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ABSTRACT: Clathrate hydrates (CHs) are crystalline molecular
solids with hydrogen-bonded water cages where small molecules are
trapped and are important in both terrestrial and extraterrestrial
environments. While the structural stability and phase behavior of
CHs and related ices are well characterized, key questions about their
role as reactive environments under energetic radiation remain
unanswered. Here, we show that dimethyl ether (DME) CH thin
films in ultrahigh vacuum (~107'® mbar) can be switched from
passive ice cages into active chemical reactors under vacuum-
ultraviolet (VUV) photolysis at cryogenic temperatures (10—130 ;
K). Temperature-dependent irradiation reveals that at 10 K, VUV CH,OCH, @526
photolysis leads to rapid dissociation of the DME CH, dissociation of o
the cage framework, and formation of amorphous ice with no efficient
trapping of photoproducts. In contrast, at 130 K the hydrate cages
partially reform during or after photolysis, and photoproduced formaldehyde (H,CO) becomes confined within the reformed cages,
enabled by increased intermolecular mobility. A comparison of DME dissociation and CH, photoproduction in pure DME ice,
DME—water amorphous ice mixtures, and DME CH at 10 K shows that CH, formation and DME dissociation rate are highest for
the clathrate phase, indicating the cage effect where the interaction of DME and water is minimal even in the condensed phase.
These findings demonstrate that CH cages can act as VUV-driven chemical nanoreactors in the condensed phase, providing a
mechanistic link between ice cage structure, photolytic dissociation, and the formation of reactive products under space-relevant
conditions.

he growth of clathrate hydrates (CHs) within amorphous energetic radiation in space, it is crucial to understand the

ice mixtures of water and guest molecules has been well- stability and transformation of CHs under these conditions.
established by infrared spectroscopy and electron diffraction While the formation and transformation of CHs under high-
techniques under ultrahigh vacuum (UHV) and cryogenic pressure and vacuum conditions have been explored, there has
conditions, mimicking interstellar environments.'”" An early been limited focus on their behavior under energetic radiation.
study was reported under high-vacuum conditions.” CHs are Michon et al. demonstrated the two-photon photolysis of
crystalline compounds where water molecules form hydrogen- tetrahydrofuran (THF) in CH cages at 77 K, detecting short-
bonded cages to encapsulate small guest molecules such as lived organic radicals using electron spin resonance spectros-

CO,, CH,, C,Hy, and 0, and they form typically 113(}(135 copy.”” Ahn et al.” reported lattice expansion in CHs due to
high-pressure, low-temperature (near 0 °C) conditions.

Recent studies have shown that even under UHV conditions,
around 130 K, CH formation becomes more efficient when
guest molecules can form hydrogen bonds.'®™*" Furthermore,
these conditions facilitate the nucleation of CHs with small
molecules, such as CO,, and N,0.*"**

Several characterization tools, including infrared spectrosco-
py, electron diffraction, and X-ray diffraction, have been used
to detect the formation of CHs within a vacuum range of 107¢
to 107 mbar.”**7* Interestingly, many molecules form
metastable CHs in vacuum environments, which can transform
into hexagonal or cubic ice upon heating.”*"** The presence of
CHs has also been suggested in space environments, such as
on comets and in protostellar systems.” Given the exposure to

gamma ray irradiation. Additionally, interactions of low-energy
electrons and photons with cage-like molecular systems have
been examined in UHV, though these have not been explicitly
attributed to CHs.»’ > Despite these efforts, the photo-
chemistry of CHs under condensed-phase, interstellar-like
conditions remains unexplored. The present work investigates
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Figure 1. Formation of DME CH was studied by RAIRS. (a) Schematic of the formation of DME CH, amorphous DME-water ice mixture created
by vapor deposition on Ru(0001) for 10 K followed by annealing at 130 K for 2 h. (b) Schematic of the VUV photoirradiation of DME CH at 10
and 130 K. (c) RAIR spectra of amorphous DME-water ice mixture and DME CH in the C-O antisymmetric stretching region at 10 K. RAIR
spectrum of DME CH is deconvoluted into two peaks, and highlighted in blue (1096 cm™) and cyan (1090 cm™) colors. The broad peak shown
by the symbol # represents the H-bonded DME molecules. (d) RAIR spectra of amorphous DME-water ice mixture and DME CH in the O-H

stretching region at 10 K.

