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ABSTRACT: We report on the photoionization of a series of small methane-
water mixed clusters generated in a supersonic jet expansion. The resulting
clusters are investigated by synchrotron-based single photon vacuum ultraviolet
(VUV) ionization coupled with reflectron time-of-flight mass spectrometry.
Pure methane clusters (CH4)n+ and protonated water clusters (WnH)+
dominate the mass spectra, however with judicious control of backing pressure
and mixing ratio, mixed methane-water clusters are generated. We gain unique
insights into the underlying dynamics and chemistry of methane and mixed
methane-water clusters through the analysis of fragment mass spectra, and
photoionization intensity curves, which provide appearance energies, which are
then compared to theoretically calculated ionization energies. In particular, we
provide experimental evidence of the formation of methanol upon photo-
ionization of the mixed clusters under cold conditions, which is directly relevant
to astrochemistry.
KEYWORDS: molecular beams, astrochemistry, mass spectrometry, clathrates, density functional theory, ice, photochemistry

■ INTRODUCTION
In planetary environments and astrochemical bodies, such as
comets, icy planetary satellites, and Kuiper belt objects, and in
the Interstellar Medium (ISM) (molecular clouds), methane
(M) and water (W) emerge as abundant constituents, existing
in both condensed and gaseous states. In our solar system,
both methane and water have been detected on Earth, Mars,
Triton, Eris, and Pluto.1−6 Moreover, methane and water ice
clouds are thought to be present in the atmosphere of Neptune
and Uranus.7,8 Within the interstellar medium, characterized
by extreme cold, molecules accrete onto the surface of dust
particles, giving rise to the formation of icy grain mantles.
These interstellar ices exhibit two distinct phases: water-poor
and water-rich, with the water-rich phase being primarily
composed of water and CO2, along with NH3 and CH4.

9 These
astrochemical bodies are consistently exposed to ionizing
radiation originating from stars and/or galactic cosmic rays.
These molecules are also abundant in photodissociation
regions of molecular clouds where it can be exposed to
vacuum ultraviolet (VUV) radiation.10 This exposure induces
both chemical and physical modifications in the nascent ices,
leading to the formation of various more complex chemical
species.

On Earth, methane is one of the most potent greenhouse
gases, and substantial quantities are sequestered in deposits on
the deep ocean floor. In these high-pressure environments,

water molecules form cage-like structures to enclose “guest”
methane molecules, forming clathrates.11 This structural
arrangement enhances stability and acts as a natural
mechanism to prevent excessive methane emissions, thereby
significantly contributing to climate moderation.12,13 There are
reports indicating the existence of methane clathrates in the
subsurface of Mars and Titan, suspected to continuously feed
their atmospheres with methane.14 Methane clathrates are also
thought to form in the internal oceans of Enceladus and
Europa, influencing their compositions.14 However, despite
theoretical predictions suggesting the formation of methane
clathrates in the interstellar medium (ISM), their direct
detection in these regions has proven to be elusive.

Previous studies on mixed methane and water clusters
primarily comprise theoretical investigations aimed at under-
standing the formation of large methane clathrates and
exploring the hydrogen bonding interactions between CH4
and water molecules.15−20 Salazar-Cano et al.,21 in particular,
found that the hydrogen bonding between water molecules
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strengthens within these mixed clusters when compared to
isolated water dimers. Consequently, this results in a
weakening of the hydrogen bonding between methane and
water in mixed clusters, in contrast to CH4−H2O dimer.

There is a paucity of experimental information for methane-
water clusters, in contrast to the theoretical results mentioned
above. We note that Johnson, Fujii, and co-workers published a
series of papers examining the messenger-tagged vibration
photodissociation spectra of Ar−CH4−H3O+,22 H+(H2O)6-
CH4,

23 and Ar-(CH4)3-H3O+.24 However, the experiments
most closely related to the methane-water cluster systems
studied here arise from those that examine the photochemistry
of methane-water ices. VUV photolysis of such ices results in
the formation of diverse oxygenated hydrocarbons.25 Notably,
even with minimal water concentrations in methane ices, the
analysis of infrared (IR) spectra demonstrated the efficient
generation of alkanes and oxygen-bearing organics, including
C2H6, C2H4, C3H8, H2CO, CH3CHO, CH3OH, and more.
The formation of alcohols like CH3OH, CH3CH2OH, and
CH3CH3CH2OH from CH4, C2H6, and C3H8 can occur
through two pathways involving either O or OH fragments
derived from water.25,26 Hodyss and colleagues27 found that
hydroxyl radicals, generated by the photolysis of water, play a
dominant role in the photochemistry, oxidizing methane into
CH3OH, HCHO, CO, and ultimately CO2. Recently, the New
Horizons spacecraft investigations on the Kuiper Belt object
Arrokoth revealed a significant presence of methanol ices along
with various organic materials.28 These observations suggest
that the formation of these organic compounds may have
occurred through the photolysis mechanisms discussed earlier.

