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ABSTRACT: Methane ices have been detected on ice-coated interstellar grains and on the surface of Kuiper belt objects. These
ices are chemically altered by ionizing radiation in the form of energetic photons and charged particles, leading to complex
organic molecules. Despite decades of research, the chemical makeup of these newly synthesized molecules has not been
completely understood to date. Here, we present a novel application of reflectron time-of-flight mass spectrometry coupled to
soft photoionization to probe the molecular formulas of the molecules formed upon interaction of ionizing radiation with simple
methane and D4-methane ices. Our study depicts clear evidence of high-molecular-weight hydrocarbons of up to C22, among
them alkanes, alkenes, and alkynes/dienes, with those product classes in italics identified for the first time on line and in situ. These
studies are particular timely as they provide laboratory data of methane-processed ices, which can be compared to actual data
from the New Horizons mission on route to Pluto.
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Methane ice (CH4) is ubiquitous not only within our solar
system but also in cold molecular clouds,1−4 with

methane observed toward over 25 young stellar objects.4

Within our solar system, methane has been detected on
Triton,5−7 Orcus,8−10 Eris,7,11,12 Pluto,7,12−14 Makemake (2005
FY9),15,16 Quaoar,17,18 and 2007 OR10,

19 with evidence for
areas of pure methane for the surfaces of Pluto,14 Eris,11 and
Quaoar;20 further evidence suggests that hitherto unspecified
“higher-order hydrocarbons” are present on Quaoar17 and
1993SC.21 Furthermore, methane ice clouds are also thought to
be present in the upper atmospheres of Uranus and Neptune.22

These objects are continuously being exposed to ionizing
radiation in the form of UV photons and charged particles from
the solar wind and galactic cosmic rays (GCRs), inducing both
chemical and physical modifications of the nascent methane ice.
Indeed, during the last decades, countless experiments have
been conducted on the processing of methane ices with high-
energy ions,23−30 high- and low-energy electrons,31,32 broad-
band UV photons,24,33 and γ-radiation.34,35 The intent of this
Letter is not an in-depth review of all of the past experimental
findings, but instead, highlights novel observations. The

irradiated ices were mainly analyzed by Fourier transform
infrared (FTIR) spectroscopy and converged on the identi-
fication of acetylene (C2H2), ethylene (C2H4), ethane (C2H4),
and propane (C3H8) as foremost radiolysis products. However,
several groups presented compelling evidence suggesting
“larger hydrocarbons” were formed as well. The photolysis of
methane with broad-band UV light implicated “high-order
volatiles” possibly up to C7 hydrocarbons.

36 Vibrational modes
characteristics of di- and trisubstituted benzenes were observed
in the MeV proton- and α-particle-irradiated methane ice,
indicating the presence of polycyclic aromatic hydrocarbons
(PAHs) naphthalene, phenanthrene, and anthracene.26 In
addition, this study was the only one to monitor the products
as they sublimed into the gas phase following a temperature-
programmed desorption (TPD), detecting saturated hydro-
carbons from C8H18 to C14H30. Thus far, only a single study
exploited Raman spectroscopy to examine the effects on the
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organics synthesized within the ion irradiation of pure methane
ice. The energy dose was quite extensive (1000 eV per
molecule), and only a broad band was observed corresponding
to the CC stretching mode of amorphous carbon.25 Finally, a
single experiment monitored the UVVIS reflectance spectra
upon the irradiation of methane; unfortunately, this study only
focused on the slope of the reflectance curve and the
relationship of this to the observed colors of Centaurs and
Trans-Neptunian objects; no products were identified.37

The experiments summarized above have two common-
alities. First, propane was the largest hydrocarbon distinctly
identified in situ upon energetic processing of amorphous
methane ice.23,24,28,33 Second, TPD studies of irradiated
methane ices were able to only observe saturated hydro-
carbons.26,27 This is a direct consequence of using a quadrupole
mass spectrometer (QMS) coupled with electron impact
ionization with 100 eV electrons, leading to extensive
fragmentation of the parent molecule. In addition, the few
experiments, that examined the organic residues30,34,35

employed ex situ and off line chromatography analysis (GC-
MS; HPLC), with evidence of high-molecular-weight hydro-
carbons.
With this Letter, we present a novel application of reflectron

time-of-flight (ReTOF) mass spectrometry coupled to soft
photoionization to probe the formulas of the molecules formed
upon interaction of ionizing radiation with simple methane and
D4-methane ices on line and in situ. Our study presents clear
evidence of high-molecular-weight hydrocarbons of up to C22,
among them alkanes, alkenes, and alkynes/dienes giving an
alternative route to their formation in often overlooked solid-
state mechanistics in comparison to gas-phase reactions

