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Partitioning photochemically formed CO2 into
clathrate hydrate under interstellar conditions†

Gaurav Vishwakarma,a Bijesh K. Malla,a Rajnish Kumar *bc and
Thalappil Pradeep *ac

Clathrate hydrates (CHs), host–guest compounds of water forming hydrogen-bonded cages around

guest molecules, are now known to exist under interstellar conditions. Experimental evidence

demonstrated that prolonged thermal treatment of a solid mixture of water and CO2/CH4 produces CHs

at 10–30 K under simulated interstellar conditions. However, in the current study, we show that CO2

produced photochemically by vacuum ultraviolet irradiation of H2O–CO mixtures at 10 K and B10�10

mbar, gets partitioned into its CH phase and a matrix phase embedded in amorphous ice. The process

occurring under simulated interstellar conditions was studied at different temperatures and H2O–CO

compositions. The formation of CO2 CH and other photoproducts was confirmed using reflection

absorption infrared spectroscopy. The UV-induced photodesorption event of CO2 may provide the

mobility required for the formation of CHs, while photoproducts like methanol can stabilize such CH

structures. Our study suggests that new species originating during such energetic processing in ice

matrices may form CH, potentially altering the chemical composition of astrophysical environments.

Introduction

Energetic processes, like photoirradiation, are key in shaping
the composition of cometary and interstellar ices. Such pro-
cesses significantly influence the chemical and physical proper-
ties of these ices by generating radicals and reactive species.1

These products can undergo recombination, diffusion, and
reactions, potentially forming secondary products and getting
trapped within the ice.1–3 However, the trapping of photopro-
ducts in clathrate cages during vacuum ultraviolet (VUV) irra-
diation of interstellar ice analogues has not been observed yet.

Clathrate hydrates (CHs) are inclusion compounds where
water hosts and encases guest molecules like CH4, CO, CO2,
and H2S within its H-bonded cages.4 CHs exist naturally in two
structures, sI, and sII, in permafrost and marine sediments
under high pressures and low temperatures.4,5 However, CHs
in interstellar-like environments have also been established

experimentally,6–15 and they have stimulated some scientific
debate.16,17 In one of our previous studies,7 we had seen that
when an ice mixture containing water and CH4/CO2 was sub-
jected to extended annealing at 10–30 K in an ultrahigh vacuum
(UHV), CH was formed. This study led to the speculation that
photochemically produced molecules might also form CH. Shi
et al.18 observed that UV photons caused the trapping of O2

(in turn, O3 and H2O2) in porous water ice. They demonstrated
that irradiation-induced trapping of O2 in porous water ice is
about seven times larger than equilibrium adsorption in the
absence of irradiation. Bahr et al.19 also reported the trapping
of O2 and H2O2 during the radiolysis of water ice between
40–120 K. Similarly, Fleyfel and Devlin reported the formation
of CO2 CH in a study where they subjected a simple ethylene
oxide CH film to electron beam (1.7-MeV) irradiation at 15 K,
and heated the resulting ice mixture to 100 K.20 These observa-
tions suggest the possibility of the existence of photochemically
produced molecules as CH under UHV and cryogenic condi-
tions. However, there have been no studies in this regard.

Recombination, stabilization, and preservation of reactive
molecules and free radicals in solid structures require cryo-
genic temperatures. Consequently, there has been widespread
interest in developing methods to stabilize these reactive sub-
stances at higher temperatures.21 The trapping of such species
within CH cages offers a potential solution to this challenge.
CH cages may hold such species up to their decomposition
temperatures or till the sublimation of ice matrices. Capturing
such species, even as they are generated during energetic
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processes like photon irradiation, holds high significance in
planetary science, astrochemistry, and physical chemistry. In
cold, dense molecular clouds, H2O and CO dominate the grain
mantles.22,23 By mimicking such environments, extensive
laboratory studies have been conducted exposing the H2O–CO
system to various stimuli (photon, electron, and ion irradiation)
to comprehend the formation and evolution of several interstel-
lar molecules. However, the trapping of secondary products
during VUV irradiation of H2O–CO ice remains unexplored.
The present study investigates the physicochemical fate of
photochemically produced CO2 from an H2O–CO mixture co-
deposited at 10 K. The process has been studied at different
temperatures and H2O–CO compositions. The evolution of the
H2O–CO mixture upon VUV exposure under UHV and cryogenic
conditions was monitored by reflection absorption infrared
spectroscopy (RAIRS), and temperature-programmed desorption
(TPD) mass spectrometry using a custom-built UHV setup,
illustrated in Fig. 1a and described in detail elsewhere.24