The reports of rich chemistry in methane-water ices
motivated this study of mixed methane-water clusters, which
provides an excellent template to probe photochemistry at a
molecular level under isolated, cold conditions, which is
directly relevant to astrochemistry. We report on the structural
motifs and photoionization dynamics of methane−water
clusters using synchrotron-based VUV photoionization mass
spectrometry measurements combined with continuous super-
sonic molecular beam expansion. We thereby provide
experimental evidence of photochemistry that can occur within
condensed phases of ubiquitous compounds in various
planetary and interstellar environments.

■ EXPERIMENTAL SECTION
The experiments are performed in a continuous molecular
beam apparatus coupled to a time-of-flight (TOF) mass
spectrometer located at Beamline 9.0.2 at the Advanced Light
Source.29,30 Briefly, neutral clusters are supersonically
expanded through a 50 μm nozzle with backing pressures
exceeding 20 psi. The size distribution of clusters changes
depending on the backing pressure. The gas expansion is
skimmed by a 1 mm skimmer situated 15 mm downstream
before interacting with the synchrotron radiation. The
pressures in the source and interaction chambers are 4.2 ×
10−4 and 1.4 × 10−5 Pa, respectively, under normal operating
conditions. To obtain mixed clusters, a gas mixture containing
various percentages of methane in argon is passed through a
bubbler containing water. In the main chamber, the neutral
cluster beam is interrogated in the ionization region of a Jordan
reflectron time-of-flight (TOF) mass spectrometer by tunable
VUV radiation. Since the synchrotron light is quasi-continuous
(500 MHz), a start pulse for the TOF ion packet is provided
by pulsing the ion optic electric potential. The extractor and

repeller plates of the ion optics are biased at the same potential
(1600 V), and ions are extracted by fast switching of the
repeller plate to 1900 V with a pulse width of 2.5 μs. Ions are
accelerated perpendicularly to their initial velocity direction
through the field-free region toward the reflectron. Ions,
reflected in the electrostatic field of the ion mirror, are detected
by a microchannel plate (MCP) installed at the end of the
second field-free region. The time-dependent electrical signal
from the MCP is amplified by a fast preamplifier, collected by a
multichannel-scalar card, and thereafter integrated with a PC
computer. Time-of-flight spectra are recorded for the photon
energy range between 10.5 and 14.5 eV with a 0.5 m/z mass
resolution. The typical photon energy step size used for these
experiments is 50 meV. The photoionization intensity curves
of the clusters are obtained by integrating over the peaks in the
mass spectrum at each photon energy and dividing by the
photon flux. Deuterated methane and deuterated water, both
separately and in combination, are utilized to elucidate and
identify various species. During the course of all experiments
described here, no unexpected or unusually high safety hazards
were encountered.

■ COMPUTATIONAL DETAILS
Theoretical calculations were performed on a methane-water
cluster system. A conformational search was performed using
the semiempirical quantum chemistry package CREST.31 The
lowest energy conformer from this search was further geometry
optimized, in both neutral and cationic states, using Q-Chem
at the ωB97X-V/def2-TZVPPD level of theory.32 Full
optimization of the cationic states was performed to determine
the adiabatic ionization energy, as well as visualize the ionized
clusters in the molecular beam. Vertical ionization energies
(VIE) for clusters were determined by performing single-point
calculations on cations by using the optimized geometries of
the neutral clusters. These single-point calculations were
performed at the same level of theory (ωB97X-V/def2-
TZVPPD) as the geometry optimization. The functional
ωB97X-V contains nonlocal van der Waals correlation and
so is well suited for noncovalent interactions such as those
between methane and water.33 The VIE of (H2O)(CH4)2 was
also calculated based on the structures reported by Riera et
al.34