involving poorly studied ion−molecule reactions. This study
further provides a proof-of-concept for the novel adaptation of
ReTOF mass spectroscopy (ReTOF-MS) with single-photon
(10.49 eV) soft photoionization to observe molecules, which
are formed under conditions analogous to astrophysical
environments of icy bodies upon exposure to ionizing radiation
and then sublime upon a controlled-temperature desorption.
Note that adaptions of TOF-MS have been implemented in the
past to analyze astrophysically relevant surfaces.38−42 However,
these experiments typically exploit highly focused small-power
laser pulses or electrons to desorb the molecules from the solid
into the gas phase. We, as of current, are not aware of any
group photoionizing the molecules as they directly sublimate
following TPD under controlled conditions.
The success of our method is clearly demonstrated in Figure

1. Here, the mass spectrum as a function of temperature
displays the intensity of the products subliming into the gas
phase at a well-defined temperature during the warm-up phase
after irradiating the methane sample with an average dose of
12.5 (top portion) and 1.5 eV per molecule (bottom portion).
The first key variation to note between the high- and low-dose
exposure is the distinctly diverse molecular composition of the
newly formed molecules in the processed ices. The low-dose
experiment yielded hydrocarbons only up to C7H16 (m/z =100
amu), whereas the most complex hydrocarbon group observed
sublimating in the high-dose experiment corresponds to the C22
isomers, which sublimed around 220 K. Due to the extremely
low count rates, we cannot clearly identify specific mass to
charge ratios beyond the C13 hydrocarbon group. This
limitation is most likely due to the extraction field not being
uniform between the sample and first ion lens, a consequence

Figure 1. Reflectron time-of-flight mass spectra as a function of temperature of the newly formed hydrocarbon species subliming into the gas phase
from the processed methane ices. (Top) High-dose experiment (12.5 eV per molecule); (bottom) low-dose experiment (1.5 eV per molecule). The
ratio of the peak intensities for the C3H6 isomers (high-dose versus low-dose) shows a relative yield of 4:1 in the total amount formed.
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of the shape of the copper mask surrounding the silver target,
which has been designed to minimize temperature gradients on
the silver wafer from blackbody radiation from the main
chamber. However, the instrument has sufficient capability to
resolve specific mass to charge ratios for hydrocarbon groups
between C3 and C13. Furthermore, signal corresponding to the
hydrocarbons methane (CH4), ethane (C2H6), ethylene
(C2H4), acetylene (C2H2), and propane (C3H8) were not
observed in the ReTOF experiments as their ionization energies
are above the 10.49 eV threshold as set by our VUV light
source. However, methane, ethane, and propane could be
detected in the residual gas analyzer via electron impact
ionization.
At this point, we would like to stress that the molecules

within each hydrocarbon group (referred to as Cn) would not
have been observed utilizing standard quadrupole mass
spectroscopy coupled with electron impact ionization. Here,
upon electron impact ionization, the fragmentation pattern and
fragment masses of the saturated hydrocarbon (CnH2n+2) would
conceal the parent ions of the unsaturated hydrocarbon
analogues such as CnH2n and CnH2n−2. This is demonstrated
here by selecting propane (C3H8; 44 amu) as a typical example
(Figure 2). Here, the onsets of the ion counts for the C3H6 (m/
z = 42) and C3H4 (m/z = 40) isomers are masked by the
fragmentation ions from the propane parent (44 amu) formed
upon electron impact ionization of propane. (Note that the
mass 43 was shown here for clarity as the background signal
from CO2 is observed.) In addition, the largest mass observed
in the QMS corresponded to isomers of pentane (C5H12, m/z =
72). The derived sublimation temperatures (onsets, not peaks)
are plotted in Figure 3. Although the experimental error
associated with the derived sublimation temperatures is ±1 K,
the rate of sublimation depends on the interaction between the
substrate and the intramolecular interactions with surrounding
species that may be present in the matrix.43 Consequently, a
table of sublimation temperatures is not reported here, and
values should be taken as approximate in comparison to those
of actual astrophysical ices. However, these temperatures are
used here as a distinct identifier pertaining to a unique
hydrocarbon group. From the results of this study, several
trends are observed. First, the sublimation temperature
increases with growing mass. Second, the saturated hydro-
carbon (CnH2n+2) and unsaturated and/or cyclic hydrocarbon
containing one double bond equivalent (CnH2n) have similar
sublimation temperatures. Conversely, hydrocarbons with
higher degrees of unsaturation (CnHm, where m < 2n) have
significantly higher sublimation temperatures. This observation
can be rationalized in terms of the stronger dipole−dipole
interactions possibly taking place between the π-electrons of
carbon−carbon double and triple bonds with the surrounding
organic matrix. Last, albeit rather surprisingly, there was no
strong indication of a temperature difference in the sublimation
profiles between the deuterated and nondeuterated hydro-
carbon analogues. This is shown in Figure 3, where the blue
points represent the sublimation temperature for the deuterated
compounds (shifted to their standard mass analogue for
clarity), circles show derived points using the quadrupole mass
spectrometer, and squares are the sublimation temperatures
derived from the ReTOF mass spectrometer. The observation
of similar sublimation temperatures for deuterated and
nondeuterated hydrocarbon analogues was true as well for
the high-dose experiments.

