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ABSTRACT: The formation of clathrate hydrates (CHs) within
amorphous ice holds significant astrochemical importance. CO, typically
forms structure I (sI) CH under vacuum, upon nucleation from an
amorphous water-CO, ice mixture. This study presents the first report of
structure II (sII) CO, CH, where CO, occupies large cages in the
presence of dimethyl ether (DME) or tetrahydrofuran (THF) under
ultrahigh vacuum (UHV) conditions. Mixed CHs of DME-CO, were

over DME at 10 K and thermally annealing this mixed ice film to 130 K.
During the formation of large cages of sII CH of DME, partial
dissociation of the preformed small cage of sI of CO, CH occurs along
with the formation of new large cages of sII CO, CH. Similar results were
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observed for THF-CO, mixed CHs. Additionally, mixed CHs of THF-

DME-CO, formed sII hydrates when annealed at 130 K. Prolonged annealing (37 h) at 130 K led to the dissociation of mixed CHs,
releasing CO, and DME and increasing the THF CH fraction. These observations highlight the greater stability of THF CH
compared with those of CO, and DME under identical conditions. These findings enhance our understanding of the structural
dynamics and formation mechanisms of mixed CHs under simulated interstellar conditions.

F ormation of clathrate hydrates (CHs) under laboratory
interstellar conditions of temperature (~10—100 K) and
pressure (~107'° mbar) is now well-known,"” and these
studies have been performed mostly with two components (a
hydrate-forming guest molecule and water).*™® Although the
original report used reflection absorption infrared spectroscopy
(RAIRS),” the formation has also been confirmed recently by
reflection high energy electron diffraction (RHEED).” The
CHs manifest as host—guest complexes, with water molecules
as the host, generating diverse cage structures to encage guest
molecules such as CH,, C,Hy, C;Hg, CO,, N,, and O,, among
others.* ' They typically exhibit three distinct crystalline
structures, known as structure I (sI, cubic ngn), structure II
(sI, cubic Fd3m), and structure H (sH, hexagonal P6/
mmm).'"'> These CHs were previously thought to form only
under high-pressure circumstances.'”'* Blake et al.’s study in
1991 demonstrated that CO, CH can form under high vacuum
(107=1077 Torr) conditions too, usinsg infrared spectroscopy
and selected area electron diffraction.” The period of 1900—
2000 witnessed extensive investigations in vacuum in the ran%e
of 107 to 107® Torr and temperatures near 80 to 150 K.~
Ghosh et al. showed that CH, and CO, CH form even at 30
and 10 K, respectively, under ultrahigh vacaum (UHV, § X
107'° mbar) conditions, where condensed molecules desorb at
much lower temperatures than in high vacuum (~107° Torr).”
There were questions that arose regarding the formation of
these hydrates in unusual thermodynamic conditions, as
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highlighted by Choukroun et al,*” and they were addressed
by Ghosh et al.*’ Subsequent investigations explored various
CHs within UHV under cryogenic conditions.”®**** The
existence of CHs in UHV has also been shown by electron
diffraction, as mentioned earlier.” A recent study has also
demonstrated the possibility of formation of CO, CH at 10 K
under UHV." More than 300 atomic, ionic, and molecular
species have been detected to date in the interstellar medium
(ISM). Under such conditions, these molecules exist in the
solid state or in the gas phase.”® These condensed molecular
matrices hold a wide spectrum of molecules together with
water, which raises the possibility of formation of mixed and
complex CHs.”