the vacuum ultraviolet photolysis of dimethyl ether (DME)
CHs at 10 and 130 K, comparing the dissociation dynamics of
CH cages and DME molecules. Remarkably, at 130 K,
photoproduced formaldehyde reincorporates into CH cages,
while at 10 K, it remains in an amorphous state. Furthermore,
the dissociation rate of DME and the photoproduction rate of
CH, are significantly higher in the CH phase than in pure
DME ice or DME—water ice mixtures. Interactions between
DME molecules and their surrounding DME and water
neighbors play a crucial role in governing DME dissociation
and CH, formation across the three different phases.
Additionally, differences in molecular mobility at low temper-
atures (10 and 130 K) significantly influence cage disruption
and the confinement of formaldehyde within the clathrate
structure.

All experiments were conducted in a custom-built UHV
instrument with a base pressure of ~5 X 107'° mbar. A highly
polished Ru(0001) single crystal was used as the substrate to
create thin ice films, which was mounted on a copper holder. It
was connected to a helium cryostat (Cold Edge technology),
which could maintain a temperature as low as 8 K. A resistive
heater (25 ), controlled by a temperature controller
(Lakeshore 336), was used to heat the substrate to 1000 K
The RAIRS data was collected in the 4000—550 cm™' range
with a spectral resolution of 2 cm™, using a Bruker FT-IR
spectrometer, Vertex 70. The ice sample was exposed to an
incident angle of 80 + 7° by focusing the IR beam through a
ZnSe viewport. The reflected IR beam from the sample was
detected using a liquid N,-cooled mercury cadmium telluride
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(MCT) detector. An Extrel quadrupole mass spectrometer was
used for TPD-MS in an out-of-sight configuration. A
deuterium lamp (McPherson, Model 634, with MgF, window,
30 W) of vacuum ultraviolet (VUV) range 115—400 nm was
used as the UV light source. The VUV lamp was differentially
pumped and attached to the UHV chamber through the MgF,
window (with a cutoff at ~ 114 nm (10.87 eV)). A detailed
description of the experimental part is provided in the
Supporting Information.

Formation of DME CH

Clathrate hydrate (CH) of DME was prepared by thermally
annealing a vapor-deposited DME-water ice mixture with a 1:5
ratio to 130 K and maintaining this temperature for 2 h, as
shown in Figure la. After the CH formation, the system was
cooled back to 10 K, and an IR spectrum was recorded. Figure
1¢c,d shows the RAIR spectra of the DME-water amorphous ice
mixture and the DME CH at 10 K in the C—O antisymmetric
stretching region of DME and the O—H stretching region of
water, respectively. In the DME-water amorphous ice mixture,
the peak at 1090 cm™' corresponds to DME trapped in
amorphous solid water (ASW), while the peak marked #
indicates hydrogen-bonded DME with water molecules. After
CH formation, this peak (#) disappears, signifying the loss of
hydrogen-bonding character, which has been discussed in
detail in our previous study.”” The emergence of a peak at
1096 cm™! indicates the formation of sII CH of DME, where
61% of DME was found to be incorporated into 5'%6* cages,
while 29% remained trapped in ASW. A detailed discussion
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Figure 2. RAIRS study of the dissociation of sIl DME CH. Time-dependent RAIR spectra of photoirradiated DME CH in the (a) O—H stretching
region and in the C—O antisymmetric stretching region, at 130 K (b). Time-dependent RAIR spectra of photoirradiated DME CH in the O—H
stretching region and in the C—O antisymmetric stretching region at 10 K. Each spectrum of (b) and (d) in the C—O antisymmetric stretch is
deconvoluted into two peaks at 1096 cm™ (DME CH) and 1090 cm™ (ASW trapped DME) and the band area is calculated. (d) Deconvoluted
band area of ASW trapped DME at 130 and 10 K with respect to irradiation time. (c) Deconvoluted band area of DME CH at130 and 10 K with
respect to irradiation time. “Reform DME CH” was calculated by subtracting the band area of DME CH from 130 to 10 K.

