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ABSTRACT: The existence of many molecules in the form of
clathrate hydrates (CHs) in ultrahigh vacuum (UHV) and
cryogenic conditions has not been explored adequately. In the
present study, a detailed investigation by reflection absorption
infrared spectroscopy confirmed that the three phases of ethane,
i.e., amorphous, crystalline, and CH, coexist in a vapor-deposited
ethane−water mixture at 60 K in UHV. Experiments were
conducted with vapor-deposited ice films at 10 K, which were
annealed to 60 K for tens of hours, and the IR spectral evolution
was monitored systematically. Upon maintaining the system at 60
K, three phases of ethane were seen to coexist, but a gradual
increase in the hydrate phase was noticed. The evolution of ethane
CH from the amorphous ethane−water ice mixture was observed for the very first time in UHV under cryogenic conditions. The
formation of the CH was further confirmed by temperature-programmed desorption (TPD) mass spectrometry. Quantum chemical
calculation suggested the formation of 51262 cage of structure I CH in the ice matrix. The formation of ethane CH in a thin ice film at
such a low temperature under UHV suggests its existence in the cometary environment.

■ INTRODUCTION
Clathrate hydrates (CHs), cages of water molecules formed by
hydrogen bonding, are known since 1810.1 These crystalline
inclusion compounds are commonly known to have three
types of structures: structure I (sI, cubic Pm3n), structure II
(sII, cubic Fd3m), and structure H (SH, hexagonal P6/
mmm).2 CHs are considered as potential sources of energy and
are likely to play an essential role in some of the planet’s
significant environmental challenges,3 such as energy storage
and transportation,4 CO2 sequestration,5 and water desalina-
tion.6 These molecular solids are found on the ocean floor and
in the permafrost region of the earth. It is also believed to be
present in the solar system, like the martian surface,7,8 titan
surface,9 and icy moons.10 The capability of forming these
structures depends mainly upon the pressure and temperature
conditions.11 Macroscopic deposits of hydrates generally occur
at higher pressures,12 typically greater than 25 atm for
methane.13,14 CHs are also known to exist in vacuum, even
under cryogenic conditions.15−17 In our previous study,18 we
have shown the existence of sI methane hydrate at 30 K and
10−10 mbar. Upon annealing the methane−water ice mixture
deposited at 10 to 30 K for an extended period, methane CH
was formed. Such pressure and temperature conditions
resemble the interstellar medium (ISM).

While X-ray diffraction, differential scanning calorimetry,
and Raman spectroscopy were typically used to examine CHs

in bulk,19,20 their existence in UHV is typically studied by
infrared spectroscopy, temperature-programmed desorption
mass spectrometry, and reflection high-energy electron
diffraction21 performed on a thin film.22−24 Recently, Bauer
et al. showed the detection of methane and carbon dioxide CH
in a high vacuum by in situ synchrotron X-ray diffraction.17

Cryo-electron microscopy has been used to examine the
different crystalline states of water but has not been used yet
for CH studies.25

Hydrates formed at the cryogenic temperature in UHV have
several consequences. Dissociation of these hydrates could lead
to the formation of crystalline ice. In UHV, CHs of acetone
and formaldehyde were converted to cubic and hexagonal ices
upon dissociation of the hydrate cages.21,26 Also, it has been
observed that ice XVI can be created by subjecting neon
hydrate to pumping in a vacuum.27 Physical properties such as
density and refractive index of such ice forms may have
important relevance for planetary objects. Similar could be the
implication of chemistry of molecules confined in cages in the
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astrochemical environment.28 The existence of methane
hydrate could be likely in such an environment. In the ISM
environment, more than two hundred and 70 molecules,
including water, have been detected in various temperature and
pressure regions, suggesting the existence of hydrates in various
astrophysical environments.29 Chemical processes in these
hydrates may lead to relevant cometary and prebiotic
science.30,31 Expanding the exploration of CH to other
molecules may be rewarding from this background.