Another interesting feature is that the sublimation temper-
atures corresponding to masses 54, 56, and 58 amu (C4H6,
C4H8, and C4H10 isomers), formed within the C4 hydrocarbon
family, exhibited similar sublimation temperatures consistent in
both the high- and low-dose experiments, implying the
possibility that masses 54 and 56 amu are photofragments of
the parent hydrocarbon, butane. In an effort to examine this
possibility, the mass spectrum as a function of temperature for
pure n-butane (C4H10) was collected under the identical
experimental parameters. The mass spectrum as a function of

Figure 2. Normalized sublimation profiles of integrated ion counts at
m/z = 40 and 42 corresponding to C3H4 and C3H6 isomers,
respectively. The top portion of the figure originates from the high
dose (12.5 eV per molecule), whereas the lower portion corresponds
to the products observed from the low-dose experiment (1.5 eV per
molecule). The sublimation temperature onsets were derived by fitting
a line through the rise profile, as demonstrated for mass 42 (top
portion, blue line). Both data sets have identical onsets within the
error limits; however, the sublimation curves of the high-dose
experiments show a broader sublimation range up to 150 K, suggesting
a “hindered” sublimation from the ices due to an organic residue
formed in the experiments, as previously observed.55 QMS traces for
ions at m/z = 40, 42, and 43 are shown as well in the bottom portion
to illustrate that no temperature difference can be resolved for C3H4
and C3H6 isomers in the QMS.
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temperature showed no signal at mass-to-charges of 54 or 56,
indicating at the very least that isomers of molecular formula
C4H8 are actually desorbed. Unfortunately, we cannot say with
absolute certainty that C4H6 does not present a photofragment
from butene isomers (C4H8) because these isomers were not
explored. Similarly, the possibility of photofragmentation can
be discounted for hydrocarbons with a high degree of
unsaturation as these showed different sublimation temper-
atures larger than the reported uncertainties.

Although no distinct structural isomer of the hydrocarbon
molecules was identified in this study, we can contemplate
potential structures. Long-chain (aliphatic) hydrocarbons have
a mode near 720 cm−1, which is characteristic for carbon−
carbon chains holding at least four carbon atoms; this
absorption was not observed in this study, indicating that
aliphatic hydrocarbons are not likely formed in the experiments.
On the other hand, this conclusion implies that branched
hydrocarbons with side chains of less than four hydrocarbons
are likely synthesized. Similarly, none of the previous
experiments identified the 720 cm−1 band in processed
methane ices, further implying that large, linear hydrocarbons
are not formed in the processed ices. Further evidence can be
inferred from the absorption ratios of the peak intensities for
the asymmetric carbon−hydrogen stretch from the methyl
group (R−CH3) at 2960 cm

−1 and from the methylidene group
(R−CH2−R) at the 2850 cm−1 band. The intensity ratios of the
integrated absorptions are consistent throughout the overall
sublimation process, indicating that branched hydrocarbons are
likely formed following irradiation and warm up.36 Interest-
ingly, a recent study demonstrated that unidentified infrared
emission (UIR) spectral features might be associated with
amorphous organic solids holding aromatic units randomly
linked together with aliphatic hydrocarbon chains, thus
suggesting that polycyclic aromatic hydrocarbons (PAHs)
might not be the primary source.44