about the cage assignment is provided in our earlier studies
with suitable references. Additionally, Figure 1d shows the
RAIR spectra in the O—H stretching region, where a broad
peak indicates amorphous nature of water-ice. Upon CH
formation, this broad peak narrowed, indicating the ordering of
water molecules due to the formation of DME CH.
Furthermore, a fraction of crystalline ice might be present in
the ice matrix as we have waited at 130 K for 2 h. We note here
that, as RAIRS shows the bulk property of a thin film, and not
all the DME is converted to CH, there are three types of water-
ice, namely ASW, crystalline ice, and CH present in the ice
matrix.

Photolysis of DME and DME-H,0 Ice

Before exploring the photochemistry of DME CH, we first
focused on the photochemistry of pure DME and a DME-
water mixture. Understanding the photochemical behavior in
the absence and presence of water is essential for comparison.
Following 90 min of irradiation of pure DME, two new peaks
at 3005 cm™" and 1304 cm ™" arose, corresponding to the C—H
antisymmetric and asymmetric bending mode of methane
(CH,) (Figure S1).** The presence of carbon monoxide (CO)
was detected by a peak at 2135 cm™, attributed to the C=0
stretching mode. Formaldehyde (HCHO) was identified by a
peak at 1722 cm™, characteristic of the C=O0 antisymmetric
stretching. Additionally, methanol (CH;OH) and ozone (O,)
were both associated with a broad peak at 1043 cm™’, which
can be attributed to a combination of the C—O antisymmetric
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stretch of methanol and the O—O stretching mode of ozone
(Figure S1).** All photoproducts were further confirmed by
reactive ion scattering (RIS) experiments (experimental details
are provided in the Supporting Information). In RIS, Cs* ions
form ionic clusters with neutral molecular species present on
the ice surface. The observed mass peaks originate from Cs*
adducts of neutral molecules on the ice surface, allowing for
the unambiguous identification of the photoproducts (Figure
S2). We note that the relative intensity of photoproducts in the
RIS mass spectrum does not reflect their actual relative
concentrations in the bulk. This is because RIS probes only the
surface composition, and the abstraction reaction is driven by
the ion—dipole attraction between the Cs* ion and a surface
species. Those with higher dipole moments exhibit more
efficient pickup, which results in their higher intensities in the
mass spectrum. Furthermore, we have done TPD-MS study of
photoirradiated DME. After 90 min of irradiation, we have
annealed the sample to 200 K with an annealing rate of 10 K/
min and collected a mass spectrum giving m/z 45
(CH;0CH,"), 16 (CH,"), 30 (CH,0%), and 31 (CH,0")
(Figure S3). These 4 major peaks arise from fragments or
intact ions of DME, methane, formaldehyde, and methanol.
The mass spectrum shows a peak at 97 K, which is the
desorption peak for the pure DME. Here, it is worth noting
that all the photoproducts are desorbed, along with the
desorption of DME. Interestingly, in the case of methane, a
hump was observed in the spectrum from 60 to 80 K. This
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photoproducts in distinct ice forms.

feature is attributable to partial diffusion of methane to the
surface after desorption. For comparison, we have provided the
gas-phase electron—ionization mass spectrum of DME in
Figure S4, in which the proposed photoproducts, methane and
formaldehyde, are absent. Additionally, we irradiated 300 ML
of DME-water ice mixture for 90 min and collected IR spectra
(Figure SS). The same photoproducts were observed as in
pure DME ice. A high-intensity peak observed at 1043 cm™ is
attributed to the increased concentration of methanol, formed
via the reaction between H,0O and DME.