Experimental methods
Experimental setup

The experimental setup was the same as the one we used to
prepare clathrate hydrate (CH) at a cryogenic temperature
under ultrahigh vacuum (UHV),7,8 and was described in detail
elsewhere.24 Briefly, the apparatus consisted of a UHV chamber
(with a base pressure B5 � 10�10 mbar), a closed-cycle He
cryostat, a gas inlet system, equipped with reflection absorption
infrared spectroscopy (RAIRS), temperature-programmed
desorption (TPD) mass spectrometry, Cs+ ion-based secondary
ion mass spectrometry (SIMS), low energy ion scattering (LEIS)

mass spectrometry, and an ultraviolet (UV) lamp. The thin ice
films were created on cold Ru(0001) substrate. The substrate is
mounted at the cold end of the He cryostat and fitted with a
precision x–y–z–y sample manipulator that can be reoriented to
do various measurements, as shown in Fig. 1a. The substrate
temperature could be adjusted using a resistive heater (25 O) in
the 8–1000 K range and measured by different thermal sensors
(K-type thermocouple and a platinum sensor) with a temperature
accuracy/uncertainty of 0.5 K. The substrate temperature was
controlled by a temperature controller (Lakeshore, Model 336).

Materials and reagents

CO (99.5%) gas was purchased from Rana Industrial Gases &
Products and was used without further purification. Millipore
water (H2O of 18.2 M O resistivity) was taken in a vacuum-
sealed test tube and further purified via several freeze–pump–
thaw cycles.

Sample preparation

Thin ice films were prepared by vapor deposition on the pre-
cooled Ru(0001) substrate at 10 K. The molecular vapor deposi-
tion was controlled by two high-precision all-metal leak valves
through two inlet lines that were directed to the middle of the
substrate. Out of two inlet lines, one was exclusively used for
CO and the other for H2O. The molecular deposition coverage
was expressed in monolayers (ML) assuming 1.33 � 10�6 mbar
s = 1 ML, estimated to contain B1.1 � 1015 molecules cm�2, as
adopted in earlier studies.7,8 The purity and ratio of the CO and
H2O ice mixtures were further confirmed during vapor deposi-
tion using a residual gas analyzer. Also, the Ru(0001) substrate
was repeatedly heated to 400 K prior to each vapor deposition

Fig. 1 (a) Schematic of the UHV apparatus. Various tools attached to the UHV chamber are (1) RAIRS setup with ZnSe window and MCT detector, (2) Cs+

ion gun, (3) TPD-MS setup, (4) UV lamp, (5) low energy ion scattering setup, and (6) quadrupole mass analyzer. The substrate, in the schematic, is oriented
for RAIR measurements. (b) Schematic illustration of the composition of H2O–CO mixture (i) before and (ii) after VUV irradiation at 10 K, where the blue
cube represents the water matrix.
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in order to ensure that the surface was sufficiently clean for the
current study. Prior to the current set of experiments, the
substrate was polished and annealed at 1000 K.

Determination of the column density (N) and UV lamp flux

We applied the extensively used method25 to estimate the
column density of absorbing molecules.

NM = SM/AM

Where NM is the column density of molecule M in cm�2, SM is
the integrated area of the specific IR band of molecule M, and AM

is the band strength of the same band in cm molecule�1. The
values of H2O column densities in mixed H2O–CO film were
estimated as NH2O = SH2O/AH2O, where SH2O was the integrated
area of the 1670 cm�1 band, AH2O (8 � 10�18)25 was the strength
of the band absorption. Similarly, the values of CO column
densities were estimated as NCO = SCO/ACO, where SCO was the
integrated area of the 2180–2110 cm�1 band, ACO (2 � 10�17)25

was the strength of the band absorption. In the present work, the
ratios of the H2O–CO mixture were estimated by dividing the
column densities of H2O with CO for each ice sample.

A deuterium lamp (McPherson, Model 634, with MgF2

window, 30 W) of vacuum ultraviolet (VUV) range, 115–
300 nm, was used as the UV light source. The VUV lamp was
differentially pumped and attached to the UHV chamber through
the MgF2 window (with a cut-off at B114 nm (10.87 eV)). The UV
lamp flux was determined by applying the widely used ozone
method (O2 - O3 conversion)26,27 where solid O2 was VUV
photolyzed at 10 K. The average photon flux reaching the ice
sample was estimated to be B6 � 1012 photons cm�2 s�1.