To summarize, high-mass hydrocarbons of up to C22 are
easily formed upon irradiating methane ices with low irradiation
doses, and their presence is masked within FTIR spectroscopy
due to the similar group frequencies of their vibrational modes.
Here, we have identified over 50 hydrocarbons with distinct
m/z ratios containing up to 22 carbon atoms, with further
evidence implying even more complex hydrocarbons synthe-
sized based on single-photon ionization of the subliming
molecules. A simple search on the NIST database for any of the
observed isomers within the C12Hn (26 > neven > 18) group
alone yields over 900 isomers.45 Despite the numerous
experimental investigations probing the effect of ionizing
radiation on simple hydrocarbon astrophysical ice analogues,
there is still a vast quantity of information to be gained.
Utilizing the experimental techniques described above, we may
finally be able to make considerable progress toward decipher-
ing what compounds of the numerous possible isomers formed
by exploiting the ReTOF spectroscopic technique. Moreover,
future experiments involving in situ probing via soft laser
ablation40 coupled with molecule-specific ionization schemes
such as resonance-enhanced multiphoton ionization (REMPI)
will be conducted in order to elucidate the possible formation
of PAHs.46−48 Finally, our pulsed coherent VUV light source
has been designed to generate tunable VUV photons utilizing
resonance-enhanced nonlinear four wave mixing, which will be
implemented in future studies to aid in the identification of
specific isomers based upon their distinctive ionization energies.
In conclusion, our investigation has shown that the information
contained in the previously mentioned experiments summar-
ized above actually represents only a minor fraction of that
possible, so that, given the available technology and established
techniques, we may finally probe further into a door that may
have been prematurely closed.

■ EXPERIMENTAL SECTION
The experiments were conducted in a contamination-free
ultrahigh vacuum (UHV) stainless steel chamber (Figure 4),

Figure 3. Sublimation temperatures for the observed hydrocarbons as
a function of mass. Squares represent temperatures derived from the
data collected utilizing the ReTOF mass spectrometer; circles
represent temperatures derived from data collected utilizing the
QMS operating in the standard residual gas analyzing mode. Blue
colors represent the sublimation temperatures of the deuterated
analogues, shifted in mass for comparison. The deuterated analogues
did not exhibit a different sublimation temperature with respect to
their standard isotopologues. We have chosen to leave out data points
pertaining to the high-dose irradiation of deuterated methane for the
sake of clarity (top portion). The sizes of the points correspond to the
error of 1 K. The reflectron mass spectrometer was no longer able to
resolve individual masses after 200 amu, which is reflected in the
horizontal error bars. The top portion is from irradiating methane at
12.5 eV per molecule, while the bottom portion is from irradiation of
methane at 1.5 eV per molecule.
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which can be evacuated to a base pressure of typically 5 × 10−11

Torr using oil-free magnetically suspended turbomolecular
pumps and dry scroll backing pumps. A closed-cycle helium
refrigerator cools a silver mirror to an ultimate temperature of
5.5 ± 0.1 K; this mirror acts as a substrate of the ices and is
freely rotatable within the horizontal center plane of the
chamber. Methane (Specialty Gases of America, 99.999%) or
D4-methane (CDN Isoptopes, 99.9% D) gas was then
introduced through a glass capillary at a pressure of 5 × 10−8

Torr for approximately 5 min, yielding an ice sample of 500 ±
50 nm. The thickness of the sample was determined in situ
using laser interferometry;49 an index of refraction of 1.329 was
used.50 The methane and D4-ices were irradiated with 5 keV
electrons isothermally at 5.5 ± 0.1 K in one set of experiments
for 3 h at 92 nA (high dose) and in a second set of experiments
for 1 h at 30 nA (low dose) over an area of 0.9 ± 0.1 cm2 and
an angle of incidence of 70° relative to the surface normal. The
average dose per molecule deposited into the sample was
determined from Monte Carlo (CASINO) simulations.51 The
total energy deposited into the amorphous ice was calculated at
12.5 ± 0.8 eV per molecule (CH4) [9.6 ± 1.0 eV per molecule
(CD4)] for the high-dose experiments and 1.5 ± 0.2 eV per
molecule (CH4) [1.2 ± 0.4 eV per molecule (CD4)] and for the
low-dose experiments. It should be noted here that in
determining the thickness of the pristine D4-methane ice and
consequently the dose, a density of 0.674 g cm−3 for D4-
methane26 was used and that the index of refraction was
assumed to be identical to that of methane (1.329). These
doses correspond to approximately 103 (low dose) and 104