Typically, CO, and such small molecules usually form stable
sI CH with 100% occupancy of the large 5'26* cages, and up to
70% occupancy of the small 5'* cages, under high-pressure
conditions.”*>* Additionally, the formation of sI CH of CO,
has also been observed under cryogenic conditions in high
vacuum."”***° In the presence of larger guest molecules such
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Figure 1. Schematic diagram for the reconstruction of large cages of sII CO, CH in the presence of DME molecules. The sequence involves the
stepwise deposition of 150 ML of DME followed by 150 ML of a CO, + H,O (1:10) ice mixture under conditions of 10 K (a), followed by thermal
annealing to 120 K (b), 130 K (c), and a subsequent state after 21 h at 130 K (d). Small red rectangles in panel ¢ demonstrate the interaction of

large cages (5'26%) of DME with small cages (5'?) of CO,.

as THF and cyclopentane, CO, mixed hydrates form classical
sII CHs, where the larger guest molecules occupy the large
5t26* cages, and CO, occupies the small cages of sII, in both
high-pressure and vacuum conditions.”***” Under high-
pressure conditions, CO, can exist in 5'%6* cages in presense
of 1,3-dioxolane.”®*” However, there is no report of its
occupancy in large cages of sII mixed hydrates in UHV, with
larger guest molecules capable of forming sII CHs. Addition-
ally, the formation of mixed CHs of CO, with various guest
molecules under UHV remains unexplored.

In this work, we have carried out an experiment taking two
large guest molecules, DME and THF, separately, along with
CO,, in the form of an amorphous solid at 10 K, and subjected
the mixture to anneal at 130 K. Both DME and THF have
good solubility in water, and individually they are known to
form classical sII hydrates in high-pressure as well as UHV
conditions.”>**™* While CO,** and DME® are confirmed
constituents of the ISM, THEF is yet to be detected there. The
identification of structurally related ethers such as propylene
oxide®® and ethylene oxide,”” however, suggests that THEF
could become observable with continued advancements in
astrochemical detection techniques. In this work, we have
studied the structural transition of CO, CH, when the
CO,+water mixture is sequentially deposited with THF or
DME (abbreviated to THF/DME subsequently). It was
observed that in the presence of THF/DME upon annealing,
CO, moves from the small cages (in sI) and helps nucleate the
sII hydrate, where it also occupies the large cages along with
THEF/DME. During this study, the formation of mixed CHs of
CO,, DME, and THF was also observed when both the large
guest molecules were sequentially deposited along with CO,
and water. All the experiments were carried out using a
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custom-built UHV instrument, "’ described in the Support-
ing Information (SI). Details of the experimental protocols and
sample preparation are also presented in the SI.

The first set of experiments were performed with
codeposited CO, and water vapor at a ratio of 1:10, on a
Ru(0001) substrate, subsequently annealed to 120 K, and we
observed the same results as reported previously.” In Figure S1,
at 10 K, the two peaks at 2354 and 2346 cm™' represent the
pure CO, clusters in amorphous ice and CO, occupying the
small cages of sI CH, respectively.'* Typically, pure 100 ML of
CO, ice at 10 K shows a RAIRS peak at 2381 cm™" due to the
LO mode of the C=0 antisymmetric stretching region, where
lowering the thickness leads to the redshift.”**"*"

The peak at 2346 cm™', however, arises from CO,
interacting with or being trapped within the H,O ice matrix,
without contributions from LO or transverse optical (TO)
coupling.®’ According to literature,”'>'”*"** the 2346 cm™!
peak is assigned to the small cages of sI clathrate hydrates,
although there was a debate regarding this assignment.”* In our
study, the 2346 cm™' feature is attributed to the small cage of
the sI CH of CO,. This is in agreement with the fact that after
120 K, only one peak at 2346 cm ™" is seen. We then annealed
the same mixture at 130 K for 6 h and observed a 2 cm™" peak
shift to 2344 cm™" and a decrease in the peak intensity, which
were attributed to partial dissociation of the small cage of s,
followed by desorption of CO, from the ice matrix. This
suggests the metastable nature of sI CH of CO, at 130 K. It is
noteworthy that our RAIR resolution is 2 cm™, a factor that is
important for the observed peak position.