Experimental protocol

For VUV photoprocessing, the H2O–CO mixture was prepared
by co-depositing H2O and CO vapors on Ru(0001) at 10 K. The
sample preparation method is the same as adopted in our
previous studies.7,8,13 Briefly, ice films of B100 ML of H2O and
CO were prepared by backfilling the vacuum chamber at a total
pressure of B5� 10�7 mbar for 3 min 20 s, starting from a base
vacuum of B5 � 10�10 mbar. For the co-deposition of H2O and
CO in a 1 : 1 ratio, the inlet pressure of H2O was kept B2.5 �
10�7 mbar and that of CO was B2.5 � 10�7 mbar. Here, the
deposition coverages were measured as the product of the
dosing time and the chamber pressure of exposure. However,
here, the ratio of H2O to CO in the resulting H2O–CO mixture
was estimated by dividing the column densities of H2O with
CO. Each experiment was carried out in two steps. In the first
step, after several heating–cooling cycles, a background RAIR
spectrum of the clean substrate was recorded. Then mixed ice
composed of H2O and CO (of desired ratios) was prepared on
the Ru(0001) at 10 K. After sample preparation at 10 K, a RAIR
spectrum of the unirradiated ice sample was recorded. Then,
the substrate was reoriented to expose the as-prepared sample
to VUV irradiation. In the second step, the UV lamp was
switched on, exposing the sample to VUV radiation for a
desired period. After each irradiation, the substrate was again

reoriented to RAIRS configuration to record the IR spectra of
the irradiated ice film.

VUV photolysis experiments were performed in two sets, (1)
temperature-dependent and (2) H2O–CO composition-
dependent photolysis. In the first set, an H2O–CO mixture of
a fixed composition (H2O to CO ratio 7.93 � 0.19) was prepared
at 10 K and was isothermally irradiated at the corresponding
temperatures of 10, 20, and 30 K. For 20 and 30 K experiments,
the ice samples were prepared at 10 K and annealed to the set
temperatures at an annealing rate of 2 K min�1. In the second
set, mixed ice of three different ratios of H2O–CO (with H2O to
CO ratio = 1.46, 4.09, and 7.72) was prepared and irradiated at
10 K. For both sets of experiments, the ice sample was irra-
diated for four hours, and RAIR spectra were collected, at 0, 0.5,
1, 1.5, 2, 3, and 4 h.

RAIRS setup

Before and after VUV irradiation of ice samples, RAIR spectra
were collected using a Bruker Vertex 70 FT-IR spectrometer in
the 4000–550 cm�1 range with a spectral resolution of 2 cm�1.
For a better signal-to-noise ratio, each RAIR spectrum was
averaged over 512 scans. During experiments, the IR beam
was focused on the ice sample at an incident angle of 801 �
71 through an infrared transparent ZnSe viewport. The reflected
beam from the ice sample was recorded with a liquid nitrogen
cooled mercury cadmium telluride (MCT) detector. The IR
beam outside the vacuum chamber was purged with dry nitro-
gen to avoid background noise.

TPD-MS setup

For the TPD-MS experiment, H2O–CO (1.46) mixture was pre-
pared at 10 K, and the resulting ice sample was exposed to VUV
irradiation for 2 h. After irradiation, TPD experiments were
performed by rotating the substrate in the TPD configuration.
Each TPD experiment was performed at a 30 K min�1 heating
rate. The thermal desorption profile of CO, CO2, and H2O was
recorded by monitoring the m/z = 28, 44, and 18, respectively, as
a function of substrate temperature.

The TPD module (Extrel CMS) was attached to the vacuum
chamber on a 6-inch flange through a Z-axis manipulator.
The module consisted of an electron impact source, a mass
analyzer, and a detector. The mass analyzer was a quadrupole
with 1 to 500 mass range and 1 amu resolution.

SIMS setup

We have conducted ion collision experiments on the H2O–CO
ice surface using Cs+ of 60 eV kinetic energy produced from a
low-energy alkali ion gun (Kimball Physics Inc.). Cs+ (m/z 133) is
a well-known projectile for SIMS. This technique is sensitive
only to the first few layers of the surface. The low energy
collision of Cs+ converts the neutral adsorbate species (M) to
gas phase ions (CsM+) by association reaction in a process
widely known as reactive ion scattering (RIS). The resulting
scattered ions were analyzed using a quadrupole mass analyser.
We have used the RIS signal intensities corresponding to the
complex of Cs+ with H2O {m/z = 151 (Cs(H2O)+), m/z = 169
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(Cs(H2O)2
+), m/z = 187 (Cs(H2O)3

+), etc.}, with CO {m/z = 161
(Cs(CO)+), m/z = 189 (Cs(CO)2

+), m/z = 217 (Cs(CO)3
+), etc.}, and

with CO–H2O complexes {m/z = 179 (Cs(CO–H2O)+), m/z = 197
(Cs(CO–(H2O)2)+), m/z = 207 (Cs((CO)2–H2O)+), etc.} to identify
the surface structure of H2O–CO mixture. Here, the signal
intensities are directly proportional to the surface population
of the molecule (or complex) on the ice surface.