Mixed hydrates of ethane and oxirane (commonly referred
to as ethylene oxide) are known to exist in a high vacuum
(10−7 mbar) at 90 K,;32 however, to the best of our knowledge,
pure ethane CH in UHV has not been reported yet. In the
previous work of Richardson et al.,32 ethane-oxirane mixed
hydrates nucleated over oxirane hydrate upon subsequent
deposition of the ethane-oxirane-water mixture at 120 K in
high vacuum (10−7 mbar). The presence of oxirane in the ice
mixture helped to induce the nucleation of ethane-oxirane
mixed hydrate. Several attempts were unsuccessful to prepare
pure ethane hydrate in high vacuum. So, no high vacuum
method was developed for the direct formation of ethane CH
from ethane−water ice mixture. In this work, we present the
formation of pure ethane CH from vapor-deposited ethane−
water ice mixtures. This study is carried out at a lower pressure
of 10−10 mbar and at a lower temperature of 60 K than all the
previous related studies. Our results of ethane hydrate from
binary mixtures of ethane and water may have direct relevance
to the cometary environment, where ethane and water are
present approximately in the ratio of 100:0.4.33,34

■ EXPERIMENTAL SECTION
All the experiments were carried out in an ultrahigh vacuum
instrument (with a base pressure of ∼10−10 mbar), discussed in
detail elsewhere.35 The instrument is made of stainless steel,
and it has three UHV chambers (namely ionization, octupole,
and scattering chamber) equipped with low energy ion
scattering (LEIS), temperature-programmed desorption
(TPD) mass spectrometry, Cs+ ion-based secondary ion
mass spectrometry (SIMS), and reflection absorption infrared
spectroscopy (RAIRS). The base pressure of the vacuum
chambers is maintained by six turbomolecular pumps, further
backed by several oil-free diaphragm pumps. The vacuum of

the chambers is monitored by a Bayard-Alpert gauge,
controlled by a MaxiGauge vacuum gauge controller (Pfeiffer,
Model TPG 256 A).

We used a highly polished Ru(0001) single crystal as a
substrate to create thin ice films. The substrate is mounted on
a copper holder, and it is attached to the tip of the helium
cryostat (Cold Edge technology), which can maintain a
temperature as low as 8 K. The substrate can be heated up
to 1000 K by a resistive heater (25 Ω), controlled by a
temperature controller (lakeshore 336). A K-type thermocou-
ple sensor is used to measure the substrate temperature with an
accuracy of 0.5 K. Repeated heating to 400 K before each
vapor deposition experiment ensured surface cleanliness,
adequate for the present experiments. It is worth noting that
the surface has no effect in this study due to the multilayer
deposition.

Millipore water (H2O of 18.2 MΩ resistivity) was taken in a
vacuum-sealed test tube (with a glass-to-metal seal) and was
further purified by several freeze−pump−thaw cycles. Ethane
(Akkaran gas and energy, 99.9%) was directly connected to the
sample line through a needle valve. Ethane and water were
connected to the UHV chamber through two different sample
inlet lines. The deposition of two samples was controlled
through all metal leak valves, and monolayer coverage was
calculated assuming that 1.33 × 10−6 mbar s = 1 ML, which
was estimated to contain ∼1.1 × 1015 molecules cm−2.36 For
300 ML of 1:1 mixed ethane and water deposition, the
chamber was backfilled at a total pressure of 5 × 10−7 mbar
where ethane pressure was 2.5 × 10−7 mbar, and water
pressure was 2.5 × 10−7 mbar. During vapor deposition, mass
spectra were recorded simultaneously to check the purity and
the ratio of the deposited molecules.

The formation of ethane CH was examined by RAIR
spectroscopy and TPD mass spectrometry. RAIR spectra were
collected in the 4000−550 cm−1 range with a spectral
resolution of 2 cm−1 using a Bruker Vertex 70 FT-IR
spectrometer with a liquid-nitrogen-cooled mercury cadmium
telluride (MCT) detector. The IR beam path outside the UHV
chamber was purged with dry nitrogen gas. TPD-MS
experiments were performed by a quadrupole mass spec-
trometer supplied by Extrel.