Subsequently, mixed CHs of DME and CO, were created by
thermally annealing DME, water, and CO, ice mixtures at 130
K for tens of hours (Figure 1). First, 150 ML of DME vapor
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Figure 2. RAIR spectra of CO, and DME mixed binary CH. Temperatur
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e and time-dependent normalized RAIR spectra of DME (150 ML)

@(CO,+H,0) (1:10) (150 ML) mixed ice in (a) C=0O antisymmetric stretching region for CO, and (b) C—O antisymmetric stretching region for
DME. A comparison of normalized spectra of same ice in (c) C=O antisymmetric stretching region for CO,, (d) C—O antisymmetric stretching
region for DME at 120 and 130 K (after annealing for 21 h). The spectrum labeled as 130 K (21 h) was deconvoluted to three components, shown
in panel c in blue (2345 cm™), red (2338 cm™), and cyan blue (2350 cm™). In panel d, blue (1096 cm™) and red (1090 cm™") shades. The peak
labeled as # in the spectrum at 130 K and 21 h is attributed to a very tiny amount of DME dilutes. Images depicting CO, molecules confined within
5'%, 5'26* CH cages and DME molecules within 5'%6* CH cages are presented alongside their corresponding peak profiles.

was deposited on Ru(0001) substrate at 10 K. On it, 150 ML
of water and CO, (10:1, together) were codeposited
(illustrated in Figure la). The RAIR spectra of CO, and
DME in the C=0 and C—O antisymmetric stretching regions,
respectively, are shown in Figure S2. In Figure S2a, the peak at
2346 cm™' corresponds to CO, occupying the small cages of
the sl clathrate structure, while the peak at 2354 cm™" is due to
CO, trapped within the pores of amorphous solid water
(ASW). The sI CH of CO, is typically characterized by Fermi
dyad peaks in Raman spectroscopy.””**>*~>° However, these
features are weakly active in IR spectroscopy due to symmetry-
imposed selection rules. Kumar et al.’>> presented a
comparative study of sI and sII CO, CHs using both Raman
and IR spectroscopy. In their work, the Fermi dyad peaks were
used for identification in the Raman spectra, while the CO,
antisymmetric stretch was employed in the IR spectra. Their
assignments show good agreement with the present IR data. In
Figure S2b, the peak at 1098 cm™ is due to amorphous DME
at 10 K. When the system was thermally annealed, DME
gradually diffused into the ice matrix, resulting in a mixed
system comprising DME, water, and CO,. This diffusion was
accompanied by a red shift in the peak position from 1098
em™! to 1090 cm™ at 120 K, indicative of hydrogen bonding
interactions between water and DME (illustrated in Figure
1b).>° Here, it is worth noting that both the guest molecules
are mobile at this temperature as CO, and DME desorb near
90 K, in their pure state in UHV, which is 30 K lower.
Continuing the annealing process to 120 K, the peak
associated with uncaged CO, (2354 cm™') disappeared
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completely, while the peak related to caged CO, (2344
cm™') remained, shifting slightly by 2 cm™ from the original
position (Figure S2a).

Figure 2a,b shows the normalized RAIR spectra at 120 K,
130 K (0 h), and 130 K (21 h) in the C=0 and C-O
antisymmetric regions of CO, and DME, respectively, in the
narrow window of 120—130 K, “while the spectra in the whole
temperature range” are given in Figure S2. The peak at 2344
cm™" in the C=0 antisymmetric stretching region (Figure 2a)
at 120 K is attributed to the CO, encaged in small cages of sI
CH. In Figure 2b, the peak at 1090 c¢cm™' in C—O
antisymmetric region is attributed to the DME trapped in
amorphous solid water (ASW), where DME is hydrogen
bonded to ASW.”® Upon further annealing to 130 K, a new
peak arose at 2338 cm ™!, and the peak at 2344 cm™" got blue-
shifted slightly to 2345 cm™. After 21 h of annealing, the peak
at 2338 cm™' exhibited a significant increase in intensity
relative to the peak at 2345 cm™'. The new peak at 2338 cm™!
can be attributed to large cages of either sl or sII structure, as it
does not correspond to any other interaction in pure CO, or
CO,—water. Simultaneously, in Figure 2b at 130 K, a new peak
arose at 1096 cm™}, which is attributed to DME encaged in the
large cages of sIL In our previous study,” we extensively
discussed the formation of sII CH of DME, wherein DME
selectively occupies the large cages. This assignment was
supported by both IR spectroscopy and density functional
theory calculations. Beyond the well-established cubic slII,
Udachin et al. reported that under high-pressure conditions,
DME can also occupy three different cage types in a 1:1:1 ratio
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Figure 3. RAIR spectra of the mixed CHs. Temperature- and time-dependent normalized RAIR spectra of THF@(CO,+H,0) (50 ML @(20 ML

