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Whereas stable homogenous states of aqueous hydrocarbon solutions are typically observed at high tempera-
tures and pressures far beyond the critical values corresponding to individual components, the stability of such
system may be preserved upon transition into the region of metastable states at low temperatures and low pres-
sures. This work is dedicated to the study of the thermal stability of a water—-methane mixture formed by cryo-
genic vapor phase deposition. The obtained thin films were studied using vibrational spectroscopy in the temper-
ature range of 16-180 K. During thermal annealing of the samples, characteristic vibrational C-H modes
of methane were monitored alongside the chamber pressure to register both structural changes and desorption of
the film material. The obtained results reveal that upon the co-deposition of methane and water, methane mole-
cules appear both in non-bound and trapped states. The observed broadening of the characteristic C—H stretching
mode at 3010 cm™ upon an increase in temperature of the sample from 16 to 90 K, followed by narrowing of the
peak as the temperature is reduced back to 16 K, indicates localization of methane molecules within the water

matrix at lower temperatures.

Keywords: molecular crystals, water-methane films, vibrational spectroscopy, low temperature, methane loca-

lization.

1. Introduction

The evolution of complex systems consisting of various
chemical compounds co-existing under non-equilibrium
conditions is an important topic in the condensed state re-
search. Such systems can be readily obtained, for example,
using vacuum deposition at cryogenic temperatures. Upon
variation of intensive thermodynamic parameters (tempera-
ture, pressure) individual sub-systems of such complex
dynamic systems may undergo chemical reactions and
phase transitions. Of particular interest is the problem of
describing complex systems whose components exhibit
properties of polymorphism and conformational disorder.
Among such systems, a combination of water and methane
represents an interesting case both in terms of fundamental
research and industrial application. The multitude of struc-
tural modifications of solid water makes it an excellent
polymorphic model system to study the above-mentioned
processes. In its turn, the single solid phase of methane
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represents a combination of molecules with different spin
states (A, T, and E with total nuclear spins of | =2, 1, and
0, respectively), whose equilibrium distribution depends on
temperature [1, 2]. Transitions between these states in the
solid phase take place via spin-nuclear conversions.

Under certain thermodynamic conditions, the interac-
tion of water with methane results in formation of clathrate
compounds of methane hydrates. These compounds may be
classified as supramolecular formations, possessing unique
structural, conformational, thermodynamic, and dynamic
properties [3]. Clathrates of methane hydrates represent
three-dimensional dodecahedral and tetra-decahedral water
cages with one methane molecule located at the center of
each cage. The thermodynamic stability of the methane
molecule within the clathrate structure is determined by
interaction of the “guest” molecule with the cage of the
“host” molecules. In the natural environment, methane
clathrates are expected to form and exist at high pressure
and low-temperature conditions generally above 150 K,
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with very few studies conducted on the study of the stabil-
ity of these systems at very low, cryogenic temperatures
and low pressures [4—6]. At the same time, the earlier studies
have indicated that a fraction of CH, retains in water ices
at temperatures as high as 60 K in a distorted structure [6].
It has also been found that the sticking probability of me-
thane is improved in porous amorphous solid water in
comparison to other water structures, such as crystalline
ice and non-porous amorphous solid water [7]. Previously,
we performed infrared (IR) studies of the samples contain-
ing various amounts of methane in water (10, 25, and 50 %)
deposited at 16 K and annealed up to complete sublima-
tion [8]. The observation technique involved monitoring
the IR signal at a fixed frequency corresponding to the
maximum absorbance of the C-H bending vibrations as
well as the pressure inside the chamber to notice any mate-
rial sublimation. As a result, it was concluded that methane
molecules remained in the sample up to 140 K. This paper
follows up on the previous study focusing on measure-
ments of molecular spectra in the whole IR range to inves-
tigate the evolution of characteristic absorption bands of
the CH,+H,0O mixture.

2. Experiment

The experimental setup represents a high-vacuum cham-
ber equipped with a cryogenically cooled substrate and IR
spectrometer, as described in detail elsewhere [8]. The ex-
perimental procedure of sample preparation was as follows.
The gas-phase mixture of water and methane was prepared
at room temperature immediately prior to injection into the
chamber in order to prevent adsorption/condensation of
water molecules on the internal walls of the gas mixture
preparation antechamber. Between each use, the antecham-
ber was evacuated and kept under vacuum in order to main-
tain the accuracy of setting the mixture composition.
The amount and concentration of methane in water were
calculated using the P-V-T data with a relative accuracy of
0.5 %. The samples were obtained by deposition from the
gas phase at the pressure of P = 1.0-10" Torr onto a sub-
strate held at 16 K. The thickness of the films was meas-
ured using a double-beam laser interferometer and varied
between 1.0 and 1.5 um [8]. The IR spectra of the samples
were measured upon annealing and thermal cycling be-
tween 16 and 150 K.

