the production of molecules with the form
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C,H,, (n=2-4;m=2n — 2 to 2n + 2) as well as the radical species
CH;, C,H;, and C,Hs.”? Recently the effect of using 15.7 MeV
160°* jons to process pure methane ice was investigated and
detected ethane, ethylene, acetylene, propane, and butene (C,Hjg)
as the standard products via FTIR.”* Alternatively to the pre-
viously discussed experiments, these authors determined pro-
pane to be the primary product from this ion irradiation, but
FTIR has limited capabilities when determining small concen-
tration differences.

The irradiation of pure methane ices with energetic elec-
trons has also been studied. Experiments which irradiated pure
methane ice at 10 K with 5 keV electrons while monitoring the
chemical changes via FTIR and QMS observed CH3, C,H,, C,H;,
C,H,, C,Hs, and C,Hg production rates and reaction mecha-
nisms were also quantified.”” The formation of molecular
deuterium from the processing of pure deuterated methane
(CDy) ices with 5 keV electrons at 10 K has also been detected.”®
Also, the processing of pure methane ice with 500-3000 eV
electrons at 20 K was studied and detected the dehydrogenation
of methane to form CHj, CH,, and CH radicals with the only
other two products identified as being ethane and acetylene.””
A recent study presented a brief overview of the products
detected utilizing reflectron time-of-flight mass spectrometry
from the 5 keV irradiation of pure methane ices (CH,; CD,) at
doses up to 12.5 eV per molecule, which consisted of hydro-
carbons as large as C,, being formed.”®

Pure methane ice has also been processed by vacuum ultra-
violet (VUV) irradiation by several groups. Experiments on
photolyzed pure methane ices with krypton and xenon lamps
at 20 K produced ethylene, propane, propylene, i-butane,
n-butane, i-pentane, and n-pentane.”® The processing of
methane ices via a microwave discharge hydrogen flow lamp
was also investigated, and the changes in the solid were moni-
tored with FTIR, which formed CHj3, C,H,, C,Hs, allene (CsH,),
and C;Hg. As well as stretching that was assigned to higher-order
volatiles and residue.®® The lack of assignment of acetylene as a
product is interesting here as multiple assignments to a generic
alkyne (HCC-R) vibration were given. Another study showed that
the irradiation of pure methane with 10.2 eV photons at 12.5 K
produced ethane, where the column density became constant
after the dose of 20 eV per 16 amu, and propane with no other
specific products stated.®® Other experiments measured the
photodestruction cross section of pure methane using the
100-200 nm spectral range of their deuterium lamp, but did
not report any new products formed.®" Another study suggested
that the processing of pure methane ice with VUV photons
(6.0-11.5 eV) does not result in the production of acetylene,
but instead the formation of ethane, ethylene, and larger hydro-
carbons that are hydrogen-rich.*> A more recent study detected
CHs;, C,H,, C,H,, C,Hg, and an unidentified feature at 912 cm™*
after 121.6 nm irradiation of pure methane at 3 K.** Recently the
investigation of this system using laser desorption coupled with
time-of-flight mass spectrometry has shown that products such
as CoH, (x = 2, 4, 6) and C3H,, (y = 4, 6, 8) are formed®* as well as
some masses that are related to C,~C,; compounds but with no
species able to be assigned.®”
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As outlined above the number of experiments studying pure
methane ices under different conditions relative to the ISM is
significant, but the information provided by all of these inves-
tigations is far from exhaustive. Although any products from pure
methane irradiation will have similar hydrocarbon stretching to
the reactant, the majority of the previous experiments relied solely
on FTIR spectroscopy to determine products formed from pure
methane irradiation. Different chain lengths and degrees of
unsaturation of hydrocarbons do shift certain possible product
hydrocarbons from the dominating methane reactant infrared
stretching, but as FTIR can only truly assign functional groups of
these complex hydrocarbons or confirm small molecules it is
extremely difficult to confirm even slightly larger hydrocarbons as
their functional groups will always overlap with other possible
products. Therefore, the product assignment of large hydro-
carbons in a pure methane ice irradiation experiment by only FTIR
is difficult and very tentative. Typically a complimentary method of
product detection, such as QMS, is also utilized to validate the FTIR
assignments. The QMS is able to detect the subliming molecules
when the products are warmed up and the products’ detection via
the QMS can also be correlated with the change of the FTIR signal
to confirm assignments. However, this traditional method, QMS,
also has introduced another problem of product assighment with
the use of a hard ionization source - typically electron ionization of
up to 100 eV - which causes severe fragmentation and limits the
product assignments’ validity. In fact, in all the previously dis-
cussed types of irradiation experiments typically the products were
limited to hydrocarbons of C,, sometimes Cs, and extremely rarely
larger than C; chain lengths.

However, a few of the investigations suggested that the pro-
ducts were much more diverse than previously assigned®**®>
and that by using advanced analytical techniques such as photo-
ionization coupled with reflectron time-of-flight mass spectro-
metry (PI-ReTOF-MS) that the product list is in fact extremely
diverse, including hydrocarbons with carbon chains as long as
C,,.”® The PI-ReTOF-MS technique provides product analysis
upon sublimation, typically without fragmentation, to analyze
the molecular ion of the molecule, which results in a confident
product assignment based on the mass-to-charge ratio. Multiple
isomers that contribute to one molecular ion signal can be discri-
minated via their ionization energies as the isomers above the
photon energy used to ionize the products will not be detectable,
and we are able to vary this ionization energy. The product
analysis of pure methane ice irradiation via PI-ReTOF-MS shows
that diverse hydrocarbon chemistry is clearly taking place across
multiple forms of processing; in the present manuscript we are
providing the very first comparison of the complex products formed
from Lyman o photons, broadband photolysis, and energetic
electron irradiated pure methane ices exploiting PI-ReTOF-MS
detection of the products.

2. Experimental details

The pure methane irradiation experiments were all carried out
in a stainless steel chamber under ultra high vacuum (UHV)
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conditions with a typical pressure of 3 x 10~"" Torr, which is
able to be achieved using magnetically suspended turbo mole-
cular pumps backed by oil free scroll pumps. Within the UHV
chamber, a cold head target constructed of oxygen-free high
conductivity copper is connected to a UHV-compatible closed
cycle helium compressor (Sumitomo Heavy Industries, RDK-415E).
Mounted to the cold head, via indium foil for thermal conductivity,
is a silver substrate which is cooled as low as 5.0 £ 0.1 K. This
substrate is able to be translated in the vertical direction as well
as rotated 360° utilizing a UHV-compatible bellow (McAllister,
BLT106) and a differentially pumped rotary feedthrough
(Thermoionics Vacuum Products, RNN-600/FA/MCO), respec-
tively.**®® To deposit the methane ice, methane gas (Specialty
Gases of America, 99.999%) was directed to the silver substrate
using a glass capillary array, which was positioned approxi-
mately 30 mm from the substrate, at UHV chamber background
pressures of about 5 x 10~° Torr for several minutes. During
this deposition, the thickness was monitored online and in situ
via a HeNe laser (1 = 632.8 nm; CVI MellesGriot; 25-LHP-230)
which was reflected off of the silver substrate and into a
photodiode. By recording the interference pattern that the
growing ice produces and knowing the refractive index (n) of
solid methane, n = 1.280 + 0.008,% the thickness of the ice is
able to be determined.”®®' The thickness of the ice was
determined to be 590 + 50 nm via laser interferometry and
490 £+ 100 nm by using a modified Lambert-Beer relationship
by applying the absorption coefficients 3.95 x 107 '°, 1.40 x
107Y, 1.29 x 107%°, 3.89 x 10", 8.15 x 10 *°, and 8.76 x
107%° cm molecule™ (ref. 89) to the integrated areas of the
respective infrared bands at 2814 cm ™" (v, + 14), 3010 cm ™" (v3),
4114 em ™' (v, + 20y), 4202 em ™ (g + vy), 4301 ecm ' (13 + vy),
and 4528 cm™ ' (v, + v3), which shows agreement within the
error bars of each method of thickness determination. To verify
assignments of products, both in the solid and gas phase,
isotopic ices of D4-methane (CDN Isotopes, 99.9% D) were also
investigated. Once the ice has been deposited it is monitored
without interruption online and iz situ before, during, and after
irradiation using a FTIR spectrometer (Nicolet 6700) in absorp-
tion-reflection-absorption setup at an angle of 45° to the
normal of the silver substrate.®?"°® The spectrum is monitored
from 6000 to 500 cm ™" at a resolution of 4 cm ™" by averaging
spectra over 2 minute periods, which resulted in 30 irradiation
spectra during an hour-long irradiation experiment with 5 kev
electrons. Alternatively, when the methane ice was processed
with VUV photons, the infrared spectrum was collected at well-
defined intervals as the substrate was oriented normal to the
incident photons to minimize reflection (ESL, 1 Fig. S1).
During the electron irradiation experiment, an area of
1.0 & 0.1 cm” of methane ice was subjected to 5 keV electrons
striking at an incidence angle of 70° relative to the surface
normal of the substrate for 1 hour with a current of 30 nA.”®
Monte Carlo simulations via CASINO 2.42 software®” determined
the average penetration depth of the impinging electrons to be
410 £ 20 nm in methane and 310 £ 20 nm in deuterated methane
(Table 1a). Using a density of 0.47 g cm > and 0.68 g cm > for
methane and deuterated methane, respectively, it was determined
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that the average energy deposited into the methane ice was
3.5 £ 1.1 eV molecule™" of methane and 4.4 + 1.3 eV
molecule™" of D4-methane.”®®® Pure methane ices were also
processed using VUV photons solely at Lyman o (121.6 nmy;
10.2 eV) as well as a broadband photolysis (112.7-169.8 nm;
11.0-7.3 eV). These VUV photolysis experiments utilized a 30 W
deuterium lamp (McPherson Model 632) coupled to a UHV
compatible monochromator (McPherson Model 302UHV),
which is equipped with a 1200 grooves per mm grating.'*® In
both photolysis experiments the ice surface was aligned normal to
the incident photons during irradiation and was irradiated for
115 hours at a constant temperature of 5.5 £ 0.1 K. The Lyman o
processed ice was irradiated with 7.25 x 10" photons cm > s™*
while the broadband processed ice was irradiated with
7.16 x 10" photons cm 2 s~ ', which were determined via a
NIST calibrated photodiode (International Radiation Detectors
AXUV-100G). It was calculated, using the same ice parameters
as discussed for the electron irradiation, that these photolysis
experiments deposited an average energy of 230 + 60 eV molecule
(Table 1b) and 150 + 20 eV molecule ' (Table 1c) into the broad-
band and Lyman o processed methane ices, respectively. The
photolysis doses are relatively larger when compared to the
electron irradiation experiments as the number of methane
molecules processed is smaller due to the limited penetration
depth of the Lyman o photons (120 nm) and broadband photons
(55 nm)°*'°" compared to the energetic electrons (410 nm)
(Table 1a). The penetration depth of the photons was calculated
utilizing the absorption cross section of methane at Lyman o
(1.4 x 107" cm®) in the VUV experiment assuming 95% absorp-
tion of the impinging photons.'®* The broadband penetration
depth was calculated in a similar fashion using the complete
VUV absorption spectrum of methane ice and averaging via the
output measured for the deuterium lamp (ESIt).