■ RESULTS
Figure 1 presents the mass spectra obtained while varying the
backing pressures at a 13 eV photon energy for a mixture
comprising 30% methane in argon (Ar). This allows us to
observe the changes that occur in the size distribution of
clusters. Lower backing pressure (30 psi) correlates with a
higher amount of water-rich clusters but near-zero populations
of mixed water and methane clusters (Figure 1a). In contrast,
higher backing pressure (80 psi) leads to a reduced population
of protonated water clusters but an increased population of
methane-containing clusters, as shown in Figure 1c. Mixed
methane-water clusters were found to be formed mostly under
moderate pressure conditions (50 psi backing pressure), as
depicted in Figure 1b.

A more detailed depiction of the mass spectra of mixed
methane/water clusters (obtained at 65 psi backing pressure
and 13 eV photon energy) is shown in Figure 2. Eight different
cluster systems can be seen here. To identify these clusters the
positive charge is placed at the end of the cluster species
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notation, as the exact location of the charge is not determined
in our experiment. These clusters includes methane clusters
[(CH4)n]+ (m/z 16 and appears at every m/z 16 intervals, up
to n = 16); protonated methane clusters [CH5(CH4)n]+ (first
peak appears at m/z 33 for n = 1, and subsequently appears at
every m/z 16 interval, up to n = 11); pure water clusters
[(Wm)]+ (first peak appears at m/z 18 for m = 1 and
subsequently appears at every m/z 18 interval, up to m = 20);
protonated water clusters [(W)mH]+ (first peak at m/z 19 for
m = 1 and subsequently appears at every m/z 18 interval, up to
m = 20); methane-water clusters [CH4(W)m]+ (first peak
appears at m/z 34 for m = 1 and subsequently appears at every
m/z 18 interval, up to m = 14); methane-protonated water
clusters [CH4(W)mH]+ (first peak appears at m/z 35 for m = 1

and subsequently appears at every m/z 18 interval, up to m =
13); water−methane clusters [W(CH4)n]+ (first peak appears
at m/z 34 for n = 1 and subsequently appears at every m/z 16
interval, up to n = 13); water-protonated methane clusters
[(CH4)nWH]+ (first peak appears at m/z 35 and subsequently
appears at every m/z 16 interval, up to n = 9). Figure 2b
presents an enlarged version of the mass spectra within the
range of 46−74 amu, highlighting predominantly the ternary
(M3, W3, and clusters of the form M2W or W2M and the
protonated form of them) and quaternary cluster series
(clusters of the form M4 W4 and clusters of the form M3W
or W3M and the protonated form of them).

Appearance Energies (AE) of Methane-Water Clus-
ters. The photoionization intensity curves for each series of
clusters measuring up to 5 or 6 subunits are presented in
Figure S1 in the Supporting Information (SI), covering the
10.5−13.2 eV energy region. The appearance energies (AE) for
each cluster are indicated by an arrow in the curve. The AE is
obtained from the initial point above the baseline, after which
the signal exhibits a progressively increasing trend. The (AE)
of methane, water, water-dominated methane, and methane-
dominated water clusters as well as the theoretically calculated
vertical ionization energies (VIE) for the methane-dominated
water and water-dominated methane (structures are shown in
Figure S2 in the SI) are plotted against cluster size are shown
in Figure 3. The AE and calculated VIE’s of clusters observed
in this study (up to 5 or 6 subunits) are shown in Table 1. The
general trend in the AE’s of pure water and methane clusters is
a decrease in appearance energy with increasing cluster size.
However, for the methane dimer, the observed AE is lower
than expected. This deviation can be attributed to the presence
of a small amount of an O2 (AE = 12.07 eV) impurity in the
molecular beam which shares the same mass as the methane
dimer and influences the AE. Another anomaly is the apparent
rise in the calculated VIE for (H2O)(CH4)2 in contrast to what
is observed in the experiments. This occurs for the geometry
shown in Figure 3 where the water molecule is in a plane
perpendicular to the two methane molecules. However,
calculating the VIE in line with a recent structure reported
by Riera et al.34 where the oxygen in the water is pointed away
from the two methane molecules leads to an VIE more in line
with the trends observed in this work. The absolute energies
calculated for the neutral structures lie very close to each other,
with the difference being 0.015 kcal/mol. The AE’s for the
water-dominated mixed cluster follow those of pure water
clusters. There is no apparent trend in the AE for methane-
dominated mixed clusters.