+ 180 ML)) mixed ice in (a) C=0 antisymmetric stretching region for
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time-dependent normalized RAIR spectra of THF@DME@(CO,+H,0) (50 ML@50 ML @(20 ML + 180 ML)) mixed ice in (c) C=0
antisymmetric stretching region for CO, and (d) C—O antisymmetric stretching region for THF and DME.

(5'%6%:5'%6%:4°5%"), forming a tetragonal clathrate hydrate
structure.”® However, in our current IR measurements, we
observed only a single distinct new vibrational feature that is
assigned to the occupation of the large cages in the sII hydrate.
Further annealing led to the desorption of ASW-trapped DME,
with decrease in the 1090 cm™ peak intensity. During this
process, the reordering of water molecules occurred, and the
RAIR spectra in the O—H stretching region got sharper
(Figure S3). Fleyfel et al.*' demonstrated that the peak at 2338
cm™" corresponded to the large cages of s CO, CH at 135 K
in the presence of pure CO,. However, they also established
that when THF was present, CO, occupied small cages
exclusively while THF occupied large cages of sII CH. Similar
findings were reported by Buch et al.”” in the case where the
guest was DME. It is worth noting that in both these studies,
CHs were prepared from crystalline ice, whereas in this study,
CHs were prepared from an amorphous ice mixture.
Additionally, there was no significant shift in the spectrum
for the occupancy of large cages of both sI and sIL>® Our
previous research had indicated the instability of the 5'26* cage
in the presence of THF molecules in sI CH. Thus, the
emergence of the 2338 cm™' peak in the present work is
attributed to the large cages of sII CH. We note that although
the peak at 2345 cm™ is attributed to the small cages, whether
it originates from sI, sII, or both structures cannot be

distinguished. In the case of sII clathrate hydrates of DME,
where the small cages are empty, CO, can also occupy the
small cages of the sII structure. Figure 2¢,d shows the
deconvoluted spectra of CO, and DME at 130 K after 21 h,
along with the reference spectra at 120 K. It was found that,
after 21 h at 130 K, 49% of the CO, occupied the newly
formed large cages of sII, 45% resided in small cages, and 6%
remained trapped in water ice. Similarly, 69% of DME was
confined within the large cages of sII, while the remaining 31%
was retained in water ice.

To strengthen our claim on the formation of large cages of
sl CH of CO, and the dynamics of the cages at low
temperatures, we used THF as another guest molecule which is
known to form stable sII CH. A similar experimental procedure
was carried out, where 50 ML of THF was deposited below
250 ML of a CO, + water mixture in 1:10 ratio, at 10 K. It was
annealed to 130 K and held there for 15 h. At 10 K, THF
stayed in an amorphous form (shown in Figure S4), and when
annealed to 120 K, a mixed system of CO,—THF—water was
formed. Figure 3a,b shows normalized RAIR spectra of mixed
CHs of THF and CO, at 120 and 130 K (after 15 h) in the
C=0 and C—O asymmetric stretching regions, respectively. In
Figure 3a, at 120 K, the peak at 2345 cm™" represents CO, in
small cages of sI, and at 130 K, after 15 h of annealing, the new
peak at 2338 cm ™! indicates the large cages of sII CH occurs.
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In Figure 3b, the formation of THF CH is shown. At 120 K,
the peak at 1052 cm™' represents the ASW-trapped THF,
whereas the peak at 1066 cm™ represents pure amorphous
THEF. After 15 h at 130 K, a new peak at 1074 cm™ appeared,
which showed the formation of large cages of sII hydrate,
where THF occupies only the large cages.™