Once the irradiation step was completed the ice was then
heated at a controlled rate, also known as temperature pro-
grammed desorption (TPD), from 5 to 300 K at 0.5 K min~*
while monitoring the subliming molecules with PI-ReTOF-MS
and electron-impact QMS (EI-QMS; Extrel-5221). The EI-QMS
data were recorded in residual-gas analyzer (RGA) mode using a
mass range of 4-500 amu, electron impact energy of 100 eV, and
an emission current of 1 mA.'**"'% However, the PI-ReTOF-MS
method is also employed, which is a far more sensitive analy-
tical tool than the RGA that is commonly used in astrophysical
simulation chambers. Details of the PI-ReTOF-MS setup have
been previously described.”®'% Briefly, this technique utilizes
pulsed coherent VUV light at 10.49 eV (/1 = 118.2 nm) to ionize
the subliming molecules during TPD.'®”"'"* These ions are then
detected via a modified reflectron time-of-flight mass spectro-
meter (Jordan TOF Products, Inc.) utilizing a multichannel plate
(MCP) in the dual chevron configuration. The ion signals from
the MCP were then amplified via a fast pre-amplifier (Ortec 9305)
and shaped with a 100 MHz discriminator (Advanced Research
Instruments Corporation; F-100TD). Finally, the signals are then
recorded by a computer based multichannel scaler (FAST ComTec,
P7888-1 E) in 4 ns bins that are triggered at 30 Hz via a pulse
delay generator (Quantum Composers 9518). The software is

This journal is © the Owner Societies 2018


http://dx.doi.org/10.1039/c7cp05882a

Published on 26 September 2017. Downloaded by University of Hawaii at Manoa Library on 21/02/2018 17:45:39.

PCCP

View Article Online

Paper

Table 1 (a) Data applied to calculate the average dose per molecule in the methane (CH,4) and D4-methane (CD,) ice. (b) Data applied to calculate the
broadband dose per molecule in the methane (CHj,) ice. (c) Data applied to calculate the Lyman o dose per molecule in the methane (CH,) ice

@

CH, CD,
Initial kinetic energy of the electrons, Ejnjc 5 kev 5 kev

Irradiation current, I 30 £ 2 nA 30 £ 2 nA

Total number of electrons (6.7 + 0.5) x 10™ (6.7 + 0.5) x 10™
Average kinetic energy of backscattered electrons, Eps “ 3.0 = 0.3 keV 3.0 = 0.3 keV
Fraction of backscattered electrons, fi,s“ 0.27 £+ 0.03 0.27 £+ 0.03
Average kinetic energy of transmitted electrons, Eyqns “ 2.0 + 0.3 keV 1.1 + 0.3 keV
Fraction of transmitted electrons, firans© 0.19 £+ 0.01 0.02 £+ 0.01
Average penetration depth, I 410 £ 20 nm 310 £ 20 nm
Density of the ice, p 0.47 £ 0.07 g cm® 0.68 £ 0.09 g cm°
Irradiated area, A 1.0 + 0.1 cm” 1.0 + 0.1 cm”
Total molecules processed (7.3 £ 1.2) x 10" (6.42 £ 1.2) x 107
Dose per molecule 35+ 11eV 4.4 £ 13eV

(b)

Photon energies
Total photon current
Total photon fluence
Ice density
Molecular weight
Penetration depth”
Molecules processed
Dose per molecule

7.3-11.0 =+ 0.1 eV

670 £ 0.01 nA

(2.9 & 0.5) x 10" photons cm™>
0.47 £ 0.07 gem

16 amu

55 £ 10 nm

(1.7 £ 0.4) x 10"®

230 £ 60 eV

(c)

Photon energy
Photon current
Photon fluence

Ice density
Molecular weight
Penetration depth®
Molecules processed
Dose per molecule

10.20 £ 0.01 eV

81+ 1nA

(3.0 £ 0.2) x 10™® ?hotons cm 2
0.47 £0.07 gem ™

16 amu

120 4= 20 nm

(2.1 £ 0.5) x 10"

150 + 20 eV

¢ CASINO values. ? The weighted average penetration depth at which 95% of the energy is absorbed. ¢ The penetration depth at which 95% of the

photons are absorbed.

optimized so that 3600 sweeps per mass spectrum corresponds
to a 1 K increase in the temperature of the substrate.'**™**°

3. Results

3.1. Infrared spectroscopy

Multiple new infrared bands were detected utilizing FTIR in situ
analysis as well the broadening of the reactant methane infra-
red absorptions suggesting that products may overlap with
the reactant spectrum. Infrared absorptions corresponding to
the products propane [C3;Hg(C3Dg)], ethane [C,Hg(C,Dg)], ethyl
radical [C,H;5(C,Ds)], ethylene [C,H,(C,D,4)], acetylene [C,H,(C,D,)],
and the methyl radical [CH3(CDj3)] were detected in the electron
irradiation experiments as well as both photolysis experiments
(Fig. 1 and 2; Table 2). These detections agree well with the
previous experiments processing pure methane ice while
monitoring changes with FTIR (1. Introduction). Fig. 2 displays
the methane FTIR spectrum before and after processing in each
experiment showing that several new infrared stretches are
clearly visible in the typical hydrocarbon stretching region near
3000 cm~". Although these stretches can be assigned to the
above products these stretches are still present, but less

This journal is © the Owner Societies 2018

intense, even after their assigned product molecule has been
observed to have sublimed via mass spectrometry showing that
these infrared bands are contributed to by a suite of other
complex hydrocarbons.">%"*

3.2. Mass spectrometry

As a complimentary method to the FTIR analysis the products
formed within the processed ices were also monitored with both
an RGA as well as PI-ReTOF-MS. Although two mass spectro-
metry techniques were employed, data analysis of the RGA
spectra revealed no additional information that was not already
present from the PI-ReTOF-MS data analysis with the exception
of the detection of propane in the deuterated methane experi-
ments. In the non-deuterated experiments the corresponding
mass-to-charge ratio of propane overlaps with carbon dioxide
and, as previously stated, this hard ionization technique leads to
extensive fragmentation. Therefore, it is only useful to look at the
molecular ions of alkanes as they will not overlap with fragments
from other species. Fig. S2 (ESIt) displays the integrated RGA
profiles for the molecular ions of ethane (m/z = 30), propane
(m/z = 44), and butane (m/z = 58) in each experiment during the
TPD phase as well as the C;H," fragment which is associated
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Wavenumber (cm™)
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Fig. 1 Infrared spectra from 6000-500 cm™* for methane (CH4; top) and D4-methane (CD,; bottom) ices before (black-dotted) and after (red-solid) the
electron irradiation with a zoom of the overtones in the inset box along with assignments (Tables 2a and b).
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Infrared spectra from 6000-500 cm™ for methane (CH,) ices before (black) and after (red) the (top panel) Lyman a photolysis, (middle panel)

broadband photolysis, and (bottom panel) electron irradiation with a zoom of the primary CH vibration region in the inset box showing multiple new
infrared bands at the end of processing before heating (Table 2).
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(continued)

Table 2

Absorptions after irradiation intervals (cm™*)

Absorptions

30 eV 33 eV 34 eV 55 eV 61 eV 86 eV 119 eV 146 eV

24 eV
molecule ! molecule * molecule ' molecule ' molecule * molecule ' molecule * molecule ' molecule * molecule * Assignment

before irradia- 8 eV

tion (cm ™)

Ref.

Carrier

CH; symmetric stretch 2/*

Vs(csz)/st(C4H10)
vy + vy + v45(CHe)

vy + v4(CHy)
vy + v6(CoHe)

2883

g

Combination

2851

2814

Combination

&J

2744

Combination

Combinations &P

Ve + v15(CoHy)/vg +

/12(C2He)
2v4(CH,)

v4(CHy)

2652

Overtone

2591

5444 | phys. Chem. Chem. Phys., 2018,

Lin,p,s,t

agjn
a,e.fw

deformation

Degenerate
CH, wag
CH, rock
Out of plane

CH; rock

vz (C2H4)
’/10(C2H4
VlZ(CZHS
VZ(CH3)

608

812

1297

20, 5435-5468

nyder

(2004).2°¢

202« gchachtschneider and S
1994).%°° “> Momose et al.

, while a — means there was nothing detected at that dose.

Brecher and Halford (1961)."*> ™ Brock et al. (1994)."°° " Comeford and Gould (1961).""”