■ DISCUSSION
Interpretation of Mass Spectra. Pure Methane and

Water Clusters. The homogeneous clusters observed in this
study are examined first. As depicted in Figure 1c, under ideal
conditions, we observe clusters as high as [(CH4)20]+. We
anticipate that the photoionization of the relatively weakly
bound methane clusters results in extensive dissociation, in the
same way as observed by Ding et al.,35 who conducted a study
on ion−molecule reactions within methane clusters triggered
by photoionization, yielding similar results to those observed in
our study. The methane clusters that we discuss here would
then have been mainly formed by the following reaction.35

Figure 1. Mass spectra obtained at three different backing pressures
(a) 30, (b) 50, and (c) 80 psi at a photon energy of 13 eV. The combs
indicate cluster series measured in the experiment.
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The next main series in our mass spectra starts at m/z 17
and appears at every m/z 16 interval. Since we can safely
assume we only produce singly ionized species, this would
correspond to [CH5(CH4)n]+ (n ≥ 0) resulting from
dissociative photoionization. A possible formation pathway to
CH5

+, which appears at m/z 17, starts from the long-range van

der Waals-bound methane dimer. According to Zaag et al.,
after ionization of the dimer, a stable complex [CH3−H-CH4]+
is formed, which then undergoes proton transfer to the CH4
moiety and finally dissociates to yield the CH5

+ cation (reaction
1b).36 Similarly, larger clusters of the form [CH5(CH4)n]+ can
be formed by ejection of the CH3 moiety in the reaction
described below.

Figure 2. (a) The mass spectrum of methane-water clusters obtained at 65 psi backing pressure and 13 eV photon energy. The blue spectrum (b)
shows an enlargement of the mass spectrum in the region of 46−74 m/z.

Figure 3. Experimental appearance energies (AE) of water clusters,
water-dominated mixed clusters, methane clusters, and methane-
dominated mixed clusters plotted up to 5 or 6 subunits. Also shown
are calculated vertical ionization energies (VIE) for water-dominated
mixed clusters, and methane-dominated mixed clusters. The
calculated VIE of H2O(CH4)2 derived from the structure in ref 34
is indicated by a thick-edged green circle. Also shown are the
calculated structures of the neutral geometries for H2O(CH4)2
calculated in this work and from ref 34.

Table 1. Experimental AE and Calculated VIE’s in EV of
Clusters (CH4 and H2O Mixed Clusters) Observed in this
Studya

species appearance energy (eV) ± 0.1
calculated vertical

ionization energies (eV)

CH4 12.6
H2O 12.6
CH4(H2O) 11.5 12.6
CH4(H2O)2 10.9 11.7
CH4(H2O)3 11.2 11.8
CH4(H2O)4 11.1 11.8
CH4(H2O)5 11.0 11.8
CH4(H2O)H 11.5
CH4(H2O)2H 11.0
CH4(H2O)3H 11.1
CH4(H2O)4H 11.1
CH4(H2O)5H 11.0
H2O(CH4)2 11.3 13.6 (12.3)
H2O(CH4)3 11.5 12.2
H2O(CH4)4 11.5 12.1
H2O(CH4)5 11.4 12.0
H2OH(CH4)2 11.4
H2OH(CH4)3 11.6
H2OH(CH4)4 11.6
H2OH(CH4)5 11.5
CH4(H2O)2H 11.0
CH4(H2O)3H 11.1
CH4(H2O)4H 11.1
CH4(H2O)5H 11.0

aThe number in parentheses for the cluster H2O(CH4)2 is calculated
from the coordinates from Riera et al.34
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Herein, it is important to note that the ion−molecule
reaction between CH4

+ and CH4 forming CH3 and CH5
+ is 6.2

kcal/mol exothermic, and generally, this type of ion-molecular
reaction is barrierless in nature. This particular reaction has a
bimolecular rate constant of 1.5 E−9 molec−1 cm3 s−1 and has a
negative Arrhenius-type behavior which further indicates the
presence of a prereactive complex.37