Figure 1. CH formation of ethane was studied by RAIR spectroscopy. (a) Normalized time-dependent RAIR spectra of 300 ML ethane/H2O (1:1)
ice mixture at 60 K in C−H antisymmetric stretching region. (b) A comparison of the normalized RAIR spectra of 300 ML ethane/H2O (1:1)
mixed ice at 10 and 60 K (after 18 h). The spectrum labeled as 60 K (18 h) was deconvoluted to three components, shown in orange (2982 cm−1),
light blue (2976 cm−1), and dark blue (2972 cm−1) shades. For these experiments, ethane and water vapor were codeposited on Ru(0001) at 10 K
then the resulting ice mixture was annealed to 60 K at a ramping rate of 2 K min−1.
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■ COMPUTATIONAL DETAILS
Density functional theory (DFT) calculations were carried out
to understand the effect of ethane upon inclusion in different-
sized CH cages. The Gaussian 16 software was employed to
perform the DFT calculations. Structural optimization and
vibrational energy studies of 512, 51262, and 51264 CH cages and
ethane included 512, 51262, and 51264 CH cages were performed
at B3LYP/6-311++G(d,p) level of theory. The molecular
structures of 512, 51262, and 51264 CH cages reported by Ningru
Sun et al.37 were considered for the calculations. The CH cages
were optimized structurally, and their vibrational modes were
calculated. The optimized molecular structure of ethane was
inserted into the center of the optimized CH cages, and the
whole system was further optimized. The vibrational modes of
the ethane inserted in CH cages were calculated. The absence
of imaginary vibrational modes in the ethane inserted CH
cages revealed that the optimized structures corresponded to
global minima.

■ RESULTS AND DISCUSSION
The formation of ethane CH was studied by preparing a thin
film of 300 ML ethane/H2O (1:1) ice mixture on Ru(0001) at
10 K. The vapor-deposited pure ethane exists in the
amorphous phase at 10 K, which converts to a crystalline
phase upon heating to 30 K before desorbing from the
substrate at 60 K (results are shown in Figure S1a (RAIR
spectra), S1b (TPD-MS data)).38−40 However, in ethane−
water ice, ethane stays as amorphous at 10 K (full-scale RAIR
spectrum showed in Figure S2) and converts to crystalline
phase at 50 K. Upon further annealing to 60 K, ethane
molecules desorb while leaving a fraction of ethane trapped in
the ASW matrix. These trapped molecules undergo a phase
evolution in the course of time.

Figure 1a shows the normalized time-dependent RAIR
spectra of the ice mixture at 60 K for 0.25, 9, and 18 h in the
C−H antisymmetric region of ethane, while the parent IR
spectra are shown in Figure S3. The spectrum at 0.25 h (Figure
1a, blue trace) shows three distinct peaks at 2972, 2976, and
2982 cm−1 corresponding to the crystalline, amorphous, and
CH phases, respectively. After 9 h (green trace), a slight
increase in the relative intensity of the peak at 2982 cm−1 can

be seen, which further increased after 18 h (red trace) along
with a relative decrease in the peak intensity at 2976 cm−1. The
assignment of the CH peak at 2982 cm−1 is based on the
previous IR studies.32,41 Also, It is well-known that the
vibrational frequency of a molecule entrapped in a CH cage
should fall between the vibrational frequencies of the solid and
gaseous phases, and the guest molecule within the CH cage
behaves as a free molecule.42 The observed CH peak at 2982
cm−1 is close to the vibrational frequency of the gas phase
ethane (at 2985 cm−1) in the C−H antisymmetric region,43

indicating the entrapment of ethane in the CH cage. The RAIR
spectral peak at 2976 cm−1 for the amorphous phase and the
peak at 2972 cm−1 for the crystalline phase of ethane in
ethane−water ice mixture at 60 K are based on a comparison
with the data of amorphous44 and crystalline38,44 ethane ices
(Figure S1a).

To present a clear view of the phase separation of ethane
inside the ice matrix at 60 K, we have done an isothermal time-
dependent RAIR study of pure ethane at 53 K (Figure S4).
The intensity of the IR peak in the C−H antisymmetric region
gradually decreases with the desorption of ethane from the
substrate. We have not observed any peak other than the peak
at 2974 cm−1 in pure ethane, which is attributed to the
crystalline phase. Therefore, the peaks at 2976 and 2982 cm−1

in Figure 1b are two entirely new peaks that arise due to the
formation of amorphous and CH phases inside the ice matrix.
The spectrum obtained at 60 K after 18 h of annealing was
deconvoluted (shown in Figure 1b) to evaluate the ratio of the
three coexisting phases. Taking the area under each
deconvoluted peak, the ratios of three phases, CH, amorphous
and crystalline forms of ethane in the ice matrix, were
estimated to be 52:40:8 by molar ratio. Although the
concentration of the CH form appears to be large, it was
estimated to be ∼2.5% of the total ethane deposited.