Here, the transformation mechanism mirrors that of the
DME-CO, binary CHs. This transformation of sl to sII CH,
where part of the large cages is occupied by CO, along with
DME/THE, is attributed to better mobility of CO, compared
to that of DME/THF (in the water matrix) at the annealing
temperature. The presence of UHV, and a temperature of 130
K, which is very close to the glass transition temperature (136
K)*7®° of water ice, creates a favorable environment for the
formation, dissociation, and transformation of CHs.®' At this
temperature, most molecules adopt a metastable CH
state.””>%% At 130 K, pure CO, CH slowly dissociates, and
the CO, formed is highly mobile compared to DME/THEF. In
the presence of DME/THF CH, the fraction of molecules
coming out from small cages of sI CO, CH may nucleate other
CHs along with free DME/THF molecules. These free
molecules may also participate in the growth of the already
nucleated sII hydrate. To explore the importance of
intermolecular motion, the prepared DME@CO,-water ice
was kept at 115 K for 25 h where we observed no changes in
the C=0 stretching region of CO, other than a tiny intensity
decrease. In the C—O antisymmetric stretching region of
DME, a very weak hump was observed at 1096 cm™’,
indicating the presence of a minor fraction of sII DME CH
(Figure SS). This indicates that no major change occurs in the
CO, CH when the molecules are not mobile. Our previous
study””"* showed that DME/THF occupies the large cages of
sII CH at 130 K in both the codeposited and sequentially
vapor-deposited DME/THF—water ice mixture. So, it is
concluded that at 130 K, when DME/THF starts to form sII
CH, it breaks the small cage of CO, CH and induces the
formation of large cages (illustrated in Figure 1c,d). It is worth
noting that Figure 1 does not depict the actual physical
nucleation process of CHs but rather provides a pictorial
representation of the molecules and CH cages.

To study the relative stability of each CH cage in
multicomponent CHs, we have taken four-component systems
(DME—CO,—THF—water), created mixed CHs of three guest
molecules, and observed the stability of individual CHs in the
mixed system. First, S0 ML of THF was deposited on the
Ru(0001) substrate, followed by 50 ML of DME, then 200 ML
water—CO, were codeposited at a 10:1 ratio, at 10 K. Then,
the whole system was annealed to 130 K, which created a
mixed system of THF—DME—CO,—water. Then, waiting at
the same temperature for 37 h led to the formation,
dissociation, desorption, and transformation events simulta-
neously. Figure 3c,d shows the RAIR spectra of CO,, DME,
and THF in C=0 and C—O antisymmetric stretching regions.
In Figure 3c, the evolution of CO, CH with respect to the
temperature and time is shown. At 120 K, the peak at 2344
cm™' represents the CO, trapped within 5'* cages of sI. Upon
annealing at 130 K for 7 h, a new peak emerges at 2338 cm™
(CO, trapped in the 5'%6* cage). Subsequently, after 42 h, the
intensity of the 2338 cm™ peak increases relative to the 2345
cm ™' peak. In Figure 3d, the evolution of DME and THF is
shown. At 120 K, DME and THF remained in the amorphous
form within the ice matrix. After 7 h at 130 K, DME and THF
form CH, which is indicated by the increase in the peak
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intensity at 1096 cm™ and 1074 cm™!, respectively. However,
after 37 h, most of the DME desorbs from the matrix, including
from the CH cages. This is a very complex system in which all
three guest molecules in the same system transform
simultaneously. We conclude that THF forms stable crystalline
CH inside an amorphous matrix at 130 K,** where CO, and
DME form metastable structures of CH.

We plotted the intensity of the peaks assigned to different
molecules encaged in different CH systems versus time in
Figure 4 (intensities of different peaks are derived from Figure
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Figure 4. Time-dependent evolution of specific CH in mixed CH at
130 K. Intensity of the peak 1074 cm™ (large cages of THF), 1096
em™" (large cages of DME), 2345 cm™" (small cage of CO,), and
2338 cm™' (large cages of CO,).