Results and discussion

To begin with, H2O–CO (1.46) mixture was exposed to VUV
irradiation for 2 h at 10 K (details of experimental protocol are
given in Experimental method). Full range RAIR spectra col-
lected before and after irradiation are shown in Fig. S1 (ESI†).
The photoproducts produced in the process are listed in Table S1
(ESI†). The photochemical products, CO2, HCO, H2CO, CH3OH,
and HCOOH, observed in the current work, are consistent with
the earlier studies.25,28 However, evidence of the formation of CH
was observed and discussed for the first time in the current work.
A schematic illustration of the composition of the ice mixture
before (i) and after (ii) VUV exposure to the H2O–CO mixture is
shown in Fig. 1b. Moreover, in a VUV experiment conducted on
pure CO ice, we could not observe any photoproducts with RAIRS
(intensity of the CO absorption band does not decrease), as shown
in Fig. S2 (ESI†). Literature supports this observation.29,30

However, Gerakines et al.31 observed the formation of CO2 and
other photoproducts through the involvement of excited species,
as CO + hn- CO*; CO* + CO - CO2 + C.

Fig. 2 shows the RAIR spectra for 0 h (black trace) and 2 h
(blue trace) VUV irradiation of H2O–CO (7.72) mixture at 10 K in
the CQO antisymmetric stretching region of CO2 (a) and C = O
stretching region of CO (b). In Fig. 2a, at 0 h (without irradia-
tion), the flat line suggests the absence of CO2 in the H2O–CO

mixture. However, after 2 h of VUV irradiation, two peaks at
2353 and 2346 cm�1 were observed, which are attributed to CO2

that exists in amorphous solid water (ASW) pores and CH cages
(512 cage of sI),4,32 respectively. The assignments are consistent
with the previous studies.7,14,33,34 Notably, in our present study,
we did not detect the IR peak corresponding to CO2 confined
within the large cage (51262) of sI, which would typically occur
around B2337 cm�1.33 It is worth noting that a similar observa-
tion has been reported by both Blake et al.14 and Ghosh et al.7 The
CO2 partitioning in ASW versus CH cages has been studied
extensively.14,15,35 However, significant differences exist between
the experimental conditions of the current work and those of the
literature. While, the current study observes CO2 CH formation
under UHV at 10 K through VUV irradiation. Previous studies by
Blake et al. and Netsu et al. noted the formation of CO2 CH at
B120 K under high vacuum (HV), with and without CH3OH,
respectively. Similarly, Bauer et al. observed its formation at 194 K
under HV while warming a CO2–H2O amorphous mixture. It
should be noted that the vacuum conditions influence both the
sublimation temperature and mobility of water and other mole-
cules, which are critical for CH formation.

To further confirm our RAIRS assignments, we heated the
photolyzed H2O–CO ice beyond the desorption temperature of
CO2, around 90 K in a control experiment (Fig. S3, ESI†). The
peak at 2353 cm�1 disappeared suggesting the desorption of
free CO2 from water matrix, while the peak at 2346 cm�1

persisted manifesting the trapping of CO2 in the clathrate
cages.7 This confirmed that the photochemically produced
CO2 at 10 K is partitioned into the ASW matrix and the CH
phase. In the current study, the formation of CH did not lead to
a noticeable change in the O–H stretching band (Fig. S1, ESI†).
This could be due to the following reasons. We observed in our
earlier studies9,10,13 that the spectral features of O–H remained
broad35 even after CH formation. This may be due to the fact

Fig. 2 RAIRS analysis of the formation of CO2 and CO CH. RAIR spectra before (0 h, black curve) and after VUV irradiation (2 h, blue curve) of 100 ML
H2O–CO (7.72) mixture at 10 K in the (a) CQO antisymmetric stretching region of CO2, and (b) CQO stretching region of CO. While the peak at 2346
cm�1 in (a) arises due to the formation of CH of CO2, the peak at 2136 cm�1 in (b) is due to the formation of CH of CO at 10 K. The normalized RAIR
spectrum (of 2 h) in (b) was deconvoluted to demonstrate the existence of different CO phases, namely, 2150 cm�1 (CO� � �H2O complexes), 2142 cm�1

(pure CO), and 2136 cm�1 (CO CH). For clarity, the spectra in (b) are normalized to 1 in absorbance.
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that the CH is distributed in small domains across the ASW
matrix, rather than forming an extended crystalline phase
under UHV conditions. It should also be noted that UV irradia-
tion causes amorphization of the ordered structure.36

Moreover, in Fig. 2b at 0 h, there are two peaks at B2150
and 2139 cm�1 in the CQO stretching region of CO, which are
attributed to hydrogen-bonded complexes of CO and H2O as
well as CO in the ASW matrix, respectively.37,38 Pure solid CO at
10 K shows an absorption peak at 2142 cm�1 (Fig. S2, ESI†). In
Fig. 2b, after 2 h of VUV irradiation, three peaks were observed
at 2150 (broad), 2142, and 2136 cm�1, which are attributed
to CO� � �H2O complexes, pure CO ice, and CH of CO,
respectively.37–39 The assignment to 2136 cm�1 peak as due to
CH of CO is supported by previous infrared analysis.38,39 These
studies suggested a redshift of B5 cm�1 for the absorption
peak of CO within the CH cage, compared to pure CO. Thus, the
photolysis of H2O–CO mixture at 10 K under UHV led to not
only the creation of new chemical compounds but also the
formation of CH of CO and CO2 within the ice matrix.