° Hudson et al. (2014)."%® ? Jacox (1962)."*° 7 Chapados and Cabana (1972).>°° " Gerakines and Hudson (2015).%° * Dows (1962).>°" ¢ Rytter and Gruen (1979)

).1%4 ¥ pacansky and Dupuis (1982)."* !
(1963).23 ¥ Abplanalp and Kaiser (2016)."2" ¥ Gerakines et al. (1996).®° * Kondo and Saéki (1973).2°* ¥ Kaiser et al. (2014).°* * He et al. (2010).”® “* Calvani et al. (

Tejada and Eggers (1976).>*Note: once a peak was detected it remained detectable through the end of irradiation

“ Bennett et al. (2006).”° * Ennis et al. (2011)."*® © Herman (1998)."*  Wu et al. (2014)."°° ¢ Kaiser and Roessler (1998).°>/ Moore and Hudson (2003)."”® ¢ Hepp and Herman (1999)."* * Snelson
207 ad

(1970)."> * Wormhoudt and McCurdy (1989).'**” Kim et al. (2010

“ Bell et al. (2000).
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with propane and butane via a hydrogen loss and a methyl group
(CH3) loss from the molecular ion, respectively (ESIt). The
sublimation of ethane is identical in all experiments peaking at
58 K. Propane’s mass-to-charge ratio overlaps with that of carbon
dioxide (CO,; m/z 44) which explains the much higher back-
ground when compared to the deuterated experiment which
shifts the propane molecular ion to m/z = 52. The ion signal for
propane is slightly above the CO, background in the electron
irradiation experiment, but no such signal is visible in either
photolysis experiment. However, the shifted mass-to-charge ratio
of deuterated propane shows a clear signal in the RGA. To further
investigate and confirm the presence of propane its fragment
C;H,'/C3D," was also analyzed and detected in both the deuter-
ated and non-deuterated electron irradiation experiments. How-
ever, these ion signals displayed a bimodal structure where the
first peak could be correlated to the sublimation of propane at
71 K while the second peak was attributed to the fragmentation
of subliming butane at 89 K. The Lyman o photolysis data
showed a tentative peak corresponding to C;H," which could
have been due to propane or butane. The broadband photolysis
data displayed no signal at m/z = 43 for this fragment. Finally,
the molecular ion of butane was tentatively detected in the non-
deuterated electron irradiation experiment but not observed in
any other experiment most likely due to fragmentation caused
by the ionization source of the RGA. Although the RGA was not
able to clearly detect the molecular ion of butane this alkane
was detected in all of the PI-ReTOF-MS studies. PI-ReTOF-MS is
not able to detect propane when using an ionization source of
10.49 €V as it has an ionization energy (L.E.) of 10.95 + 0.5 eV."?
Propane was the only additional molecule confirmed via RGA
(ESLt Fig. S2), and the following is a summary of the PI-ReTOF-
MS data analysis (Tables 3a—-c; Fig. 3-15 and Fig. S3-512, ESI¥).
Fig. 3 depicts the ion signals as a function of temperature
for each experiment with mass-to-charge ratios approaching
m/z = 150 in each system and upon further analysis showed
hitherto previously undetected hydrocarbons produced in pure
methane ices.

3.3. Electron irradiation - PI-ReTOF-MS

The TPD of electron irradiated methane and D4-methane ice
while monitoring with PI-ReTOF-MS revealed five groups of hydro-
carbon products with the general formulae: C,Hy,y (1 = 4-8),
C,H,, (n=3-9), C,Hy, , (n=3-9), C,H,, 4 (n=4-9),and C,H,, s
(n = 6-7). By utilizing deuterated methane (CD,) the non-
deuterated assignments are able to be cross-referenced and
confirmed by comparison of mass-to-charge ratio shifts and
sublimation profiles between the two methane systems.

3.3.1. C,Hp+,. The most highly saturated group of hydro-
carbons, alkanes C,Hj,., (n = 4-8), were detected utilizing
PI-ReTOF-MS (Fig. 4). According to the FTIR analysis, propane
(C3Hg) and ethane (C,Hg) were the only alkane products formed,
but this was incorrect as multiple larger alkanes were detected
upon sublimation. Using a photoionization energy of 10.49 eV,
the smallest alkane ionized was n-butane (CH3;CH,CH,CHj;
LE. = 10.5 £ 0.1 eV). The molecular ion of n-butane, m/z = 58
(C4H;o"), was observed to have an onset sublimation temperature

This journal is © the Owner Societies 2018
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Table 3

(a)

Masses correlated to molecules detected

in electron

irradiated methane and D4-methane ices at a photoionization energy of
10.49 eV. (b) Masses correlated to molecules detected in each methane ice
photolysis experiment utilizing a photoionization energy of 10.49 eV.
(c) Compilation of hydrocarbons detected in each hydrocarbon group for
distinct radiation sources

@

m/z CH,4 CD, m/z
40 C;H, C;D, 44
42 C;Hg C;3De 48
43 3CC,Hg 3CC,Dg 49
52 C.H, C4Dy 56
54 C4Hg C4Dg 60
56 C,Hg C4Dg 64
57 3CC,H, 13CC;Dy 65
58 n.d.” C4Dy 68
65 *CsH; n.d. 70
66 CsHg CsDg 72
67 *CsH, *C;sD; 74
68 CsHg CsDg 76
69 BCC,4Hg n.d. 77
70 CsHyo CsDy 80
71 BCC,H, n.d. 81
72 CsHy, CsD1,/CeDe 84
78 CeHg CsD1,/CeDg 84
79 *CgH *CeDs 86
80 CeHg CeDg 88
81 *CeH, *CeDo 90
82 CeHyo CeD1o 92
83 3CCsH, n.d. 93
84 CeH, CeD1s 96
85 B3CCsHy, n.d. 97
86 CeHyy CeD14/C;Dg 100
91 *C,H, n.d. 98
92 C,Hg CgD14/C/Dg 100
94 C,Hy, C,Dy, 104
95 *C,Hyy n.d. 106
96 C,Hy, C,Dy, 108
98 C,Hy, C,Dyy 112
100 C,H;¢ C,Dy6 116
108 CgH,, CgD1, 120
110 CgHyy CgD14 124
112 CgHye CgD1g 128
114 CgHyg CgDyg 132
122 CoH,4 CoDyy 136
124 CoHy6 CoDyg 140
126 CoH,g CoD1g 144
(b)

m/z Lyman o photolysis Broadband photolysis mlz
40 C;H, C;H, 40
42 C;H, C;Hg 42
52 C,H, C,H, 52
54 C,Hg CHg 54
56 C4Hg C4Hg 56
58 C4Hyp C.Hyo 58
64 n.d. CsH, 64
65 n.d. *CsHs 65
66 CsHg CsHg 66
67 *CsH, *CsH, 67
68 CsHg CsHg 68
70 CsHy, CsHy, 70
72 CsH;» CsHy, 72
76 CsHy CeH,4 76
77 n.d. *CeHs 77
78 CeHg CeHg 78
79 *CeH, *CgH, 79
80 CeHg CeHg 80
81 *CeH, *CgH, 81
82 CeHyo CeHyo 82

This journal is © the Owner Societies 2018
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Table 3 (continued)
(b)
m/z Lyman o photolysis Broadband photolysis m/z
83 PCCsH; 0 13CCsHyg 83
83 *CeHyy *CeHy, 83
84 CeHis CeHy, 84
86 CeHia CeH,4 86
90 C,H, C,Hy 90
91 *C,H, *C,H, 91
92 C,Hy C,Hg 92
93 *C,H, *C,H, 93
94 C,Hy, C,Hy, 94
95 *C,H,, *C,Hy, 95
9 C,Hy, C,Hi, 96
97 BCCeH 1, BCCeH 1, 97
97 *C,H,;3 *C,H,;3 97
98 C,H,, C,H,, 98
100 C,H,s C,H,s 100
104 CyHy CyHy 104
106 CsHio CgHio 106
108 CgHyy CgH,, 108
110 CgHyy CgHy, 110
112 CgHyg CsH ;6 112
114 CeH,g CeH, g 114
118 CoH o CoH o 118
120 CoHy, CoHy, 120
122 CoHy, CoHy4 122
124 CoHj CoHy¢ 124
126 CoHyg CoH g 126
132 CioHys CyoHy» 132
134 CioHis CioHya 134
136 CioHie CyoHie 136
138 CioH1s CioHis 138
140 CioH2o CioH20 140
146 Cy1Hyy Cy1Hyy 146
148 CiiHye C1iHie 148
150 Cy7Hys Cy:Hys 150
152 Cy11Hzo Cy1Hzo 152
©
Generic formula Electrons Broadband photolysis Lyman o photolysis
C,Hypin n=4-8 n=4-8 n=4-8
C,H,, n=3-9 n=3-10 n=3-10
C,H,n o n=39 n=3-11 n=3-11
C,Hyp n=4-9 n=4-11 n=4-11
CoHon s n=6-7 n=5-11 n=6-11
C,H,, s — n=6-11 n=6-11

Notes: n.d. - not detected; * - fragment; italics — small/tentative signal.
“ Due to the close ionization energy of butane (10.5 + 0.1 eV) to the
photoionization energy used in this study (10.49 eV) butane is not
always detectable via PI-ReTOF-MS.

of 95 K, which corresponds very well to recent hydrocarbon
irradiation experiments also observing n-butane as a product.’****!
Larger alkane molecular ions were also detected at m/z = 72
(CsH1', 98 K), m/z = 86 (CeHy', 110 K), m/z = 100 (C,Hye,
124 K), and m/z = 114 (CgH;g", 130 K). For each unit of CH,
added the onset temperature increases by 6-14 K (Fig. 15).">>"*
Although these alkanes’ ion signals have relatively low inten-
sities it is not accurate to attribute this to a low yield product
as each isomer has a unique photoionization cross section.
Therefore, as the contribution of each of these isomers is not
known in the current experiment the signal intensities cannot
be extrapolated to quantification in the current manuscript. The
ability of this technique to determine specific isomers being
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Fig. 3 PI-ReTOF-MS data reporting the temperature dependent mass spectra at a photoionization energy of 10.49 eV for (a) electron irradiated
methane (CHy), (b) electron irradiated D4-methane (CDy), (c) Lyman a irradiated methane (CHy), and (d) broadband irradiated methane (CH,).

formed within the ice is easily displayed using the example
of the C4H;, alkane which has two possible isomers n-butane
(CH3CH,CH,CH3; LE. = 105 + 0.1 eV) and i-butane
((CH3),CHCHj3; LE. = 10.68 % 0.11 eV)."*® While i-butane has
an ionization energy greater than 10.49 eV its isomer, n-butane,
has an ionization energy at the threshold of our experimental
energy. Therefore, if any signal was observed at m/z = 58 then
this can be directly used to confirm the presence of n-butane
production. This method can be applied to other isomers using
our tunable VUV system to selectively photoionize and discri-
minate what isomers are being formed.