Similarly, in addition to pure methane clusters, we observed
both water [Wm]+ and protonated water clusters [(W)mH]+. As
shown in Figure 2, the protonated water cluster intensity is
higher than the water cluster of the same m except for m = 1,
for all the conditions at 13 eV. This is expected at the high
photon energy (i.e., ≥11 eV, the onset of the ionization of
water clusters), where the excess energy results in proton
transfer and dissociation and hence the formation of
protonated water clusters. These results agree with previous
VUV photoionization studies.38−40

Mixed Methane-Water Clusters. One significant finding in
the methane-water system is the observation of mixed
methane-water clusters. By adjusting a simple experimental
parameter such as backing pressure, various-sized mixed
clusters were produced, in stark contrast to previous attempts
reported in the literature.21,41 This is attributed to the
combination of a higher backing pressure and expansion of
the gas specifically through a 50 μm nozzle.

We can distinguish methane-water [CH4(W)m]+ and
protonated water−methane [CH4(W)mH]+ clusters, with the
latter displaying higher peak intensity in the mass spectrum
than the former. The [CH4(W)mH]+ series can be formed via
the following photodissociative reaction.

hCH (W) CH (W) e

CH (W) H e OH
m m

m

4 4

4 1

+ [ ] +

[ ] + +

+

+
(3)

Following the rapid formation of protonated clusters
through the above reaction, which contain excess energy,
relatively slow water molecule evaporation occurs within the
time-of-flight tube to release the excess energy from the parent
cluster. Furthermore, at higher pressures, Ar can bind to these
clusters, allowing for evaporative cooling of Ar to take place
and effectively remove excess energy from the cluster. In such
cases, this process quenches the OH elimination from the
above reaction, resulting in the formation of unprotonated
water−methane clusters [CH4(W)m]+. We believe that a
similar process can occur with methane when its concentration
is high in the molecular beam. In such cases, additional
methane molecules can bind to the structure, and evaporative
cooling of these additional methane molecules can quench the
OH elimination, resulting in the formation of unprotonated
water−methane clusters.

We finally discuss the formation of water−methane clusters
[W(CH4)n]+, and water-protonated methane clusters
[(CH4)nWH]+, the latter displaying higher peak intensity in
the mass spectrum than the former. One way of forming the
water-protonated methane clusters is through the following
photodissociative reaction which is similar to the reaction 3 we
discussed above.

hW(CH ) W(CH ) e

(CH ) WH e CH
n n

n

4 4

4 1 3

+ +

[ ] + +

+

+
(4)

Proton transfer reactions such as these are also observed in
acetaldehyde−water cluster systems.42 Similar to the formation
of methane-unprotonated water clusters [CH4(Wm)]+, Ar
atoms can remove the excess energy of the clusters and
quench CH4 elimination, resulting in the formation of water−
methane clusters W(CH4)n. However, it has been established
in early work on methanol cluster photoionization that the
successive evaporation of more than one molecule is less
significant.43

In addition to the clusters discussed above, we observed
other masses resulting from mixed clusters involving Ar and
methane (Ar(CH4)n), and clusters of the form (CH4)nWm and
[(CH4)nWmH]+. The unlabeled peaks in Figure 2b may be
attributed to these clusters. Ding et al.35 also observed
[Ar(CH4)]+ and [Ar(CH5)]+ in their study. The peaks
appearing at mass 68 and 69 could be attributed to
[(CH4)2(H2O)2]+ and [(CH4)2(H2O)2H]+, respectively.
Although their presence cannot be conclusively confirmed
solely through the detection of the m/z 68 and 69 peaks, the
formation of these types of clusters is supported by the
calculations of both Cao et al.19 and Galashev et al.18

Interpretation of Photoionization Intensity Curves
and Appearance Energies. The photoionization intensity
curves for all cluster series seen in this study are shown in
Figure S1 in the SI. Both methane and water have similar
ionization energies of 12.6 eV and the photoionization
intensity curves of the pure methane and water-related clusters
exhibit fairly smooth and structureless curvature above the
photoionization threshold. Following ionization, the clusters
may accumulate excess internal energy, leading to energy-
transfer processes and dissociative photoionization. This
phenomenon can result in significant fragmentations within
the clusters, leaving no noticeable features in the photo-
ionization intensity curve.