Further, TPD experiments were performed to confirm the
formation of CHs of CO and CO2. It has been shown that the
trapped molecules, inside the pores, in CH cages or buried

inside the ASW matrix, desorb during amorphous-to-crystalline
ice transition as well as during matrix sublimation.7,35,40–42 In
our previous studies performed under similar conditions,7,11

we have seen an abrupt release of guest molecules, such as CO2,
CH4, and C2H6 trapped in CH cages and from ice matrix during
the amorphous-to-crystalline transition, in an event termed as a
molecular volcano (MV).43 Fig. 3a shows the desorption of CO
(m/z = 28), CO2 (m/z = 44), and H2O (m/z = 18) from the
photolyzed H2O–CO (1.46) mixture obtained during 30 K min�1

TPD experiment. The peaks marked *, $, and # are attributed to
the desorption of submonolayer CO, desorption of CO/CO2 due
to the structural transition in the ice matrix during annealing,
and co-sublimation of CO/CO2 along with water, respectively.
The peaks at 25 and 38 K for CO (blue trace) correspond to the
desorption of multilayer CO, and the desorption of CO that
hydrogen bonded with H2O (CO� � �H2O complexes), respec-
tively. The peaks at 77 K for CO2 (green trace) and at 155 K
for H2O (black trace) correspond to the desorption of multilayer
CO2, and sublimation of H2O matrix, respectively. The inset in
Fig. 3a shows a desorption peak at 140 K for CO and CO2. The
peak at 140 K corresponds to MV. Thus, the presence of MV
peak for CO and CO2 in TPD traces suggest the existence of

Fig. 3 TPD mass spectrometric analysis of photolyzed H2O–CO mixture. (a) Desorption of CO, CO2, and H2O from photolyzed H2O–CO mixture during
30 K min�1 TPD experiment. For this, 100 ML of H2O–CO (1.46) mixture was co-deposited on Ru(0001) substrate at 10 K, and the resulting sample was
exposed to VUV irradiation for 2 h. After irradiation, the substrate was annealed at a rate of 30 K min�1 to 250 K. The intensities of the m/z = 28 (CO), 44
(CO2), and 18 (H2O) were plotted as a function of substrate temperature. (b) Schematic illustration of the MV event during amorphous-to-crystalline ice
transition above 140 K. To ensure clarity, only CO and CO2 desorption events are shown.
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their CHs in the ASW matrix.7,11,35,40,41 Fig. 3b schematically
represents the MV event during the amorphous-to-crystalline
transition of H2O above 140 K. In conclusion, RAIRS (Fig. 2) and
TPD-MS (Fig. 3) studies of the photolyzed H2O–CO mixture
confirm the presence of CHs of CO and CO2 in the ASW matrix.

Furthermore, the extent of photochemically produced CO2

partitioning at different temperatures and H2O–CO composi-
tions was examined with RAIRS, and results derived from these
experiments are presented in Fig. 4a and b. We examined the
effect of temperature by subjecting an H2O–CO mixture (with
an approximately fixed composition, H2O to CO ratio of 7.93 �
0.19) to VUV irradiation for 4 h at 10, 20, and 30 K, and analyzed
the resulting RAIR spectra. The spectral evolution of the
dominant infrared peaks of CO (CQO stretching, 2180–
2110 cm�1) and CO2 (CQO antisymmetric stretching, 2380–
2320 cm�1) are shown in Fig. S4a and b (ESI†). The integrated
areas of these peaks are plotted as a function of irradiation time
and the data are shown in Fig. S4c and d (ESI†). Fig. 4a is
derived from Fig. S4d (ESI†) by normalizing the integrated
band area of the 2380–2320 cm�1 region (representing total
CO2 produced) with respect to 2346 cm�1 (CO2 in CH) and
2353 cm�1 (CO2 in ASW). Here, the the area under the curve
does not directly correlate with the column density for distinct
phases of CO2. The estimation of column density for the
absorption bands at 2353 and 2346 cm�1 was not feasible
due to the uncertainty surrounding their respective band
strengths. Fig. 4a suggests that the fraction of CO2 CH

produced at 30 K after 0.5 h of VUV irradiation is larger than
that produced at 10 and 20 K. The fraction of CO2 CH produced
at 10 and 20 K is almost equal. Notably, the initial fraction of
CO in the H2O–CO mixture was lower at 30 K, likely due to
desorption of CO above 25 K (as shown in Fig. 3a). Further, we
have extended our study to monitored the evolution of photo-
chemically produced CH of CO2 for longer VUV exposure of 4 h.
We observed that, as the irradiation time increases (from 0.5 to
4 h), the fraction of CO2 CH produced get reduced at all
temperatures, as marked by the black arrow (Fig. 4a).