3.3.2. C,H,,. Ions corresponding to alkenes (C,H,,) or pos-
sibly their double-bond equivalent (D.B.E.) (cycloalkanes) with
n = 3-9 were also detected (Fig. 5). While FTIR confirmed the
alkene molecule ethylene, it was not able to confirm the presence
of several larger alkenes on its own. These larger alkene molecular
ions were detected at m/z = 42 (C;H,', 68 K), m/z = 56 (C,Hg",
84 K), m/z = 70 (CsHyo', 95 K), m/z = 84 (CeH,,', 103 K), m/z =
98 (C,Hy4", 117 K), m/z = 112 (CgHy6', 125 K), and m/z = 126
(CoHys", 138 K). As the size of the ion increases by CH, the
sublimation temperature onset increases from 8-16 K. It should
be pointed out that the difference in intensity between the
deuterated ion signal and the non-isotopic ion signal is due to
the difference in photon flux of the ionizing laser used for the
PI-ReTOF-MS analysis and not due to a difference in relative yield.
The largest alkane detected in this study, from electron irradiation
via PI-ReTOF-MS, was CgH;g while the largest alkene detected
contained one additional carbon atom (CoHjg).

3.3.3. C,Hj, ». The next hydrocarbon group detected corre-
sponded to alkynes (C,H,, »; n = 3-9) or their D.B.E. (dienes or
cycloalkenes) (Fig. 6). The FTIR study was able to detect this group
via acetylene (C,H,), but was unable to definitively assign several
larger alkynes that were detected in the PI-ReTOF-MS analysis.
Alkyne ion signals were detected at m/z = 40 (C3H, ", 76 K), m/z = 54
(C4Hy", 86 K), m/z = 68 (CsHg', 95 K), m/z = 82 (CeHy,', 110 K),

5446 | Phys. Chem. Chem. Phys., 2018, 20, 5435-5468

m/z = 96 (C;Hy,", 124 K), m/z = 110 (CgHy4", 131 K), and m/z =
124 (CoHy6', 142 K). The addition of each CH, unit resulted in a
sublimation temperature increase of 7-15 K.

3.3.4. C,H,, 4. The PI-ReTOF-MS analysis also detected
the generic hydrocarbon group C,H,,_4 (n = 4-7) corresponding
to trienes, cyclodialkenes, bicycloalkenes, and yne-enes (Fig. 7).
Further, this hydrocarbon was not able to be discretely detected
via FTIR showing the power of the PI-ReTOF-MS technique to
detect these elusive hydrocarbon products from methane. The
C,H,,_4 molecular ions were detected at m/z = 52 (C4H,", 92 K),
m/z = 66 (CsHe', 106 K), m/z = 80 (CeHs', 115 K), m/z = 94
(C;Hy', 127 K), m/z = 108 (CgHy,', 134 K), and m/z = 122
(CoHy4', 140 K). For this hydrocarbon group, each additional
CH, unit corresponded to a sublimation increase of 6-14 K. It is
interesting to point out that the largest molecules detected in
this study so far all contained 9 carbon atoms. This similarity in
carbon chain length is able to be explained quite readily via the
proposed reaction mechanism (Section 4.8).

3.3.5. C,Hj, ¢ The most highly unsaturated hydrocarbon
group detected via PI-ReTOF-MS after electron irradiation was
C,H,, ¢ (n = 6-7) which corresponds to yne-diene, diynes, tetra-
enes, cyclotrialkenes, and tricycloalkenes (Fig. 8). The molecular
ions corresponding to this group were detected at m/z = 78 (C¢Hs ",
126 K), and m/z = 92 (C,Hs", 134 K). Here, the addition of the CH,
unit corresponded to a sublimation increase of 8 K. The astro-
physically important molecule benzene is a possible isomer of the
molecular ion C¢He" detected in this group. Also, the lack of
detection of several smaller (CsH,) and larger (CgHyo, CoHyy)
hydrocarbons in this group may be a result of preferential
formation routes and provide insight into the complex forma-
tion mechanism producing these species (Section 4.8).

3.4. Broadband VUV photolysis - PI-ReTOF-MS

The TPD study of broadband photolyzed methane ice while
monitoring with PI-ReTOF-MS revealed six groups of hydrocarbon

This journal is © the Owner Societies 2018
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products with the general formulae: C,Hy,., (n = 4-8), C,H,,
(n = 3-10), C,Hy, 5 (n = 3-11), C,Hy, 4 (1 = 4-11), C,H,, 6
(n = 5-11), and C,H,,_g (n = 6-11). Here, the same groups that
were detected from electron radiolysis were also present from the
broadband photolysis experiment and an even more unsaturated
hydrocarbon group (C,H,,_g) was also detected.

3.4.1. C,H,,.,. The alkanes detected in the broadband
photolysis experiment utilizing PI-ReTOF-MS were consistent
with those detected in the electron irradiation experiment
(CrHapso; 1 = 4-8) (Fig. 9). The smallest detectable alkane with
PI-ReTOF-MS at 10.49 eV is n-butane which corresponded to
mlz = 58 (C4Hy,', 125 K). Also, FTIR was able to detect the
alkane ethane (C,Hg) which has an ionization energy larger
than 10.49 eV and will not be detected in this PI-ReTOF-MS
experimental setup. Several other low intensity ion signals were
detected at m/z = 72 (CsHy,", 129 K), m/z = 86 (CeHy,', 132 K),
mjz =100 (C;H,¢", 134 K), and, tentatively, m/z = 114 (CgH,5", 139 K).

This journal is © the Owner Societies 2018

Again, an increase in sublimation temperatures was observed
from 3-5 K to the next largest alkane. Each of these alkane ion
signals are quite low and this makes their true sublimation
onset difficult to determine. However, their overall peak lies
near to previously detected stronger signals corresponding to
these alkanes.’>>*?* The relatively stronger ion signals detected
for alkanes in the electron irradiation experiment may be a clue
to the reaction mechanism for the formation of the more highly
unsaturated hydrocarbon group (C,H,, g) detected in the
photolysis experiments (Section 4.8).

3.4.2. C,H,, Ions corresponding to alkenes and/or
cycloalkanes (C,H,,; n = 3-10) were also detected at m/z = 42
(C3H¢", 73 K), m/z = 56 (C4Hg", 90 K), m/z = 70 (CsHy,", 103 K),
m/z = 84 (CeHy,', 115 K), m/z = 98 (C;Hy,", 129 K), m/z = 112
(CgHye', 136 K), m/z = 126 (CoHyg', 141 K), and m/z = 140
(C10H2o", 156 K) (Fig. 10). Here, the typical trend of increasing
sublimation temperature was also observed with increases of
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5-24 K per additional CH, unit. It should be noted that the ion
signals for m/z = 126 (CoHy5', 141 K) and m/z = 140 (C1oHyo',
156 K) are only a tentative detection (Table 3b). However, the
sublimation temperatures correlate well with the observed increase
from the smaller hydrocarbons of this group. The smallest alkene,
ethylene (C,H,), was able to be confirmed via FTIR.

3.4.3. C,H,, ,. The following PI-ReTOF-MS detected
hydrocarbon group corresponds to those of alkynes (C,Hy, _»;
n = 3-11) or the D.B.E. (dienes and cycloalkenes) (Fig. 11). The
FTIR analysis of the processed ice was able to confirm the
production of the simplest alkyne, acetylene (C,H,), which will
not be detected by the PI-ReTOF-MS method. However, multi-
ple ions corresponding to larger hydrocarbons in this group
were detected at m/z = 40 (C3H,", 79 K), m/z = 54 (C4H,", 94 K),
m/z = 68 (CsHg', 108 K), m/z = 82 (C¢Hy,', 119 K), m/z = 96
(C;Hy,", 132 K), m/z = 110 (CgHy4", 137 K), m/z = 124 (CoHye',
144 K), and tentatively both m/z = 138 (C;0H;5", 156 K) and m/z =
152 (C11H,0", 165 K). The increase in sublimation temperature
observed was 5-15 K for the increase of a CH, unit in the

5448 | Phys. Chem. Chem. Phys., 2018, 20, 5435-5468

molecular formula. This group displays the longest carbon
chain detected yet from these experiments with the molecule
containing 11 carbon atoms.

3.4.4. C,H,, 4. Next, the hydrocarbon group belonging to
the generic formulae C,H,, , (n = 4-11) was detected via
PI-ReTOF-MS (Fig. 12). This group, like that detected in the
electron irradiation analysis, was the first hydrocarbon group
unable to be discretely detected via FTIR. Ions corresponding to
this group were detected via m/z = 52 (C,H,", 98 K), m/z = 66
(CsHe', 111 K), m/z = 80 (C¢Hg", 125 K), m/z = 94 (C,Hy, ", 133 K),
m/z = 108 (CgHy,", 143 K), m/z = 122 (CoHy,", 151 K), and
tentatively m/z = 136 (C1oHye', 159 K), and m/z = 150 (Cy,Hyg",
163 K). Here the sublimation increase was observed to be
4-14 K as the hydrocarbon grew via a CH, unit. As in the
previous group (C,H,, ,) the longest carbon group detected
contained 11 carbon atoms.

3.4.5. C,H,, ¢ The most highly unsaturated hydrocarbon
group detected via PI-ReTOF-MS after electron irradiation was
C,H,,_e. Similarly, the analysis of broadband photolysis products

This journal is © the Owner Societies 2018
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revealed several corresponding ions for this group (n = 5-11;
Fig. 13). These ions were detected at m/z = 64 (C;H,', 118 K),
miz = 78 (CeHe', 123 K), m/z = 92 (C,Hg", 138 K), m/z = 106
(CgHyo', 149 K), m/z = 120 (CoHy,", 155 K), m/z = 136 (C1oHy4",
159 K), and m/z = 150 (C,1H36 ", 168 K). This group displayed an
increasing sublimation temperature from 4-15 K for each CH,
unit added. Here, multiple ion signals were detected from
broadband photolyzed pure methane ice while only 2 ions
(C¢Hg and C,Hg) were detected in the electron irradiated ice
(Section 4.8).