S6) to better understand the relative stability of CHs. Here, it
is worth noting that the assigned peak intensity for each cage is
not the individual peak intensity but the overlapped peak
intensity with other peaks. These peak intensities can help us
understand the relative formation and dissociation of each CH.
During thermal annealing for 37 h, the intensity of the peak at
1074 cm™', representing THF encaged within sII large cages,
rises. Concurrently, the intensities of peaks assigned to small
(2345 cm™") and large (2338 cm™!) cages of CO, and large
cages of DME (1096 cm™") decrease.

During the initial 2 h, increase in the 1096 cm™' peak
signifies increase in the formation of DME CH. However,
shortly thereafter, it begins to dissociate. Here, the CO,
transformation is largely dependent on THEF, as THF CH is
thermodynamically more stable. From the initial time to 20 h,
the curves for CO, and THF show a linear change. Afterward,
we observe saturation in their formation and dissociation.
Considering this linear character, we calculated slopes for all
three curves between 7 and 13 h; they showed a negative slope
for the large cages (6 X 107*), less than for the small cages (1.4
X 107%), indicating that the fraction of the molecules coming
from small cages create large cages, with some of them
desorbing from the ice matrix. As we noted earlier, the 2338
cm™! peak is overlapped with the peak at 2346 cm™" and the
peak intensity does not directly indicate the percentage of CO,
in large cages. However, the reduced slope refers to the
transformation from small cages to large cages.
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The nucleation of sII CHs of DME/THF is facile in
amorphous ice under UHV conditions at 130 K. At this
temperature, all guest molecules exhibit sufficient mobility, as
the desorption temperatures of CO, and DME are below 100
K, while that of THF is approximately 130 K. Studies report
that the glass transition temperature of water lies between 130
and 140 K, enabling water mobility in this range.sg’60’63”64
Previous research showed that metastable CHs dissociated at
elevated temperatures, leading to the formation of hexagonal or
cubic ice, when the guest molecules have desorption
temperatures below 120 K.***>°* Additionally, RAIRS studies
indicate that nucleation does not occur uniformly across the
ice film. The O—H stretching region exhibits partial ordering
rather than the sharp, well-defined bands characteristic of fully
crystallized ice. Jacobson’s theoretical work highlights the
importance of amorphous nucleation pathways, favoring
CH formation.”> Notably, the
metastable sII crystal polymorph tends to grow preferentially
over the stable sI structure.’® In this study, all transformations
occurred in an amorphous ice environment, promoting the
formation of metastable CHs. This environment particularly
favors the formation of larger sII cages for CO,. Overall, the
stability and formation of CHs are closely linked to the
desorption temperatures of guest molecules, which directly
influence their intermolecular motion within the ice matrix.
Although this study investigates the formation of large cages of
CO, clathrate hydrates in the presence of DME, THF, or their
mixture under UHV and cryogenic conditions, diffraction
studies are necessary to fully resolve the exact structural
transitions involved.

In conclusion, we present the first experimental evidence of
the formation of large cages of sII CO, CH within an
amorphous ice matrix in UHV under cryogenic conditions.
While CO, typically stabilizes within small cages of sI at lower
temperatures when it is in the pure form, the introduction of
DME and THF promotes the formation of large cages. This
phenomenon arises from the facile sII CH formation of DME
and THEF at 130 K, facilitating the nucleation and occupancy of
CO, in the large sII cages. The metastable nature of sI CH at
this temperature contributes to this intricate process. In the
case of mixed CHs, where all three guest molecules are present,
prolonged annealing led to an increase in the THF CH fraction
over time, resulting in the breaking of most of the large cages
of DME and the small cages of CO, and the release of DME
and CO, from the matrix. Interestingly, CO, remains in
significant quantities within the matrix, predominantly within
the larger cages. This study explored the possibility of mixed
hydrates in multicomponent interstellar ice mimics, high-
lighting a dynamic interplay between cages that could influence
the evolution of ISM chemistry.

intermediate metastable
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