Similarly, we examined the effect of the H2O–CO composi-
tion at 10 K using mixtures with different H2O to CO ratios,
1.46, 4.09, and 7.72. The results derived from RAIRS study are
presented in Fig. S5a–d (ESI†). Fig. 4b was derived from Fig. S5d
(ESI†), as described above. The results in Fig. 4b indicate that
after 0.5 h of irradiation, H2O–CO mixtures with larger fractions
of H2O produce more CO2 CH. Nevertheless, similar to Fig. 4a,
with increasing irradiation time (from 0.5 to 4 h), the CO2

trapped in CH decreased for all compositions as marked by the
black arrow in Fig. 4b. In conclusion, the combined analysis of
Fig. 4a and b revealed interesting trends. Higher temperatures
and mixtures with larger H2O fractions resulted in greater
production of CO2 CH after 0.5 h of photolysis. Moreover, in
Fig. 4a and b, the overall decrease in the fraction of CO2 CH (or
increase in the fractions of CO2 trapped in ASW) with irradia-
tion time (from 0.5 to 4 h) can be attributed to the decomposi-
tion of CH structure, possibly by (i) exposure to VUV radiation,

Fig. 4 Trends of photochemically produced CO2 partitioning at different temperatures and H2O–CO compositions. (a) Temperature-dependent
partitioning of formed CO2 with respect to VUV irradiation time. For each irradiation time, the first, second, and third columns represent the irradiation
temperature, 10, 20, and 30 K, respectively. (b) Composition-dependent partitioning of the formed CO2 with respect to VUV irradiation time. For each
irradiation time, the first, second, and third columns represent the H2O–CO composition of 1.46, 4.09, and 7.72, respectively. Here, shown is a stacked
bar plot of the integrated band area of the photochemically partitioned CO2 as the function of irradiation time. For this, band areas are derived from RAIRS
data (Fig. S3b and S4b, ESI†) by deconvoluting the CQO antisymmetric stretching region of CO2 (2380–2320 cm�1). The fractions of the CO2 CH phase,
and CO2 in ASW pores are shown by sky blue, and green, respectively. The decrease in the fraction of CO2 CH with long VUV exposure time is marked by
black arrows in (a) and (b). Fig. 4 has been modified as per the referee’s suggestions.
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and (ii) interactions of the photoproducts with H2O of the
CH structure. The CO2 released after CH decomposition will
migrate to the ASW matrix, increasing the CO2 fraction in the
ASW phase.8

During VUV irradiation, pure CO ice does not photodissoci-
ate (Fig. S2, ESI†). However, when mixed with H2O, it resulted
in several photochemical products29,30 as presented in Fig. S1
(ESI†). We considered it important to investigate the structural
characteristics of H2O–CO ice at 10 K using highly surface-
sensitive Cs+-based secondary ion mass spectrometry.44 The
result obtained from the Cs+ (m/z = 133) ion scattering experi-
ment, by colliding the unirradiated H2O–CO ice surface with
60 eV Cs+ ions at 10 K, is shown in Fig. 5. The result shows
that apart from the existence of intra-clusters of H2O (W1–W5,
where W1 = Cs(H2O)1

+, and W5 = Cs(H2O)5
+) and (CO (Cs(CO)1

+,
to Cs(CO)6

+)) there exist a variety of inter-clusters of CO with
H2O as well, as marked by 1–8. For instance, 1 = Cs(CO–H2O)+,
2 = Cs(CO(H2O)2)+, 3 = Cs(H2O(CO)2)+, 4 = Cs(H2O(CO)3)+, 5 =
Cs((H2O)2(CO)3)+, 6 = Cs((CO)2(H2O)4)+, 7 = Cs(H2O(CO)4)+ and
8 = Cs(H2O(CO)5)+. The RAIR spectrum of the unirradiated
H2O–CO mixture presented in Fig. 2b shows a broad peak at
B2150 cm�1 in the CQO stretching of CO. In previous infrared
studies,37,38,45,46 the peak was assigned to the existence of
complex of CO and H2O, (CO)n–(H2O)m as 1 : 1 complex. Several
other experimental and theoretical simulations have studied
the 1 : 1 CO� � �H2O complex in detail.46–48 However, complexes
of (CO)n–(H2O)m with n, m 4 1 have not been observed yet. In
the current work, the complexes of (CO)n–(H2O)m with varying n

and m have been detected for the first time, at the surface of
H2O–CO mixture at 10 K, owing to the high sensitivity of the ion
pickup by Cs+ ion scattering method. Ishibashi et al. revealed
that the sensitivity of the Cs+-based ion pickup approach in
identifying extremely low abundant species on the ice surface is
100 times greater than that of FTIR, even for infrared-active
molecules.49 Thus, Fig. 5 presents a clear picture of the com-
plexes formed on the surface of mixed H2O–CO ice at 10 K.
Furthermore, experimental and computational investigations
are necessary to determine the precise structure and geometry
of such (CO)n–(H2O)m complexes. Additionally, the photopro-
ducts observed by RAIRS were further confirmed by performing
Cs+ ion scattering experiment on photolyzed H2O–CO mixture
as presented in Fig. S6 (ESI†).