3.4.6. C,H,, g. Although C,H,, ¢ was the most unsatu-
rated group detected from electron irradiation the broadband
photolysis PI-ReTOF-MS analysis revealed a hydrocarbon group
of even greater unsaturation, C,H,, g (7 = 6-11). These ions
were detected at m/z =76 (CeH, ', 131 K), m/z =90 (C;H, ", 136 K),
miz = 104 (CgHg", 148 K), m/z = 118 (CoHyo ', 157 K), m/z = 132

This journal is © the Owner Societies 2018

(C1oH15", 159 K), and m/z = 146 (C11Hy4", 172 K) (Fig. 14). Each
additional CH, unit resulted in a sublimation increase of
2-13 K. This highly unsaturated group is most likely formed
during the broadband photolysis experiment and not in the
electron irradiation because of the difference in doses of energy
deposited into the methane ices (Section 4.8).

3.5. Lyman a photolysis - PI-ReTOF-MS

Finally, the PI-ReTOF-MS analysis during TPD of the Lyman o
photolyzed methane ice detected six hydrocarbon groups,
of varying degrees of saturation, with the general formulae:
C,Hypss (1 = 4-8), C,H,, (1 = 3-10), C,H,,_, (n = 3-11), C,H,,_4
(n = 4-11), C,H,, ¢ (n = 6-11), and C,H,, g (n = 6-11). Here,
the products resemble those observed in the broadband photo-
lysis experiment much more closely than the electron irradia-
tion experiment the highly unsaturated group C,H,,_g was

Phys. Chem. Chem. Phys., 2018, 20, 5435-5468 | 5449
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detected in both photolysis experiments, but not after the
electron irradiation.

3.5.1. C,H,pss. The completely saturated hydrocarbon group,
alkanes (C,Ha,.,), was also detected via PI-ReTOF-MS from the
Lyman o photolyzed methane ice (ESIL,T Fig. S3; n = 4-8). The ions
corresponding to this group were detected at m/z = 58 (C4Hy,",
123 K), m/z = 72 (CsHy,', 100 K), m/z = 86 (C¢Hy4', 118 K), and
tentatively m/z = 100 (C;Hye ", 128 K), and m/z = 114 (CgHy4", 147 K).
These signals all had relatively low intensities which made their
onset temperature difficult to determine, but similar to the pre-
vious experiments an increase in the sublimation temperature of
10-19 K was observed for each additional CH, unit. The only
exception to this trend was that of the n-butane ion signal, which is
most likely due to it being trapped within the ice and subliming
later with another product or possibly it was due to the photo-
ionization energy used in these experiments (10.49 eV) being very
close to the ionization threshold of the n-butane isomer.

5450 | Phys. Chem. Chem. Phys., 2018, 20, 5435-5468

3.5.2. C,H,,. The next group detected from the TPD of
Lyman o photolyzed methane ice corresponded to the general
formula C,H,, (ESI, Fig. S4; n = 3-10). The ion signals were
recorded at m/z = 42 (CsHe ", 69 K), m/z = 56 (C,Hg", 88 K), m/z =
70 (CsHyo', 100 K), m/z = 84 (C¢Hy,', 113 K), m/z = 98 (C,Hyy",
121 K), m/z =112 (CgHy6 ', 135 K), m/z =126 (CoH;5", 141 K), and,
tentatively, m/z = 140 (CyoHao', 148 K). Here, the detected ions
grew to the same size of those observed in the broadband
photolysis experiment. The increase in sublimation temperature
for each larger alkene, or D.B.E., was determined to be 6-19 K.
As in the previous experiments the smallest alkene, ethylene
(C,H,4), was confirmed via the FTIR analysis.

3.5.3. C,H,, ,.As previously described in the FTIR results of
Lyman o photolyzed methane ice the simplest alkyne, acetylene
(CH,), was detected, however, several other hydrocarbons corres-
ponding to this general formula (C,H,, ,; n = 3-11) were
detected utilizing PI-ReTOF-MS (ESLt Fig. S5). These ions were

This journal is © the Owner Societies 2018
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observed at m/z = 40 (CsH,", 80 K), m/z = 54 (C4Hs', 91 K),
m/z = 68 (CsHg', 106 K), m/z = 82 (C¢Hy,', 118 K), m/z = 96
(C;H1,", 128 K), m/z = 110 (CgHy4", 135 K), m/z = 124 (CoHy¢',
147 K), m/z = 138 (C1oHys', 155 K), and, tentatively, m/z = 152
(C11H50", 168 K). The increasing size of these ions corresponded
in a sublimation temperature increase of 7-15 K.

3.5.4. C,H,, 4. The next hydrocarbon group detected corre-
sponds to the generic formula C,H,, 4 (n = 4-11) and ions were
detected at m/z = 52 (C,H, ", 95 K), m/z = 66 (CsH,', 113 K), m/z =
80 (CeHy', 118 K), m/z = 94 (C,H,,', 133 K), m/z = 108 (CgHy,",
138 K), m/z =122 (CoHy4 ", 148 K), m/z = 136 (C;oH,¢', 161 K), and
m/z = 150 (Cy;Hys', 166 K) (ESL Fig. S6). Here, an increase of
5-18 K was observed as the ions increased in size.

3.5.,5. C,H,, ¢ The Lyman o photolysis of methane also pro-
duced hydrocarbons that can be classified as yne-diene, diynes,
tetraenes, cyclotrialkenes, or tri-cycloalkenes (C,Hy,,_¢; 7 = 6-11).

This journal is © the Owner Societies 2018

The smallest ion detected in this group was m/z = 78 (C¢Hs',
126 K) which has multiple isomers, but one of these is the
astrophysically important benzene molecule. Larger ions were
also recorded at m/z = 92 (C;Hg", 134 K), m/z = 106 (CgHy,',
146 K), m/z = 120 (CoHy,", 156 K), m/z = 136 (C10H,4 ", 164 K), and
miz = 150 (C11Hy6', 173 K) (ESL} Fig. S7). Each additional CH,
unit resulted in the sublimation temperature increasing by
8-12 K. Interestingly the ion signal corresponding to CsH,"
was not detected in this experiment, which matches that of the
electron irradiation, but was detected in the broadband experi-
ment. Until this non-detection the ion signals between the
broadband photolysis and Lyman o photolysis experiments have
been qualitatively identical.

3.5.6. C,H,, g. As observed in the broadband photolysis
experiment the most highly unsaturated hydrocarbon group
was C,H,,_g (n = 6-11) which can be described as yne-triene,
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Fig. 9 TPD profiles recorded after broadband photolysis via PI-ReTOF-MS for masses with the generic formula of C,H,,> (alkanes).

diyne-ene, pentaenes, or tri-cyclobialkenes (ESI,i Fig. S8).
These ions were detected at m/z = 76 (C¢H,', 127 K), m/z = 90
(C,H,'", 138 K), m/z =104 (CgHg", 151 K), m/z =118 (CoHy,', 165 K),
miz = 132 (CoHy,', 171 K), and m/z = 146 (Cy;Hyy', 181 K). The
increase in ion size corresponded to a sublimation temperature
increase of 11-13 K.

3.6. Other masses: fragments & isotopes

Ions corresponding to larger hydrocarbon-fragments as well as
natural isotopic shifts, odd valued mass-to-charge ratios, were
also detected across all three experiments. Fig. S9-S12 (ESIt)
display the overlay of the odd valued ion signals, due to either
natural isotopic substitution or fragmentation of a larger hydro-
carbon, with their non-substituted parent or their most likely
molecular ion parent, respectively (ESIt). The odd ions due to
natural carbon-13 isotopic substitution in the electron irradia-
tion PI-ReTOF-MS analysis were at m/z = 43 (**CC,H¢", 64 K),

5452 | Phys. Chem. Chem. Phys., 2018, 20, 5435-5468

miz = 57 (**CC3Hg", 86 K), m/z = 69 (*CC4Hg", 105 K), m/z = 71
(**CC4H1,", 110 K), m/z = 83 (**CCsH4,", 112 K), and m/z = 85
(**CCsHy,", 117 K). Fig. S9 (ESI) depicts the sublimation event
of these odd ions overlaid with their carbon-12 containing iso-
topologue. Several of these ions’ identities were also able to be
confirmed with the deuterated methane experiments (ESL¥
Fig. S9). However, not all of the odd valued ions were able to
be explained via carbon-13 substitution and are much more
readily explained as fragments of larger hydrocarbons even with
the low ionization energy used in these experiments (10.49 eV)
(ESL,t Fig. $10-512)."2%"*112% Fragments in all three irradiation
experiments were detected at m/z = 65 (CsHs'), m/z = 67 (CsH;"),
mlz=79 (CeH;"), m/z =81 (CeHs"), m/z =91 (C,H,"), and m/z = 95
(C;H4,"). One exception to this was m/z = 65 (CsH;'), which was
not detected in the Lyman o photolysis experiment. Additional
odd ions were detected in both photolysis studies, but not
in the electron irradiation experiment at m/z = 83 (CeH;;'),

This journal is © the Owner Societies 2018
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m/z =93 (C;Hy"), and m/z = 97 (C;H,3"). Finally, m/z = 77 (C¢Hs")
was only detected in the broadband photolysis experiment.