In UHV and at cryogenic temperatures, CH formation
depends on the mobility and hydrogen bonding of the host
and guest molecules. Keeping the ethane−water ice mixture
near the desorption temperature of ethane (60 K) is crucial for
CH formation of ethane. At this temperature, higher ethane
mobility leads to the formation of a clathrate-like structure in
the ice matrix. We have also monitored the O−H stretching
and dangling O−H region during the formation of CH. In the

Figure 2. (a) Time-dependent growth of ethane CH. The dark blue, the blue, and the light blue bar represent ethane in hydrate, amorphous, and
crystalline phases, respectively. (b) Schematic illustration of the formation of ethane hydrate, where amorphous ethane converts to crystalline
ethane followed by the formation of ethane hydrate in side ice matrix.
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O−H stretching region (Figure S5a), no significant changes
were noticed, but in the dangling O−H region, the peak at
3667 cm−1 disappeared upon the formation of CH (Figure
S5b), which suggested the collapse of micropores in ASW.45,46

To see the temperature dependency of CH Formation, we
annealed the ethane/H2O (1:1) ice mixture at 55 K for 18 h.
We did not observe any peak arising at 2982 cm−1 (Figure S6).
Hence, we concluded that CH formation of ethane in UHV at
cryogenic temperatures depends significantly on the temper-
ature and annealing time. Figure 2a shows the time-dependent
growth of ethane CH relative to the amorphous and crystalline
phases. Although the overall intensity of the time-dependent
RAIR spectra in the C−H antisymmetric region decreases with
time, the hydrate peak intensity decreases slower relative to the
amorphous peak intensity. Each RAIR spectrum in the C−H
antisymmetric region at a particular time was deconvoluted
into three peaks (for CH, amorphous, and crystalline phase) to
estimate the area under each peak. The ratios of ethane in
three phases were derived, converted into percentages, and
plotted in Figure 2a. A relative increase in the fraction of the
CH phase and a relative decrease in the amorphous phase was
noticed, whereas the change in the fraction of the crystalline
phase was roughly the same (considering the error involved in
fitting). A relative increase in the fraction of the CH phase
could be due to the conversion of amorphous ethane into the
CH phase. The physical transformation of ethane from the
amorphous to CH phase through the crystalline phase is
illustrated in Figure 2b.

The formation of ethane CH in UHV was further confirmed
using TPD-MS studies. Two sets of TPD-MS experiments
were performed, and the results are shown in Figure 3. In the
first experiment, we deposited 300 ML of ethane/H2O (1:1)
ice mixture at 10 K and heated it to 200 K with a ramping rate
of 30 K min−1. The desorption of ethane was monitored by m/
z = 28 (C2H4

+). TPD-MS spectra were plotted as C2H4
+ ion

intensity versus substrate temperature (blue trace). Two peaks
were observed at 60 and 140 K. The peak at 60 K is attributed

to the bulk desorption of ethane from ASW; the long tail of
this peak is due to the molecules that are trapped in ASW
pores which slowly desorbed until reaching 90 K. The peak at
140 K is attributed to the so-called molecular volcano (MV)
peak.47,48 The MV peak occurs due to the abrupt gas release
from ASW during the process of ASW crystallization. In the
second experiment, we created amorphous ethane/H2O (1:1)
ice mixture at 10 K, and after annealing the sample at 60 K for
18 h (to create ethane CH), the sample was cooled to 10 K.
Now, the sample was further heated to 200 at 30 K min−1, and
the TPD spectrum was recorded (red trace). Here, also, two
peaks were observed at 80 and 140 K. The peak at 80 K is
attributed to the desorption of trapped ethane (amorphous or
crystalline) from the ASW matrix. The peak shift from 60 to 80
K for ethane desorption may be due to the formation of CH as
well as the compactness of the ice sample (a result of
prolonged annealing). In this case, the MV peak (at 140 K, red
trace) shows a higher peak intensity with respect to the
previous MV peak (blue trace). An increase in the intensity of
MV peak for the latter case is due to the release of the trapped
ethane from the ASW pores as well as due to dissociation of
the CH cage. Here, it is worth noting that, in both
experiments, the number of molecules of ethane and water
deposited on the Ru(0001) was approximately the same. The
peak marked by an asterisk around 125 K is the desorption of
ethane due to the predissociation of CH cages.18