(high dose) years for outer solar system ice bodies at 40 AU52

and 105−106 years for an interstellar ice grain.53 During the
irradiation, the chemical modifications of the ices were

monitored in situ via a Fourier transform infrared (FTIR)
spectrometer (Nicolet 6700), with spectra collected every two
minutes in the range of 6000−400 cm−1 at a resolution of 4
cm−1. A quadrupole mass spectrometer (Extrel, Model 5221)
operating in residual-gas analyzer mode in the mass range of 1−
500 amu was employed, allowing for the detection species in
the gas phase via electron impact ionization (100 eV). After the
irradiation, the sample was heated at a rate of 0.5 K min−1. The
sublimed products were also monitored after single-photon
ionization (10.49 eV) in a ReTOF spectrometer.
Pulsed coherent vacuum ultraviolet (VUV) light at 118.2 nm

(10.49 eV) was generated via a frequency tripling process (ωvuv
= 3ω1) utilizing xenon as the nonlinear medium. Here, ω1
represents the fundamental frequency from the third-harmonic
(354.6 nm) output of a high-power pulsed neodymium-doped
yttrium aluminum garnet laser (Nd:YAG, Spectraphysics, PRO-
250) operated at 30 Hz. The pulsed xenon gas jet was housed
in a mixing chamber evacuated by a 400 L/s turbomolecular
pump. Typical operating pressures during VUV generation are
on the order of 3 × 10−4 Torr. The pulsed valve was connected
to the middle entrance of a T-shaped channel with a 1 mm
diameter at 25 mm in length. Here, xenon (99.999%) released
by the pulsed valve enters the T-shaped adapter and exits
symmetrically, thereby forming a pulsed mixing “cell” in line
with the propagating ω1 pulse. The ω1 laser beam was
empirically focused into the adapter on the valve to yield
optimal VUV intensity. From here, the generated VUV
radiation was separated from the fundamental ω1 beam,
utilizing an off-axis lithium fluoride (LiF) plano-convex lens54

(ISP Optics, LF-PX-38−150), and directed to about 1 mm
above the ice surface, where the VUV light photoionizes the
subliming molecules. The ReTOF spectrometer (Jordan TOF

Figure 4. Top view schematic of the main chamber including the cryogenic target (point of converging lines), analytical instruments, and ionizing
radiation modules. The irradiation sources are aligned with respect to the low-temperature target to allow for the simultaneous in situ monitoring of
IR, Raman, and UV−vis spectroscopies (not discussed in this Letter). Upon exposing the astrophysical ice analogue to ionizing radiation, the cold
head is rotated 180° to face the ReTOF mass spectrometer and heated, allowing the newly formed products to sublimate where upon they were
ionized and mass analyzed. The inset (top right) shows the geometry of the ReTOF ion source lens with respect to the target and ionization laser.
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Products, Inc.) with a customized electrostatic lens setup for
the ion source assembly was utilized to identify the ionized
product molecules after sublimation via their arrival times.
Typically, ions are extracted into the focusing region with a
repeller plate (positive voltage) and an extraction plate
(negative voltage). However, as the silver target is sandwiched
to the cold head with indium foil to ensure optimum thermal
conductivity, no voltage can be applied to the silver target
without floating the entire chamber as they have a common
ground. To overcome this, the field between the repeller and
extractor plate was simply held at an overall negative potential
while compensating for the electrostatics lens downstream.
Once the molecules thermally sublimated and were ionized by
the VUV light (10.49 eV) via single-photon ionization, the ions
were then resolved into their respective mass-to-charge ratios
based on their arrival times. The ions were detected utilizing a
multichannel plate with a dual chevron configuration. From
here, the signals were amplified using a fast preamplifier (Ortec
9305) and shaped with a 100 MHz discriminator. The ReTOF
spectra were recorded with a personal-computer-based multi-
channel scaler (FAST ComTec, P7888-1 E) using a bin width
of 4 ns, triggered at 30 Hz (Quantum Composers, 9518) with
3600 sweeps per mass spectrum per 1 K change in temperature.
The calibration of the ReTOF was done with the following
molecules: ammonia (NH3), hydrogen sulfide (H2S), allene
(C3H4), propene (C3H6), 1,3-butadiene (C4H6), n-butane
(C4H10), n-pentane (C5H12), n-hexane (C6H14), vinyl bromide
(C2H3Br), and iodotrifluoromethane (CF3I). (The observation
of butane is either from nonresonant multiphoton ionization, as
the ionization energy of butane (10.53 eV) is slightly above the
VUV energy used in this study, or a lowering of the ionization
energy due to a dc field induced Stark shift.) No evidence of
photofragmentation was observed for any of the above-
mentioned species. A mass resolution (m/Δm) of 80 for the
spectrometer was calculated based on the observed, fwhm (0.5)
at m/z = 40 and fwhm (1.5) at m/z = 180, profiles.
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