4. Discussion

4.1. Summary of results

b. Broadband photolysis: C,Hy,., (n = 4-8), C,H,, (n = 3-10),
C,Hy, 5 (n=3-11), C,H,,_4 (n = 4-11), C,H,,_¢ (n = 5-11), and
CpH,, g (n = 6-11)

c. Lyman o photolysis: C,Hy,4o (2 = 4-8), C,H,, (n = 3-10),
C.Hy, 5 (n=3-11), C,Hy, 4 (n = 4-11), C,H,, ¢ (n = 6-11), and
CyHay g (n = 6-11)

Compiled here is a brief summary of the results before con-

tinuing to the discussion:

1. The FTIR analysis of the processed methane ice was able
to detect the same small hydrocarbon products from the three
different irradiation sources: propane [C3Hg(C3;Dg)], ethane
[C2He(C,Dg)], ethyl radical [C,H5(C,Ds)], ethylene [C,H4(C,D,)],

acetylene [C,H,(C,D,)], and the methyl radical [CH;(CDj3)].

2. However, the PI-ReTOF-MS analysis identified a diverse
group of products with different species being detected in each

experiment with the general formulae:

a. Electron irradiation: C,H,,+, (n = 4-8), C,H,, (n = 3-9),
C,Hy,_» (n = 3-9), C,Hy, 4 (1 = 4-9), and C,H,,, ¢ (2 = 6-7)

This journal is © the Owner Societies 2018

4.2. C,Hynes

Although FTIR only detected the alkanes (C,H,,.,) ethane and
propane the PI-ReTOF-MS analysis detected hydrocarbons
corresponding to n = 4-8 in all three experiments. For this
hydrocarbon group, all three experiments recorded relatively low
intensity signals with the electron irradiation products producing
the highest ion signals. However, this could be due to a difference
in isomers produced between the different experiments. There-
fore, as each isomer has a different photoionization cross section
at the present photoionization energy (10.49 eV) quantitative
measurements are not possible. From this group, the n-butane
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isomer (CH3;CH,CH,CHj3; I.E. = 10.5 £ 0.1 eV) can be confirmed
as a product in all three experiments, because it’s only other
isomer, i-butane ((CH;),CHCHz;; L.E. = 10.68 £+ 0.11 eV), has a
higher ionization energy than used in the experiments. The detec-
tion of alkanes from n = 4-8 shows that complex hydrocarbons are
readily formed from pure methane even though only a few previous
studies detected any hydrocarbons containing more than seven
carbon atoms.®>®>”® A recent study showed that the ethyl radical
(C,H;5) was an important building block for the complex hydro-
carbons formed in electron irradiated ethane ices as the hydro-
carbons with an even number of carbons had a stronger signal.'*!
However, in the methane processing both the methyl radical (CH;)
and ethyl radical (C,H;) were detected and the trend observed in
irradiated ethane and ethylene ice products™>**" was not detected
in the methane product signals (cf. 4.8).

5454 | Phys. Chem. Chem. Phys., 2018, 20, 5435-5468

4.3. C,H,,

The detected alkenes (C,H,,) or D.B.E.s (cycloalkanes) dis-
played a slightly different trend between the three experiments
as the electron irradiation PI-ReTOF-MS analysis detected
n = 3-9 while both photolysis experiments detected hydrocarbon
ions with n = 3-10. The difference in the total number of carbon
atoms incorporated is easily explained by the higher doses for
the photolysis experiments, respectively, when compared to the
electron irradiation dose of 3.5 eV molecule . Interestingly
neither the CoH;g3 nor C;oH,, saturated alkane relatives
(CoHy0/C1oHy,) of this group were detected. Recent experiments
irradiating pure ethane ices with 5 keV electrons were only able
to detect up to CyoHy, for this group,'" but irradiated ethylene
ices produced alkenes, or their D.B.E.s, up to C;sHj,. Also,

This journal is © the Owner Societies 2018
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the detection of C3;Hg ions is very interesting here as there
are only two possible isomers and one of these, propylene
(CH,CHCH;; LE. = 9.73 V), has been detected in the ISM"**
and its astrophysical formation route has been investigated.">>"*®
The second C;Hg isomer, cyclopropane (LE. = 9.86 eV), is the
simplest cyclic alkane that can be produced. Here, the identity of
the ion signal at 10.49 eV is ambiguous, as both isomers are
ionized if they were formed, but tunable photoionization experi-
ments are being designed to discriminate which of these isomers
are formed from pure methane ice irradiation. Several larger
alkenes and cycloalkanes have been studied in the lab to under-
stand how they contribute to astrophysical polymer formation,"*”
to determine their contribution of unsaturated products in the
ISM,**® to understand the chemical reactions that occur with
PAH formation,"*® and as well with modeling gas phase reactions
relevant to Titan’s atmosphere.'*°

This journal is © the Owner Societies 2018

44. C,H,,

The ion signals related to alkynes or their D.B.E.s were detected
at n = 3-9 for the electron irradiation experiment and n = 3-11
for both photolysis experiments. While the electron irradiation
products follow the same trend in size as the previous group the
photolysis experiments produced an even larger hydrocarbon
with the general formula C;;H,,. Although this group has
been detected with FTIR via acetylene in several previous
studies only one study detected another specific molecule
relevant to this group: allene (H,CCCH,).*° In the present
experiment an ion signal corresponding to C;H, was detected,
however, this could be due to methyl acetylene (CH;CCH; LE. =
10.36 eV), allene (H,CCCH,; LE. = 9.69 eV), or cyclopropene
(c-C3Hy; LE. = 9.67 V)" and further experiments are needed to
understand which isomers are produced as well as their yields.
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Methyl acetylene has been observed in several sources SgrB2,
PKS 1830-211, and L1544."*"*% Not only is methyl acetylene
a molecule of astrophysical interest due to its interstellar
detection, but methyl acetylene and allene have been used to
better understand Titan’s chemistry."**"*® In the present
experiment though several larger alkynes, or their D.B.E.s,
were detected for the first time using PI-ReTOF-MS. One of
these larger hydrocarbons was at an ion signal for C;H¢ which
could belong to 1,3-butadiene (H,CCHCHCH,; LE. = 9.07 V),
1,2-butadiene (H,CCCH(CH;); LE. = 9.03 eV), 1-butyne
(HCCC,Hs; LE. = 10.18 eV), and/or 2-butyne (CH;CCCHs;
LE. = 9.58 eV)."** This group of isomers is very important as
1,3-butadiene is an essential building block in gas phase
growth of prototypical PAHs."*”'*® Other possible molecules
detected in this group have also been studied for their rele-
vance to PAH formation such as isoprene (CH,C(CH;3)CHCH,;

5456 | Phys. Chem. Chem. Phys., 2018, 20, 5435-5468

LE. = 8.86 eV) with dicarbon (C,) producing the benzyl radical
(C¢H5CH,)."*°

4.5. CpHyp 4

The next unsaturated group can be identified as yne-enes,
trienes, cyclodialkenes, or bicycloalkenes with n = 4-9 for the
electron irradiation product ions and n = 4-11 for the photolysis
experiments with all three product groups following the same
length trend as the previous group. This hydrocarbon group
was recently detected as the most highly unsaturated product
group from pure ethane ice irradiation." This group contained
the ion signal for C,;H, which has the astrophysically important
isomer vinyl acetylene (H,CCHCCH; LE. = 9.58 eV) associated
with it."** Vinyl acetylene has been studied several times as a
possible hydrocarbon important for Titan’s chemistry,>®*%!
as well as a reactant to produce prototype PAHs such as

This journal is © the Owner Societies 2018
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naphthalene (C;oHg),'** 2-methylnaphthalene (Cy;Hj,),"** and
1-methylnaphthalene (C;,H;)."**

4.6. CnH2n76

The electron irradiation products for this group consisted of
n = 6-7 and n = 5-11 for the photolysis studies. Although this
unsaturated group was not detected in ethane irradiation'** it
was detected in ethylene irradiation.'*® However, the simplest
ion formula for this group, C4H,, was not detected in any of the
investigations of this manuscript showing that diacetylene is
not produced in methane ices by electrons or UV photons.
Another astrophysically important molecule, benzene (c-C¢Hg),
may have been produced though as the ion signal for C¢He was
detected in all three of the investigations. Benzene has been
detected in several atmosphere’s including Titan,"'*>"*° Jupiter,
and Saturn'*’ as well as in the proto-planetary nebula CRL 618."*?
Benzene has been shown to be synthesized in the gas phase,'*’

This journal is © the Owner Societies 2018

as well as being an important gas phase precursor to PAHs by
reacting with phenyl radicals (C¢Hs),"*° carbon atoms,'*"'*?
dicarbon,® and tricarbon molecules*** to produce diphenyl
(CeH5C6Hs), 1,2-didehydrocycloheptatrienyl radical (C;Hs), phenyl-
ethynyl radical (C¢HsCC), and phenyltricarbon (C¢H5CCC),
respectively.

4.7. C,H,pn s

For the C,H,, g group a deviation from the previous groups
occurred as there were no electron irradiation products detected
for this group. However, both photolysis experiments detected
product ions at n = 6-11. As discussed earlier the detection of
products belonging to this group only from the photolysis experi-
ments is likely due to these methane ices receiving a much larger
energy dose per molecule. This group represents the most highly
unsaturated hydrocarbon group detected in any of the three
different experiments discussed here. The smallest hydrocarbon

Phys. Chem. Chem. Phys., 2018, 20, 5435-5468 | 5457
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in this group was identified as CcH, and theoretical studies have
been performed to elucidate the pathways to different CsH,
isomers from acetylene."> One of these isomers, ortho-benzyne
(0-CeH,), has been detected as a gas phase product due to the
reaction of ethynyl radical with vinyl acetylene.">® Another impor-
tant molecule from this group includes fulvenallene (C;H,) which
was reacted with both atomic carbon'®” and the hydroxyl radical*>®
to investigate a PAH precursor, the fulvenallenyl radical. The
reaction of ethynyl radicals with styrene (C¢HsC,Hj3), another
molecule belonging to this highly unsaturated group, was also
studied to investigate PAH growth pathways.'*® Styrene has also
been shown to from in the gas phase from the bimolecular
collision of ethylene and phenyl radicals.*®°