3. Results

Our previous study of low-temperature CH;+H,O mix-
tures with various concentrations of methane in water (10,
25, and 50 %) suggested that the optimum concentration,
corresponding to the highest absorption signal of the charac-
teristic methane bending mode above the sublimation tem-
perature of pure methane, lay in the range between 10 and
25 % [8]. Therefore, for the present study the concentration
of 15 % of methane in water was selected. Based on the
same methodology as in the previous study, IR absorption
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spectra were measured for the samples of pure water and
15 % mixture of methane in water deposited at 16 K and
further annealed until fully sublimed. During annealing,
the IR signal intensity was monitored at the fixed wave-
number corresponding to the absorption band maximum of
methane C-H bending vibrations (Fig. 1). Additionally,
changes in the chamber pressure were monitored to ac-
count for sublimation of the film material. As seen in Fig. 1,
annealing results in step-like reduction in the intensity of
the methane peak. This correlates with rises in the pressure
of the chamber upon annealing and is consistent with grad-
ual desorption of the methane molecules, as in the range of
chamber operating pressures water remains in the solid
state up to the temperatures of 160-170 K. Overall, three
desorption ranges of the film material are observed in the
P-T diagram (Fig. 1): 1 — at around 40 K — correspond-
ing to methane sublimation temperature at the working
pressure, 2 — at around 140 K, and 3 — beyond 160 K —
corresponding to complete sublimation of the sample, as
expected for water.

Figure 2 compares the IR spectra of pure water and the
15 % methane solution in water recorded at 16, 60, 90,
130, and 150 K in the spectral range of 400-4200 cm™.
The thickness of both samples was made to ensure that
the amount of water in them remained equal. Well-known
characteristic vibrations corresponding to water ices in-
clude librations observed in the figure in the range of
600-900 cm™?, representing hindered rotations of the wa-
ter molecules and corresponding to intramolecular proton
transitions, H-O-H bending vibrations in the range of
1600-1750 cm™ and stretching O-H vibrations in the
range of 3000-3600 cm™ [9-11]. The specific vibration
modes of methane observed in the “methane+water” spec-
trum include H-C-H bending vibrations at around
1303 cm™ and C-H stretching vibrations at 3014 cm™.
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Fig. 1. Variation in reflectance at 1303 cm (left scale, solid line)
and chamber pressure (right scale, dashed line) depending on
annealing temperature of the film obtained from the 15 % mixture
of methane in water.
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Fig. 2. (Color online) Evolution of IR absorption spectra of pure
water (black lines) and the 15 % mixture of methane in water (red
lines) at 16, 60, 90, 130, and 150 K.

Thermal annealing leads to gradual narrowing and shifting
of the water libration band (centered at 775 cm™) towards
higher wavenumber. This is observed both for water and
water—methane samples with the latter showing significantly
higher absorption intensity. At the same time, the shapes
and intensities of the O-H stretching band (centered at
3330 cm™) remain relatively similar for both samples
across the whole range of observation temperatures, with
noticeable narrowing of the band upon annealing con-
sistent with earlier observations of structural transfor-
mations in water ices [12].

Thermal cycling was employed to investigate the evolu-
tion of the characteristic methane absorption band corre-
sponding to C-H stretching vibrations (Fig. 3). The me-
thane-specific spectra were obtained by subtracting the
baseline corresponding to the water O—H band in Fig. 2.
Thermal cycling involved annealing of the “methane+water”
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Fig. 3. Evolution of the IR absorption peak of C-H stretching
vibrations upon thermal cycling of the film obtained from
the 15 % mixture of methane with water.
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sample from the deposition temperature of 16 to 90 K, fol-
lowed by cooling back to 16 K.