While we have known the existence of CHs of stable
molecules in the ISM,6,7 the present study introduces a new
possibility where the reaction products themselves can be
incorporated into CH cages. Also, there is a great possibility
of conversion of one guest molecule to another inside clathrate
cages upon VUV irradiation. This could be a very exciting and
unique experiment to be carried out in similar systems. Given
that photochemistry can generate a wide range of species, this
research presents the potential for various CH phases to exist in
the ISM, albeit at potentially low concentrations. Furthermore,
it suggests the possibility of enhanced thermodynamic stability
for photochemical reaction products, which may serve as an
additional factor facilitating the overall reaction. Although the
diversity and feasibility of CH phases under astrophysical
conditions are already recognized, this study proposes an
expanded range and increased feasibility of CHs in the inter-
stellar medium.

Complex organic molecules such as methanol,14,50,51

tetrahydrofuran,8,12,33 and smaller ethers are known to cata-
lyze/stabilize the formation of mixtures of nonstoichiometric
CHs and this aspect has been studied experimentally as well as
computationally. Therefore, small amounts of methanol
formed upon photoirradiation may catalyze and stabilize the
formation of CHs of CO2 and CO. CHs of many molecules in icy
planets, comets, and other extraterrestrial bodies may arise
through such photochemical pathways.

Conclusions

This study suggests that the molecules formed during photo-
chemical reactions can be trapped within CH cages even at 10 K
under UHV conditions. UV photolysis is known to induce
various physicochemical changes in the ice matrix, and in this
study, we observed highly unusual and unique events of CH
formation. These observations may likely be attributed to three
factors: (1) UV light is known to heat the ice upon irradiation,
(2) photochemically produced CH3OH can act as a catalyst for
CH formation, as reported in numerous studies, and (3) the
photodesorption of CO, CO2, and other species can increase the
mobility of both the host and the guest molecules, which is
essential for CH formation. The impact of temperature and

Fig. 5 Cs+ ion scattering analysis of the surface of unirradiated H2O–CO
(1.46) mixture. The mass spectrum of the unirradiated H2O–CO mixture
was obtained by colliding the sample with 60 eV Cs+ ions at 10 K.
The peaks shown in the mass spectrum correspond to the adducts of Cs+

(m/z = 133) with CO (m/z = 28), H2O (m/z = 18), and CO� � �H2O complexes.
The adducts of Cs(CO)n

+ are marked in the spectrum. The adducts of
Cs(H2O)n

+ are marked by W1–W5, where W1 = Cs(H2O)1
+, and W5 =

Cs(H2O)5
+. The adducts of Cs+ with CO� � �H2O complexes are marked as

1 (m/z = 179, (CO–H2O)), 2 (m/z = 197, CO(H2O)2), 3 (m/z = 207, H2O(CO)),
4 (m/z = 235, H2O(CO)3), 5 (m/z = 253, (H2O)2(CO)3), 6 (m/z = 261,
(CO)2(H2O)4), 7 (m/z = 263, H2O(CO)4) and 8 (m/z = 291, H2O(CO)5). Inset
illustrates a schematic representation of the Cs+ ion scattering experiment.
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composition of ice mixture on such processes has been demon-
strated. Trapping small molecules, radicals, and reactive species,
even as they are generated through photon irradiation, holds
direct significance in the context of cometary and interstellar
ices. While our experiment proves the confinement of photo-
chemical products in CH cages, the dynamics of various events
leading to such cages at 10 K need additional investigations.
Photochemical studies of ice mixtures can expand the diversity
of CHs in interstellar environments.

Author contributions

T. P. and G. V. designed the research. G. V. and B. K. M. have
performed the experiments. T. P. supervised its progress. G. V.,
B. K. M., R. K., and T. P. have analyzed the results. The first
draft of the manuscript was written by G. V. The final version of
manuscript was prepared including the contributions of all
authors.

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

We acknowledge the Science and Engineering Research Board
(SERB), Department of Science and Technology (DST), Govern-
ment of India for research funding. T. P. and R. K. acknowledge
funding from the Centre of Excellence on Molecular Materials
and Functions under the Institution of Eminence scheme of IIT
Madras. G. V. thanks IITM for his research fellowships. B. K. M.
thanks the Council of Scientific & Industrial Research (CSIR) for
his research fellowship.