4.8. Reaction mechanism & carbon budget

The detection of the products propane [C3;Hg(C3Dg)], ethane
[C,H¢(C,Dg)], ethyl radical [C,H5(C,Ds5)], ethylene [C,H,(C,D,)],
acetylene [C,H,(C,D,)], and the methyl radical [CH;(CD3)] via
infrared spectroscopy allows for the kinetic fitting via the
numerical solving of coupled differential equations for each
product’s column density with code written for the MATLAB
platform (Fig. 16-18)."°""®*> The reaction scheme used to solve

5458 | Phys. Chem. Chem. Phys., 2018, 20, 5435-5468

the kinetic fits is shown in Fig. 19 and the numerically solved rate
constants are compiled in Table 4. Although many more complex
species than those presented in Fig. 19 were detected only species
that could be uniquely identified in the FTIR analysis, and therefore
confidently quantified, were used in the reaction scheme, or the
possible radical or excited state species related to those detected via
FTIR. A previous study disclosed that the 5 keV electron irradiation
of pure methane ice resulted in multiple decomposition pathways
leading to more complex hydrocarbons.” Interestingly all three of
the different experimental systems described in this manuscript
can be explained using the same reaction scheme; however, the
rate constants of each reaction vary from one system to the next by
orders of magnitude for several of the pathways showing that each
irradiation source initiates a unique chemistry within the ice.
By kinetically fitting the experimental data, and assuming that
methane undergoes a first-order decay, the decomposition of
methane upon irradiation produced methyl radicals (reaction (1)).
These methyl radicals are then capable of producing internally
excited ethane molecules ([C,H¢]*) (reaction (2)). However,
a secondary decomposition pathway of methane, via pseudo
first-order kinetics of methane dimers, can also produce intern-
ally excited ethane molecules via two methane molecules

This journal is © the Owner Societies 2018
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eliminating molecular hydrogen or two hydrogen atoms in a In reactions (1)-(3) the corresponding rate constants (k; — ks)
one-step formation route (reaction (3)). show that the electron irradiated system proceeded faster than
either of the photolysis experiments (Table 4). The internally
excited ethane was then shown to stabilize by phonon interaction
with the matrix (reaction (4)), as well as through decomposition
2CH; (XZA’Z’) — [CHg]" (2) via atomic and molecular hydrogen elimination (reactions (5)

and (6)). Comparing the rate constants of reactions (4)-(6)

[CH4L(X'A1) — [CoHe]* + Hy(X'Zg)/2H(Sy)2) (3) revealed that the dominant pathway was reaction (4) across

CH,(X'A) = CHy(°AY) + H(S o) (1)

This journal is © the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 5435-5468 | 5459
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Table 4 Rate constants calculated via the solution of the coupled differential equations for the reaction scheme in Fig. 19

Reaction Electrons (s%) Broadband photons (s™*) Lyman o photons (s™*)
CH, » CH; +H ki, =6.02 x 10 k=115 x 10°° k1 =226 x 10°°
2CH; — C,Hg* k, = 3.55 x 10~ 16¢ kp =2.39 x 107174 ky =7.19 x 107174
2CH,; — C,Hg* + 2H/H, ky =5.64 x 107204 ky =5.04 x 107224 k; =1.04 x 107217
C,Hg* — C,Hg k, = 6.00 x 10" ky =9.28 x 10" k, = 6.66 x 10
C,H¢* —» C,Hs + H ks =1.20 x 10*° ks =9.46 x 10" ks =4.41 x 10"
C,H¢* — C,H, + 2H/H, ke =2.70 x 10™* ke = 0.53 x 10" ke = 4.57 x 1072
C,Hs » C,Hs + H k,=4.85 x 107! k; =317 x 1072 ky; = 2.41 x 102
C,H; —» C,H, + H kg =1.20 x 10" kg =5.10 x 107" kg =0.12 x 10"
C,H, » C,H; + H ko = 0.21 x 10" ko =4.33 x 107! ko = 6.47 x 10~*
C,H; - C,H, + H kio = 7.20 x 10™* k1o = 1.32 x 10" k1o = 5.63 x 10"
C,H, > X ki1 = 6.00 x 1071 ki1 =129 x 1071 ki1 =1.85 x 1071
C,H¢ — C,H, + 2H/H, kip=6.01 x 1073 k15 =9.06 x 1078 kip=2.35 X 107°
C,H, —» C,H, + 2H/H, ki3 = 6.06 x 10°° ki3 =113 x 10°° ki3 =2.04 x 1071
@ Units em? molecules * s,
all irradiation sources. However, the rate constants of reactions CoH5(X?A') - CoH,(X'Ag) + H(*Sy)) (8)
(5) and (6) showed that they were viable pathways in the
. . 1 277 2
proposed reaction mechanism as well. CoH,(X'Ag) — CoH3(X"A') + H(7S 1)) )
2 1 2
[CoHg]* — CzHe(XlAlg) (4) CZHS(X A,) - CZHZ(X Eg) + H( Sl/l] [10)
[CoHe]* — C,H5(X2A') + H(%S1)) (5) As previously mentioned, the same reaction scheme was used to

fit all three experimental systems and the electron irradiation
[CoHe]* — CoHA(X'Ag) + Hy(X'Zg)/2H(*S1)0) (6) fits produced faster rate constants than either photolysis study,
even for reactions (7)-(10). As infrared spectroscopy is not very
sensitive and not very useful in determining large molecules we
were unable to detect any other products via FTIR and therefore
using the knowledge obtained from the PI-ReTOF-MS data a
pathway to buildup these more complex (unknown) molecules
(reaction (11)) must also be included. The production of these
CHe (X'Asg) = CoH;(X*A') + H(Sy)2) (7) more highly unsaturated species from ethane and ethylene

As the rate constants show these reactions take place very fast and
the internally excited ethane molecule is rapidly stabilized. Each of
these products formed from the internally excited ethane (reac-
tions (4)-(6)) can also continue to produce more highly unsaturated
species via the successive loss of hydrogen atoms (reactions (7)-(10)).
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must also be accounted for by molecular hydrogen loss or two
hydrogen atom loss in a one-step formation route (reactions (12)
and (13)), respectively.'*!

CH(X'Zy) — X (11)
CoHo(X'Ar) = CoH,(X'A) + Hy(X'ZP)/2H(’S,5)  (12)
CoH4(X'Ay) — CH,(X'Sg) + Hy(X'Zg)/2H(*Sy5)  (13)

also showed that even more complex hydrocarbons can be
produced from pure ethane ices and extrapolated this previous
reaction mechanism to account for the build-up of larger mole-
cules. First, carbene (CH,) presented a pathway to add one
carbon unit at a time to produce larger alkanes, but the only
alkane with an odd number of carbon atoms detected in those
experiments was propane. Therefore, reaction (14) was only
observed to occur for carbene insertion into ethane producing
propane. However, a generic alkyl radical, formed from radi-
olysis (reaction (15)), can readily recombine with another alkyl
radical (reaction (16)) to produce a larger alkane that has grown
by two carbon atoms.

CyHopiz + CHy = CpiiHapig (14)
CrHaniz = CpHopn + H (15)
CnHopnir + CoHs = CuipHopse (16)

Another recent work showed that ethylene produced complex
hydrocarbons and extrapolated the previously determined reaction
network'® to include the production of larger hydrocarbons.'*
Although, reaction pathways (14)-(16) provide a reasonable expla-
nation for the complex products observed in ethane and ethylene
irradiation an alternative pathway also exists in methane via the
reaction of the methyl radical with a neighboring alkyl radical
(reaction (17)). This accounts for the production of the odd
alkanes along with reaction (14), but was not incorporated
into the ethane or ethylene reaction networks as there were
no methyl radicals observed from irradiation. Finally, these
larger alkanes can produce more highly unsaturated products
(reactions (18) and (19)).

CnHopi1 + CHz = CuiiHopaa (17)
Cn+1I_IZn+4 - Cn+1H2n+2 + HZ(XIZQ (18)
Cn+2H2n+6 - Cn+1H2n+4 + Hz[Xlzg) (19)

Most of these reactions, excluding radical-radical recombina-
tion, are endoergic by a few electron volts. But recall that the
impinging electrons deposited on average 3.5 £ 1.1 eV into
the methane ice while the Lyman o delivered an average of
150 + 20 eV and the broadband photolysis supplied an average of
230 £ 60 eV providing the necessary energy to overcome reaction
barriers in each of these reactions. The difference in average
energy delivered in each experiment likely explains the difference
in rate constants as many of the reaction pathways are endoergic
and need an energy source to be initiated. Furthermore, the
different initial energies of the radiation sources, 5 keV electrons
and 7.3-11 eV photons, may also explain the increased values of
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Fig. 19 Chemical reaction scheme utilized in the coupled differential
equation fitting for the column densities of methane and the products
from its radiolysis.

the electron induced rate constants compared to the photolysis
initiated reactions.