The shape of the photoionization intensity curves of water is
similar to previous studies by Belau et al.44 and Ng et al.45 The
AEs’ are also consistent with Belau et al.’s44 study within 0.2
eV, except for the water monomer (see Table S1 in SI). This
discrepancy may arise from potential contributions by
dissociation of larger species present in the molecular beam,
which have lower ionization onsets. Employing a higher
backing pressure, similar to the approach reported by
Shiromaru et al.,46 results in an increase in the concentration
of heterogeneous clusters, specifically of the type Arx(H2O)y.
It is plausible that the ionization energies of these clusters are
somewhat lower, considering the bathochromic shift due to Ar
in van der Waals clusters. The evaporation of Ar atoms from
the photoionized cluster Arx(H2O)n could potentially alter the
appearance energy of the water monomer channel. Addition-
ally, the intensity of the water monomer drops after 12.9 eV,
indicating the opening of other product channels starting from
these larger species that may lead to the formation of different
products besides water.

The experimental AEs’ observed for methane clusters in our
study are higher than those reported by Zaag et al. (see Table
S1 in SI).36 Similar to water-related clusters, the AE decreases
as the cluster size increases. Note that this decrement is less
pronounced in pure methane clusters than in pure water
clusters. Compared with water, methane exhibits weaker
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interactions, leading to lower contributions from heteroge-
neous clusters. This suggests that the influence of additional
species on the observed AEs’ is less pronounced in methane
clusters compared to water clusters.

The gradual rise in the photoionization intensity curves of
water, in comparison to methane clusters, further indicates that
a larger proportion of small water clusters results from the
fragmentation of other mixed clusters than those of small
methane clusters. Moreover, as a general trend, the photo-
ionization intensity curves of the methane-dominated mixed
cluster align with its methane counterparts, while the water-
dominated mixed cluster follows its water analogue.

Figure 4 shows the part of the photoionization intensity
curve of water obtained with coexpanding methane (in Ar) at

two different methane concentrations (For clarity, the Figure 4
does not include data beyond 13 eV, where the signal for the
clusters reaches its normalized peak value of 1), with all other
experimental conditions held constant. At higher methane
concentrations, the photoionization intensity curve has a
steeper onset compared to lower methane concentrations. This
suggests that at higher methane concentrations, more and
larger methane-water clusters are formed, which have a lower
AE, and these methane molecules dissociate from the water,
ultimately resulting in the detection of water ions at lower
photon energies. Therefore, an increased concentration of
methane in the beam enhances the amount of evaporative
cooling of the clusters, validating our argument regarding the
formation of a number of (smaller) species via the dissociation
of larger clusters upon ionization. In this context, we report on
a theoretical TDDFT calculation of the electronic properties of
a methane-water solution.47 There it is reported that the first
vertical excitation and ionization energies of methane are red-
shifted by 0.45 and 0.87 eV, respectively, from the gas phase to
solution. The latter number agrees reasonably well with what
has been measured here, where we see a drop in the
appearance energy of 1.1 eV in methane with the addition of
water.

Observation of Methanol. A notable observation in this
study is that methanol is formed in the photoionization of
methane-water clusters. Previously observed in irradiation
experiments involving bulk methane and water ices,25,26 as
discussed earlier, here methanol is observed in the smallest
possible ice analogue under isolated conditions. Under normal
conditions, the methanol mass (m/z = 32) overlaps with the
signal obtained for the (CH4)2 cluster. To address this and to
confirm the formation of methanol, we used deuterated water.
Yet, under these conditions, the deuterated methanol (CH3OD
m/z 33) would coexist with the CH4CH5

+ cluster. Thus, to
confirm methanol formation, we use both deuterated methane
and deuterated water. Under fully deuterated conditions, a
peak at m/z 36, potentially corresponding to methanol only, is
observed. The mass spectrum showing the m/z 36 peak, at
12.5 eV and 60 psi backing pressure, is shown in Figure 5, with

a zoom-in with the range m/z 28−40 in the inset. An
alternative source of the peak at m/z 36 may be the water
dimer, (H2O)2, which could potentially appear as a result of an
impurity in the form of nondeuterated water. To address this
possibility, various control mass spectra were obtained to
eliminate contributions from certain species in the molecular
beam. The peak at m/z 36 appears only when both methane
and water components are present in the molecular beam and
not with only one of the individual components present. Thus,
these control experiments confirm that the m/z 36 peak most
likely corresponds to methanol, formed via photoionization of
deuterated methane and water clusters, rather than being
attributed to (H2O)2. Additionally, we do not observe the
protonated water dimer, which is usually present in higher
quantities than the unprotonated water dimer.