Photolysis of DME CH

The phototransformation of DME was studied at two distinct
temperatures: 10 and 130 K (Figure 1d), with the
corresponding RAIR spectra in the O—H stretching region
of H,O and the C—O antisymmetric stretching. stretching
region of DME, presented in Figure 2. The choice of these
temperatures was motivated by the role of thermal activation in
modulating the intermolecular mobility of DME and H,O
within the CH structure. At 130 K, enhanced mobility allowed
the reformation and reorganization of CH cages.36 In contrast,
at 10 K, the limited molecular motion prevented such
rearrangements, leading to rapid cage dissociation. DME exists
in two different environments within the ice matrix, as
indicated by distinct peak positions in the RAIR spectrum:
1096 cm™' corresponding to DME within the $'%6* cage
structure and 1090 cm ™ attributed to DME trapped in ASW.™
The extent of CH cage deformation is monitored by the
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decrease in the 1096 cm™" peak intensity. During the first 60
min of VUV irradiation, spectra were recorded every 10 min,
followed by additional spectra at 15 min intervals until 90 min.
Figure 2a,b shows the time-dependent evolution of the O—H
stretching and C—O antisymmetric stretching bands of DME
CH under VUV irradiation at both 130 and 10 K. At 10 K, the
intensity of the 1096 cm™' band decreased significantly faster
than at 130 K. The normalized band areas at both
temperatures are compared in Figure 2¢,d. After 50 min of
irradiation at 10 K, the 1096 cm™" band completely vanished
(Figure 2b), indicating the complete destruction of CH cages.
In contrast, at 130 K, the 1096 cm™ band persisted for up to
90 min, indicating slower cage dissociation and partial
reformation (Figure 2a). To quantify this reformation, the
difference in the band area of the 1096 cm™ peak at 130 and
10 K was calculated and defined as “reformed hydrate”,
highlighting that thermal energy at 130 K promotes the
reformation of CH cages (Figure 2c). The 1090 cm™' band,
associated with ASW-trapped DME, showed a slower decline
at 10 K compared to 130 K, as shown in Figure 2d. This
behavior can be attributed to two factors: (i) faster uncaged
DME dissociation in the ASW matrix at 130 K, and (ii) the
lack of CH reformation at 10 K. Time-dependent RAIR spectra
in the O—H stretching region (Figure 2a,b) further confirm
these observations. At 10 K, a phase transition from crystalline
to amorphous ice was observed, indicated by the broadening of
the O—H stretching band (Figure 2b). However, at 130 K, no
significant changes were observed, suggesting that thermal
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Figure 4. (a) Comparison of the evolution of band area of methane formed during the photolysis of pure DME, DME + water, and DME CH as a
function of time. (b) Comparison of the band area evolution of DME during the photolysis of pure DME, DME + water, and DME clathrate CH as
a function of time. TPD-MS spectrum of photoirradiated deuterated DME CH (CH;O0CH,;+D,0). Integrated ion counts of (c) m/z 30 and (d)

m/z 16 are plotted as a function of temperature.

annealing at this temperature provides sufficient energy for the
reformation of CH cages. Here, we conclude that continuous
thermal annealing at 130 K supplies the necessary energy to
promote the reformation of CH cages, a process that is
hindered at 10 K due to the lack of thermal energy. This
observation raises a critical question of the role of reformation
of CH cages in capturing and stabilizing the photoproduced
molecules formed during VUV irradiation.