A comparison of the temporal profiles (Fig. 16-18) for the
electron irradiation, broadband photolysis, and Lyman o photo-
lysis (Table 5) shows that overall the three experiments discussed
have a similar outcome for product abundance with some inter-
esting differences. The most abundant product at the end of
irradiation was ethane (23-59%) in all three experiments. Mean-
while, the ethyl radical was the least abundant product across all
experiments, and the methyl radical had a nearly similarly low
abundance of about 1-4% of the total carbon consumed from
methane in each experiment. However, a discrepancy between
the three experiments arises when comparing the abundances of
ethylene and acetylene. In the electron irradiation, the ethylene
product is the second most abundant product (15%) while
acetylene is the third (5%); however, broadband photolysis
resulted in ethylene being less than 1% of the carbon
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Table 5 Carbon mass balance
Change in column density”
% Carbon % Carbon % Carbon
Species Electrons consumed Broadband photons consumed Lyman o photons consumed
CH, —3.76 + 0.68 x 10'°® — —1.66 + 0.45 x 10*° — —3.42 + 0.53 x 10'® —
CH, 1.50 + 0.78 x 10" 4 3.07 £+ 0.89 x 10** 2 2.79 + 3.20 x 10** 1
C,H, 2.03 £+ 0.50 x 10*° 5 1.18 £+ 0.29 x 10"’ 7 3.12 + 0.44 x 10'° 9
C,H, 5.44 + 1.30 x 10*° 15 5.78 £+ 2.37 x 10** 0.35 2.09 + 0.60 x 10'° 6
C,H; 1.14 £+ 0.33 x 10*° 3 4.40 + 2.11 x 10" 0.27 8.32 + 2.46 x 10*® 0.24
C,Hg 2.22 + 0.28 x 10'° 59 5.43 + 0.89 x 10"’ 33 7.93 + 0.93 x 10'° 23
Total % carbon in 86 + 20 42 + 20° 39 + 12°
products

“ Only peaks that did not need deconvolution were used to calculate changes in the column densities. ? The total amount of carbon present in the
products does not reach 100% and the remaining carbon can be accounted for by the more complex hydrocarbons as detected in these experiments

via PI-ReTOF-MS.

consumed from methane destruction while acetylene was the
second most abundant product (7%). Finally, Lyman o photo-
lysis generated acetylene as its second most abundant product
(9%), and ethylene as its third most abundant product (6%).
Here, the photolysis experiments both generated more acetylene
and less ethylene than the electron irradiation experiment. A
possible explanation for this difference is the larger dose
introduced into the Lyman o (150 eV molecule ') and broad-
band (230 eV molecule ') photolyzed ices compared to the
electron irradiated ice (3.5 eV molecule *). This corresponds
well with the proposed reaction schemes”'®*'®* for simple
hydrocarbons becoming further unsaturated to produce acetylene
as well as more complex species. Both of these criteria are met as
the VUV photolysis studies both generated more acetylene as well
as more highly unsaturated product groups than the electron
irradiation experiment.

Although the higher dose is a reasonable justification alter-
nate pathways may exist. Other experiments showed that pure
methane at 3 K irradiated with Lyman o light formed the methyl
radical and not the methylidene or carbene radical, but when the
methane was dispersed in an inert neon matrix and photolyzed
the methyl radical and methylidene radical were detected.®® It
was postulated that carbene was also a product, as the energy
needed to produce this molecule was well below that of the
impinging Lyman o photons, but it was not detected. This result
shows that although the possible reaction pathway through
successive dehydrogenation of methane to produce these radi-
cals is feasible the non-detection of carbene and methylidene
does not allow for a useful incorporation into the reaction
scheme. It is interesting though that the two most abundant
products from the photolysis studies in the present manuscript
were ethane and acetylene, which are the result of recombina-
tion of two methyl radicals, or methylidene radicals, respectively.
Interestingly these were the two radicals detected from the
photolyzed methane in neon studies. Meanwhile the recombi-
nation of two carbene radicals, a radical which was not detected
in the photolyzed methane in neon studies, produces ethylene
and in the present photolysis studies was determined to be a
minor product. Another interesting prospect is that the VUV
photons readily convert the ethylene to acetylene. The photo-
dissociation cross section of ethylene with Lyman o photons

5462 | Phys. Chem. Chem. Phys., 2018, 20, 5435-5468

was determined to be 2.36 x 10~ ' cm?.'®°

The lowest energy
channel for the destruction of gaseous ethylene with VUV photons
was shown to produce acetylene and molecular hydrogen.'®®
This was shown to be true for ethylene ice as well where pure
ethylene films were irradiated with 8.4, 10.0, 11.6-11.8, and
21.2 eV photons, and acetylene was detected as the dominant
product."®” Contributing to the validity of this hypothesis is the
fact that the abundance of ethylene in the broadband photo-
lysis (0.35%) is much lower than that in the Lyman o photolysis
(6%), which suggests that there is an efficient ethylene destruc-
tion and/or conversion of ethylene to acetylene with photons
other than at Lyman o (121.6 nm). However, similar processes
should be occurring with the ethane products as well, but the
abundance is closer to the electron irradiation abundance and
larger than the Lyman o photolysis amount. Here, the photo-
dissociation cross section of ethane with Lyman o photons was
determined to be 2.26 x 10™'" cm?'® but the dissociation
produces the ethyl radical and atomic hydrogen. Although
ethane photolysis can produce ethylene and molecular hydro-
gen this pathway was shown to be less important as the photon
energy increases,'®® and could readily recombine with a hydro-
gen atom to reform an ethane molecule.

Finally, a recent experiment proposed branching ratios for
the photolysis of methane into methyl (95%), carbene (4%), and
methylidene radicals (2%), but these were based on indirect
measurements®® from fragmentation patterns in the gas phase
after sublimation of a processed methane ice. Another study
observed the methyl radical, but not that of the carbene radical
and noted it is a known product of gaseous methane UV
photolysis.®” They also reported abundances after irradiation
for ethane (8.0%) and ethylene (2.6%) corresponding to a ratio
of 3.1:1, which is very close to the ratio observed in the Lyman
o experiments of this paper 3.8:1 (Table 5). A recent study
also attempted to use the product abundance ratios of ethane
and ethylene, ignoring secondary photodissocation, to infer
the branching ratios of the methane reactant ice to methyl
and carbene radicals.®? However, it is obvious that this is not a
safe assumption as ethylene readily takes part in further reac-
tions. Interestingly another experiment also irradiated pure
methane ices and found that they could account for the
production of ethane and acetylene with neighboring methyl
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and methylidene radicals, respectively, formed from methane
dehydrogenation after irradiation, but not for ethylene.””

5. Conclusions

The different radiation sources used in the present manuscript
were chosen to provide a representation of the possible ionizing
radiation that can process an interstellar ice over its lifetime.
Secondary electrons readily form in the track of GCRs as they
pass through interstellar ices, and in dense clouds this is a
major source of ionizing radiation as the cosmic UV field
photons are not able to penetrate deep into the cloud.'®®
However, these GCRs do induce an internal UV radiation field
(4 < 13.6 eV) with a flux of 10> photons cm > s~ ".>* The dose
imparted by UV photons, at an average photon energy of 10 eV,
was estimated for the different regions of interstellar clouds
and after 10° years ices in diffuse clouds receive 2.36 x
10° eV molecule " and 0.82 eV molecule™" for dense clouds."""
These UV doses for interstellar ices show a very significant
difference between diffuse and dense clouds displaying how
ineffectively UV photons process ices within dense clouds. The
broadband and Lyman o photolysis experiments here are able
to represent a partially processed diffuse cloud’s ice or an ice
partially shielded within a dense interstellar cloud. Calculations
also suggest that GCRs deliver approximately 1-30 eV molecule "
to ices in diffuse clouds and between 1-3 eV molecule " for dense
clouds at the same lifetime."®" In the present experiment the
energetic electrons simulate those generated from GCRs and the
calculated dose matches very nicely to an ice in a dense cloud or a
mildly processed ice in a diffuse cloud. These experimental
conditions can also be extrapolated to other environments as
well as, for example, Pluto, which is processed with Lyman o
photons,'”® and the solar wind'”* deposits a dose of about 36 eV
for each methane molecule per orbital period. These very differ-
ent environments need to be systematically studied to fully
understand the complex hydrocarbon chemistry taking place in
the interstellar medium as well as on other objects such as
comets and trans-Neptunian objects (TNOs) from the simplest
hydrocarbon, methane.

Methane ices have been detected in the interstellar medium
with abundances up to 11% with respect to water® as well as on
several outer solar system objects such as Pluto.” These detec-
tions, along with the knowledge that simple hydrocarbons
(C1 and C2) are important reactants for aromatics from
benzene'”® to PAHs,'”® reinforce just how important hydro-
carbon chemistry is to astrochemistry. Although several previous
studies of pure methane irradiation from different sources did
detect products larger than C2 we show for the first time that
molecules with very high degrees of unsaturation (C,H,,_g) are
even able to be produced. Multiple groups contain molecules
that have been shown to be very important in other interesting
astrochemical pathways as discussed in the previous section.
However, a pure methane ice is not a perfect simulation as
methane is typically found mixed with other compounds such
as water in interstellar ices®® and this has been previously
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A previous study on a binary mixture of methane
diluted in water ice was carried out to better understand the
products of cometary ices from the ISM as surveys have detected
methane, ethane, and acetylene, but not ethylene in the comets
C/1996 B2 Hyakutake®® and C/1995 O1 Hale-Bopp,'’® and this
study also did not detect ethylene in their laboratory ice
experiments.'”* The cometary detection of ethane and acetylene
along with the lack of detection of ethylene is interesting as these
results match very closely to the broadband photolysis results
from the current study, which provides further insight into the
possible processing that these comets underwent.

Other ice mixtures containing methane have been studied to
unravel the chemistry taking place on Pluto®”'”*™"”® and these
studies found several hydrocarbons as well as oxygen bearing
species and molecules containing both oxygen and nitrogen.
There were also investigations done on unprocessed Pluto
analog ices'®™'®* to better characterize the spectra and physical
properties of the possible ices present. These studies, along
with the recent New Horizon mission to Pluto” that confirmed
the presence of methane, show how important this simple
hydrocarbon is not only for the interstellar medium, but within
our solar system as well. This recent mission also confirmed the
Lyman o flux available to Pluto, which again directly relates to the
results of this manuscript in the event that Pluto’s atmosphere
collapses. Other TNOs have been studied as well with the hydro-
carbons being produced on Triton most likely due to atmospheric
processing of methane with Lyman o photons,”®'*>'%* and
Charon’s solid methane is likely rapidly photolyzed by Lyman o
photons which then evaporates in warmer seasons and can react
further to produce tholins” or more complex hydrocarbons as
shown in this study. Furthermore, hydrocarbons, specifically
alkanes, have been shown to react with carbon dioxide in ice
mixtures producing carboxylic acids."®>™**” These carboxylic acids
are building blocks which can react with glycerol to form the very
important biomolecules known as lipids.

As stated above, multiple hydrocarbon groups have been
shown to hold important astrophysical implications and
isomer-specific experiments are currently being designed to
untangle the chemistry and detailed formation pathways of the
C3 and C4 hydrocarbons as these have been proven to be a key
reactant for the formation of PAHs. Revealing which specific
hydrocarbon isomers are produced within simple astrophysical
ice analogs will greatly assist in our understanding of the role
that ice chemistry plays with PAH formation.
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