As discussed earlier, the formation of methanol from
methane and water in the solid phase occurs through either
the reaction between methane and OH radicals or with O(1D)
atoms.25,26 There is evidence of such processes, albeit
theoretically that such processes occur also in the gas phase.48

Chandra et al.49 investigated the potential energy surface
(PES) of methanol formation from CH4(H2O)6 following
ionization. Their calculations revealed that methanol formation
occurs through two transition states. Initially, OH bond

Figure 4. Photoionization intensity curves of the water monomer,
dimer and trimer obtained at two different methane concentrations
(10 and 30%). For better comparison, these photoionization intensity
curves are normalized to the highest peak intensity (which is at 13.5
eV and not shown in the Figure) of each cluster.

Figure 5. Mass spectra obtained using fully deuterated methane and
water at 13 eV and 65 psi backing pressure conditions. The mass
region of m/z 30−40 is zoomed in and included in the inset.
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dissociation occurs in one of the water molecules of the cluster
within 50 fs. This is essentially described by reaction 3, which
we identified for the formation of [CH4(W)mH]+. Sub-
sequently, C−H bond dissociation occurs, followed by the
formation of the C−O bond. Here, we provide experimental
evidence that methanol could indeed be formed following
photoionization of methane-water clusters, not only with the
detection of methanol as a product but also by the
identification of intermediates. As reported by Hendrix et
al.,50 recently, quantum chemical calculations show that the
binding energies of small charged clusters involving water and
other small molecules, such as CH3

+(H2O)n and NH2
+(H2O)n,

are higher than those of neutral clusters. For certain species
with higher binding energies, these clusters can go one step
further and react spontaneously with the members of the water
cluster to form new compounds. These are in agreement with
Woon et al.51 who performed theoretical calculations on the
spontaneous formation of a neutral methanol molecule and
H3O+ upon adding a methyl ion to a (H2O)17 water cluster.
Nakai et al.52 recently confirmed experimentally this
postulation by reacting low-energy methyl cations with
amorphous solid water at low temperatures (12−60 K) and
observing methanol formation. Ab initio molecular dynamics
simulations performed by the same group52 on a methyl cation
reacting with a (H2O)47 cluster showed that methanol
formation was spontaneous and did not depend on the initial
configuration of the complex.

Analysis of the AE of the methanol species provides more
evidence for the origin of this species and the pathways
involved in its formation. Figure 6a shows the part of the
normalized photoionization intensity curves for the m/z 36
mass plotted with (D2O)2 and (D2O)2D+ measured in the
same experiment in the range from 11 to 13 eV (For clarity,
the Figure 6 does not include data beyond 13 eV, where the
signal for the clusters reaches its normalized peak value of 1).
Both the AE of 11.7 eV and the shape in those curves, when
compared with methanol, show strong similarity. This is
reminiscent of previous work performed on the VUV
photoionization dynamics in naphthalene-water clusters and
dimethyl uracil water clusters. Xu et al.53 have observed OH
addition to naphthalene in naphthalene-water clusters upon
ionization of a water subcluster bound to naphthalene. This
subwater cluster can then undergo proton transfer to the
naphthalene moiety, resulting in the formation of protonated

naphthalene clusters while eliminating OH radicals. In certain
cases, however, the OH radicals remain in the vicinity of the
main cluster and react with naphthalene to form hydrox-
ynapthalene. Khistyaev et al.54 observed similar behavior in
proton transfer reactions in nucleobases clustered to water.
From an analysis of the photoionization intensity curves and
theoretical calculations, it was inferred that the mechanism
involves initial vertical ionization to the 3A″ state of water at
around 11.2 eV and subsequent proton transfer. Very recently,
Salbaing et al.55 have seen similar results for intracluster
reactions, specifically in protonated methanol clusters where a
water molecule is eliminated from the protonated methanol
clusters during collisional relaxation. They have observed that
this reaction is cluster dependent and occurs only in small
methanol clusters. We expect a similar mechanism involving
proton transfer to be at play within methane-water clusters.