From the photochemistry of pure DME and DME-water ice,
formaldehyde and methane emerged as the two primary
photoproducts.”>*’ ™" Methane, being a smaller molecule,
becomes highly mobile at 130 K, allowing it either to escape
from the system or become trapped in the pores of amorphous
ice. Therefore, we exclude the potential effect of CH cages on
methane stability and confinement. Figure 3a,b displays the
infrared absorption bands of formaldehyde in C=0 stretching
region at 130 and 10 K, respectively. After 90 min of
irradiation at 10 K, formaldehyde exhibited a peak at 1722
cm™!, whereas, under the same irradiation time at 130 K, a
distinct blue-shifted peak at 1733 cm™" was observed, an 11
cm™! shift from the 10 K peak. Ghosh et al.*’ assigned the peak
at 1733 cm™! as formaldehyde confined within CH cages, while
the 1722 cm™' peak corresponded to amorphous form-
aldehyde, characteristic of its unconfined state at low
temperatures. In agreement, we observed the same peak at
1722 cm™" for formaldehyde when DME was irradiated at 10
K, which indicated amorphous formaldehyde. At 130 K,
however, the 1733 cm™" peak suggests that the thermal energy
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is sufficient to drive the reformation of CH cages, thus enabling
the confinement of formaldehyde within a cage environment,
likely to be affected by the UV irradiation. In contrast, at 10 K,
the lack of thermal energy prevents the reformation of CH
cages, leaving the newly formed formaldehyde in an
amorphous state within the ice matrix. To further substantiate
this assignment and quantitatively evaluate the peak positions,
we performed an additional spectral deconvolution analysis.
The postirradiation spectra at 10 and 130 K were each fitted
three times, considering three different possible shoulder
contributions for formaldehyde. For the 130 K spectra, peak
centers at 1733, 1728, and 1738 cm™! were tested, whereas for
the 10 K spectra, peak centers at 1722, 1717, and 1727 cm™
were evaluated (Figure S6). The results clearly demonstrate
that the best fits are obtained with peak centers at 1733 cm™
for 130 K and 1722 cm™" for 10 K.”

We have also tracked the methane formation in these two
temperatures, at 10 K, the emerging peak at 1304 cm™!
suggests that methane is in the amorphous form. Schriver et
al. reported that formaldehyde and CH, are the primary
products of DME photodissociation via C—O and C—H bond
cleavage (Figure 3¢).”® In the present CH system, we propose
that DME undergoes self-dissociation within the clathrate
cages, producing formaldehyde and CH, with minimal
involvement of water molecules. This interpretation is further
supported by experiments using a D, 0 ice system, as discussed
in a later section. Subsequently, we focused on whether the
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CH cage environment modulates DME dissociation and
subsequent photoproduct formation.