References

1 R. A. Baragiola, Water ice on outer solar system surfaces:
Basic properties and radiation effects, Planet. Space Sci.,
2003, 51, 953–961.

2 M. S. Westley, R. A. Baragiola, R. E. Johnson and
G. A. Barattat, Nature, 1995, 373, 405–407.

3 R. E. Johnson and T. I. Quickenden, Photolysis and radi-
olysis of water ice on outer solar system bodies, J. Geophys.
Res.: Planets, 1997, 102, 10985–10996.

4 E. D. Sloan Jr. and C. A. Koh, Clathrate Hydrates of Natural
Gases, CRC Press, 2007.

5 E. D. Sloan, Fundamental principles and applications of
natural gas hydrates, Nature, 2003, 426, 353–359.

6 J. Ghosh, G. Vishwakarma, R. Kumar and T. Pradeep, For-
mation and Transformation of Clathrate Hydrates under
Interstellar Conditions, Acc. Chem. Res., 2023, 56, 2241–2252.

7 J. Ghosh, R. R. J. Methikkalam, R. G. Bhuin, G. Ragupathy,
N. Choudhary, R. Kumar and T. Pradeep, Clathrate hydrates
in interstellar environment, Proc. Natl. Acad. Sci. U. S. A.,
2019, 116, 1526–1531.

8 G. Vishwakarma, B. K. Malla, K. S. S. V. P. Reddy, J. Ghosh,
S. Chowdhury, S. S. R. K. C. Yamijala, S. K. Reddy, R. Kumar
and T. Pradeep, Induced Migration of CO2 from Hydrate
Cages to Amorphous Solid Water under Ultrahigh Vacuum
and Cryogenic Conditions, J. Phys. Chem. Lett., 2023, 14,
2823–2829.

9 J. Ghosh, R. G. Bhuin, G. Vishwakarma and T. Pradeep,
Formation of Cubic Ice via Clathrate Hydrate, Prepared in
Ultrahigh Vacuum under Cryogenic Conditions, J. Phys.
Chem. Lett., 2020, 11, 26–32.

10 J. Ghosh, G. Vishwakarma, S. Das and T. Pradeep, Facile
Crystallization of Ice Ih via Formaldehyde Hydrate in Ultra-
high Vacuum under Cryogenic Conditions, J. Phys. Chem. C,
2021, 125, 4532–4539.

11 B. K. Malla, G. Vishwakarma, S. Chowdhury, P. Selvarajan
and T. Pradeep, Formation of Ethane Clathrate Hydrate in
Ultrahigh Vacuum by Thermal Annealing, J. Phys. Chem. C,
2022, 126, 17983–17989.

12 J. Ghosh, R. G. Bhuin, G. Ragupathy and T. Pradeep, Sponta-
neous Formation of Tetrahydrofuran Hydrate in Ultrahigh
Vacuum, J. Phys. Chem. C, 2019, 123, 16300–16307.

13 G. Vishwakarma, B. K. Malla, S. Chowdhury, S. P. Khandare
and T. Pradeep, Existence of Acetaldehyde Clathrate
Hydrate and Its Dissociation Leading to Cubic Ice under
Ultrahigh Vacuum and Cryogenic Conditions, J. Phys. Chem.
Lett., 2023, 14, 5328–5334.

14 D. Blake, L. Allamandola, S. Sandford, D. Hudgins, D. Blake,
L. Allamandola, S. Sandford, D. Hudgins and F. Freund,
Clathrate Hydrate Formation in Amorphous Cometary Ice
Analogs in Vacuo, Science, 1991, 254, 548–551.

15 R. P. C. Bauer, A. Ravichandran, J. S. Tse, N. Appathurai,
G. King, B. Moreno, S. Desgreniers and R. Sammynaiken,
In Situ X-Ray Diffraction Study on Hydrate Formation at
Low Temperature in a High Vacuum, J. Phys. Chem. C, 2021,
125, 26892–26900.

16 M. Choukroun, T. H. Vu and E. C. Fayolle, No compelling
evidence for clathrate hydrate formation under interstellar
medium conditions over laboratory time scales, Proc. Natl.
Acad. Sci. U. S. A., 2019, 116, 14407–14408.

17 J. Ghosh, R. R. J. Methikkalam, R. G. Bhuin, G. Ragupathy,
N. Choudhary, R. Kumar and T. Pradeep, Proc. Natl. Acad.
Sci. U. S. A., 2019, 116, 14409–14410.

18 J. Shi, U. Raut, J. H. Kim, M. Loeffler and R. A. Baragiola,
Ultraviolet photon-induced synthesis and trapping of H2O2

and O3 in porous water ice films in the presence of ambient
O2: Implications for extraterrestrial ice, Astrophys. J., Lett.,
2011, 738, L3.
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