To verify this, DFT calculations were performed to calculate
the vertical ionization energies (VIE) and adiabatic ionization
energies (AIE) of the CH4(H2O)2 cluster. We specifically
choose small water clusters because of our previous
observation of small naphthalene-water clusters potentially
influencing the formation of hydroxy naphthalene.53 As
illustrated in Figure 6b, vertical ionization of CH4(H2O)2
occurs at approximately 11.7 eV. This vertical ionization
leads to a nonstationary nuclear configuration of the cluster,
which evolves to an adiabatic ion state about 10.5 eV higher
than the neutral cluster. By subtracting the AE of methanol
(11.7 eV) from the AIE, we find that approximately 1.2 eV of
energy remains within the system. This excess energy governs
the transformation of excited-state [CH4(H2O)2]+ to a
methanol ion. As discussed earlier, the calculations by Chandra
et al.49 support the formation of methanol from CH4(H2O)6
via two transition states. One pathway involves proton transfer
between water molecules, while the other involves proton
transfer between CH4 and water. Ultimately, molecular
hydrogen abstraction occurs to form the CO bond. These
transition states exhibit submerged barriers compared to the
VIE of the CH4(H2O)6 cluster, which is approximately 11 eV.
For the (CH4)(H2O)n clusters we obtained, comparable VIEs
are observed, suggesting a similar mechanism may occur, in
addition to the mechanisms suggested by Xu et al.53 and
Khistyaev et al.54

Our unique method of employing synchrotron-based
tunable VUV photoionization allows us to both prepare and

Figure 6. (a) The normalized photoionization intensity curves of deuterated methanol, (D2O)2+ and (D2O)2D+. The appearance energy of
methanol is indicated by an arrow and the number above it. (b) Calculated vertical ionization energy and adiabatic ionization energy of the
CH4(H2O)2 cluster. The appearance energy for methanol is an experimental determination in this work.
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probe the rich chemistry that occurs in these methane-water
clusters. As discussed in the Introduction, these results have
implications in astrochemistry particularly for the photo-
processing of ices and subsequent formation of complex
organic molecules which could be the precursors of biotic
systems.9 There are two studies in the literature,25,27 where IR
spectroscopy was used to probe the VUV photochemistry of
methane-water ices, however, in both cases, it was broadband
VUV light from a lamp which was filtered by a MgF2 window,
thus effectively removing light above 10.8 eV. As shown in our
work, it is important to probe in the region above this cutoff,
and use mass selective detection to be able to tease out the
complex chemical processes that are proposed to occur in
space, for instance, methanol formation on the Kuiper Belt
object Arrokoth.28,56 One could argue that our clusters are not
reflective of an icy environment; however, we can show
evidence from the literature that indeed, that is not the case.
There is a mass spectrum of 0.01 ML of water and 0.2 ML of
methane coadsorbed on solid Ne (5.9 K) generated by
photodesorption at 70 eV by light generated with a laser
plasma VUV light source57 which is similar to our results
recorded at 12.5 eV (see Figure S3 in SI). In that work, the
authors argue that the presence of water is essential for the
observation of desorption supporting our assertion that
methanol formation in methane-water clusters is mediated by
excitation in the water cluster. Another indirect evidence
comes from a theoretical study of hydrogen bonds in methane-
water clusters. In that work,21 the authors studied the CH4-
(H2O)12 cluster and performed Gibbs energy analysis at several
temperatures, and suggested that compact water clusters can
be formed that interacts with an external methane molecule as
opposed to the typical clathrate structures proposed. Studies
were performed at 3 temperatures, 100, 200, and 300 K, and it
was noted that there were a number of conformers that are
populated both at 100 and 200 K temperatures, and this lies
within the vibrational energy content of our molecular beams.

■ CONCLUSIONS
We observed a series of methane-water clusters using VUV
photoionization. Our experiment demonstrates how slight
changes in experimental conditions can significantly affect the
cluster distribution. Previous theoretical and experimental
research on various cluster systems has brought to light the
potential for rich chemistry occurring within clusters upon
ionization. The methane−water system stands out as an
excellent example, wherein cluster rearrangement facilitates the
formation of new molecular species after photoionization. Our
study presents compelling evidence for the gas-phase
formation of methanol in VUV photoionized methane-water
clusters, thereby confirming previous theoretical work.49 This
study further demonstrates that small clusters mimic
astrochemical ices, and the photoionization of these small
clusters provides valuable insights into the pathways of
molecular formation in astrochemical ices.
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