DME dissociates into formaldehyde and methane when
confined inside large hydrate cages (5'6*), exhibiting gas-
phase-like behavior due to minimal interactions with the
surrounding cage molecules, leading to potentially faster
dissociation. It is well established that the absorption of
VUV photons by pure ASW is very low, as we confirmed by
irradiating ASW for 6 h without observing any significant
spectral changes in the mid-infrared region.*”** However, the
presence of a foreign molecule within ASW could influence
photoreactivity.%_4 To validate this, we examined three cases:
pure DME, a DME-water ice mixture, and DME CH,
irradiating all three systems at 10 K. Methane, identified as
our primary photoproduct, was quantified by calculating the
peak area for the v, band at 1304 cm™."” DME CH irradiated
at 130 K was not considered due to the potential desorption of
methane from the matrix at this temperature (Figure S7b).
The C—O antisymmetric stretching mode of DME in all three
systems was normalized to 1 before irradiation, and all
methane band areas were subsequently normalized to their
respective DME (reactant) band areas. Figure 4a compares
methane production from amorphous DME-water ice, DME
CH, and pure DME (Figure S8a—c). Methane production was
significantly higher in DME CH than in pure DME or the
DME-water mixture. In pure DME, there appears to be a
molecular hindrance between DME molecules, and in the
DME-water mixture, strong hydrogen bonding interactions
occur between water and DME molecules. In contrast, within
DME CH, DME remains as isolated molecules, behaving more
like free molecules and resulting in a higher yield of
photoproducts. As previously discussed, at 10 K, the hydrate
cages break after SO min of irradiation. This trend is reflected
in Figure 4a, where methane production is rapid up to 50 min,
followed by a slower increase. Comparing pure DME with the
DME-water system, the photoproduct yield is considerably
higher in pure DME, attributed to the absence of hydrogen
bonding in the pure system. In the DME-water system, water
introduces hydrogen bonding, reducing the reaction efliciency.
The dissociation rate of DME was tracked for all three systems
(Figure 4b). The highest dissociation rate is observed in the
CH system, followed by the DME—water mixture, and then
pure DME (Figure S8d—f). The faster dissociation in the CH
system can be attributed to reduced steric hindrance for DME
within the clathrate cages. The enhanced dissociation of DME
in the DME—water system compared to pure DME is likely
due to increased photoproduct formation arising from
interactions with water molecules. Notably, this photoproduct
is not methane, as indicated by the trend in Figure 4a; instead,
other byproducts, such as methanol, dominate. Since RAIR
spectroscopy primarily guided this study, mass spectrometry
was employed for additional insights. We created deuterated
DME CH by codepositing D,O and DME, followed by
annealing at 135 K for 2 h and subsequent cooling to 10 K.
Figure S9 shows the RAIR spectra of deuterated DME CHs in
the C—O antisymmetric stretching and O—D symmetric
stretching regions. The system was irradiated for 90 min
using the same irradiation protocol as applied to the previous
experiments, after which temperature-dependent mass spectra
were recorded. Following irradiation, the broad O-D
stretching band indicates the amorphous nature of the water
ice (Figure S10c,d). Two m/z values, 30 (HCHO) and 16
(CH,), corresponding to formaldehyde and methane, were

selected (Figure 4c,d). A desorption peak for formaldehyde
was observed at 149 K, while methane showed two peaks at
151 and 161 K, indicating minimal interference from
deuterium atoms in D,O ice. These results support the
conclusion that both methane and formaldehyde are formed
predominantly via photodissociation of DME within the
clathrate cages, rather than through secondary reactions
involving the surrounding water matrix. Additionally, two
photoirradiation experiments were performed on deuterated
(D,0) DME CHs at 135 and 10 K. The dissociation dynamics
closely match those observed for DME CHs prepared with
H,O ice. Figure S10 presents the corresponding RAIR spectra
in the C—O antisymmetric stretching and O—D stretching
regions. These results further demonstrate the reproducibility
and consistency of the experimental observations. Together,
these experiments demonstrate how the transition from
amorphous ice to clathrate “ice cages” fundamentally alter
the photochemical behavior of DME under VUV irradiation.
We have investigated the VUV-induced photodissociation of
DME CH thin films in ultrahigh vacuum, revealing how
temperature controls the transition from passive ice cages to
active chemical reactors. Photolysis experiments at 10 and 130
K exhibit distinct behaviors: at 10 K, rapid disruption of the
clathrate cages leads to collapse of the hydrate framework into
an amorphous ice matrix, in which photoproducts are not
efficiently confined. In contrast, at 130 K, the increased
thermal energy enables partial reformation of the clathrate
cages, allowing DME to remain encapsulated, providing a
confined environment for subsequent chemistry. Under these
conditions, photoproduced formaldehyde is trapped within the
reformed cages, whereas at 10 K it remains as an amorphous
deposit in the ice. Our results further show that DME
dissociation is significantly more efficient in the CH phase than
in pure DME ice or amorphous DME—water mixtures, yielding
the highest methane production in the clathrate system.
Complementary TPD—MS measurements indicate that meth-
ane and formaldehyde originate predominantly from the self-
dissociation of cage-confined DME and are largely independ-
ent of direct reactions with bulk water. Taken together, these
findings demonstrate that DME CHs can act as VUV-driven
chemical nanoreactors under space-relevant conditions,
providing critical insight into the photochemical pathways of
guest molecules in clathrate-rich astrochemical environments.
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