The vibrational shift in the infrared/Raman spectra upon
enclathration of guest molecules inside the water cage plays a
major role in understanding the types of CH structure
formed.49 Quantum chemical calculations have been used to
understand the spectral properties of molecules in specific
cages.50

Particularly, DFT calculations are widely used to find the
vibrational shifts in Raman and IR frequencies of methane sI
CH structure.51 Such studies performed at B3LYP (level of
theory) are known to reproduce spectral behavior accu-
rately.18,49,50 In this study, we examined different cages and the
effect of entrapment of ethane in them at B3LYP/6-311+
+G(d,p) level of theory. We calculated the harmonic
vibrational frequencies of pure ethane, empty water cages
(512, 51262, and 51264), and ethane entrapped in three different
CH cages. Figure 4 shows the optimized structures of ethane
entrapped in different CH cages (512, 51262, and 51264). Full-
scale IR spectra of ethane and ethane trapped in three cages are
shown in Figure S7. The frequency shifts in the C−H
antisymmetric region for free ethane and ethane encaged in
512, 51262, and 51264 cages are presented in Table 1. Here,
positive frequency shifts were found in all three CH cages due
to the dispersion interaction between the entrapped ethane
and water molecules of the cage.51 A higher blue shift was
found for the small cage compared to the large cages due to
larger confinement, leading to the higher interaction between
ethane and water. Figure 5 compares the experimental and
theoretical shifts in the C−H antisymmetric stretching region.
The peak shift between the deconvoluted hydrate peak and
condensed ethane−water ice mixture peak at 10 K is shown in
Figure 5a, whereas the peak shift between pure ethane and
ethane encaged inside 51262 cage is shown in Figure 5b. The
experimental shift (6 cm−1) closely matches the theoretical
shift (7 cm−1) for the 51262 cage. From the above results, it was
concluded that ethane forms sI CH in UHV at cryogenic
temperatures.32,52

Figure 3. TPD mass spectra of 300 ML of codeposited ethane/H2O
(1:1) ice mixture (ramping rate = 30 K min−1). Here, the intensity of
C2H4

+ (m/z = 28) versus substrate temperature is plotted. The
desorption profile of ethane after CH formation is shown with a red
trace while before CH formation is shown with a blue trace. MV peak
is shown in the inset. The peak labeled (*), is attributed to
predissociation of ethane CH.
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■ CONCLUSION
In this study, we reported the formation of ethane CH from
ethane−water ice mixture at 60 K in UHV for the first time.
Upon the formation of ethane CH, a 6 cm−1 blue shift was
observed in the IR spectrum, which closely matches the

theoretical shift (7 cm−1) calculated from a DFT study. Along
with CH, two other ethane phases (amorphous and crystalline)
also coexist in the ice mixture for a longer period at 60 K. All
three phases are metastable at this temperature; therefore,
upon waiting for 18 h, ethane molecules slowly desorbed from
the ASW matrix. We have also discussed the evolution of three
phases with respect to time and showed an approximate
percentage of the distinct phases at a particular time. After
waiting at 60 K for 18 h, it was seen that only 2.5% of ethane
molecules stayed in the CH phase from the total deposited
ethane molecules. Higher mobility of the ethane molecules
near its desorption temperature leads to the formation of CH
at cryogenic temperatures. RAIRS and TPD-MS were used to
prove the formation of CH. Quantum chemical calculations
were carried out to study the spectral behavior of ethane inside
different water cages, which suggests the formation of sI CH
(51262 cage) within the ice matrix. Our study gives direct
evidence for the possibility of finding ethane CH in cometary
environments.
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Vibrational Shift (Experimental) 6 cm−1

Figure 5. Comparison of experimental and theoretical IR vibrational
shift in the C−H antisymmetric region of ethane due to the formation
of ethane hydrate. (a) Comparison between the RAIR spectra of
ethane in the ASW matrix at 10 K (red trace) and the ethane hydrate
(blue trace). The hydrate peak is a deconvoluted peak from the parent
RAIR spectrum collected after 18 h at 60 K in the hydrate experiment.
(b) Comparison between the IR spectra of pure ethane (red trace)
and ethane trapped in 51262 CH cage (blue trace).
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