4, Discussion

Our previous study of the methane—water cryogenic sys-
tem both as a 20 % mixture of methane in water and bi-
layer samples, focusing on the analysis of the deformation
band at 1300 cm™, associated a displacement in the absorp-
tion band minimum towards 1306 cm™ with the processes
of methane clathrate formation in the mixed sample [13]. It
was also confirmed that binding between the water and
methane molecules does not proceed in bilayer samples,
irrespective of the order of the deposition of each layer.
The measurements were performed in the temperature range
from 16 to 32 K. Focusing mainly on binding between the
water and methane molecules, this work extends the ther-
mal annealing range to higher temperatures up to 200 K.

At the working pressure of 10°-107 Torr, the equilib-
rium temperature of methane lies between 36 and 38 K.
Therefore, annealing of the “methane+water” sample above
these temperatures must result in complete sublimation of
non-bound methane molecules. Indeed, as seen in Fig. 1,
desorption of the film is observed around 40 K, accompa-
nied by reduction in the intensity of the characteristic ab-
sorption peak of methane. Remarkably, according to Fig. 2,
this desorption does not result in the complete disappear-
ance of the characteristic methane features. The bending
and stretching vibration peaks at around 1303 and 3014 cm™,
respectively, can still be seen in the IR spectra of the sam-
ple at 60 K and even higher temperatures of 90 and 130 K.
The absence of these peaks in the IR spectra of pure water
confirms their correspondence to methane, whereas their
observation at temperatures significantly higher than the
equilibrium values, alongside the water absorption bands,
suggests that these methane molecules are bound within
the water matrix. The desorption peak 2 in Fig. 1 at around
135-140 K coincides with the glass transition temperature
in pure water (Ty =136 K) and is, therefore, likely to cor-
respond to the release of residual methane captured within
the solid water matrix as water molecules become more
mobile [14].

The phenomenon of methane capturing within a net-
work of water molecules is widely known in relation to
clathrate hydrates, which are expected to occur under high
pressure, resulting in formation of polyhedral water cages
around individual methane molecules [15]. Under the em-
ployed experimental conditions, with pressures as low as
107°-107° Torr and cryogenic temperatures, methane clath-
rate hydrate has not yet been widely reported.

In the earlier study by Dartois and Deboffle, a charac-
teristic C—H stretching mode of methane clathrate hydrate
at 3010 cm™ was observed to reversibly broaden and reduce
in intensity upon sample annealing from 7 to 80 K [16].
Figure 3 here demonstrates a similar behavior: temperature
evolution of the peak at 3014 cm™ from 16 to 90 K results
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in its disappearance, whereas cooling of the sample back
to 16 K recovers the absorption peak. Although it may be
argued whether this observation is due to the formation of
methane clathrate hydrate or, simply, capturing of methane
inside water ice pores, without losing generality, one may
conclude that the observed behavior is associated with
broadening of the band corresponding to methane trapped
in the water matrix [16, 17]. Irrespective of the specific
type of coupling of methane within the water matrix,
broadening of the characteristic C—H stretching mode at
3010 cm™ upon thermal annealing of the 15 % mixture
sample suggests the presence of a landscape of localized
sites for methane molecules which becomes accessible
upon an increase in temperature from 16 to 90 K or a cou-
pling between the vibrations of the localized methane mol-
ecules and the surrounding ice-like water lattice [18, 19].
In both of these cases, localization of the methane mole-
cules within the water matrix plays a major part in eluci-
dating the nature of the observations. The mechanism of
capturing of methane molecules by the water matrix at low
pressures and temperatures is the subject of further investi-
gation, with potential models including interaction of me-
thane with water molecules within the adsorption layer
during film deposition or methane diffusion during struc-
tural transformations of ice [7].

The presence of methane in the water matrix appears to
have an effect on characteristic water vibration modes as
seen in Fig. 2. Specifically, the intensity of libration and
bending bands is increased for the “water+methane” sample
relative to the intensity of the stretching mode. This obser-
vation may be related to the increase in the coordination
number of the water molecules due to interaction with the
embedded molecules of methane. Our results in Fig. 2 also
demonstrate that both of the samples obtained by cryode-
position from the gas phase exhibit an increase in the lib-
rational frequency with rising temperature. This is consis-
tent with reduction in the moments of inertia of the water
molecules and, hence, with the samples being more dense-
ly packed upon annealing [20]. As was shown in the past,
at 16 K water is deposited in the amorphous glassy state
with water molecules forming a continuous network of
around four hydrogen bonds per each molecule [21]. Thus,
whereas insertion of the methane molecule in the vicinity
of the hydrogen bond network may change the coordina-
tion number of the water molecules, thermal annealing
results in reduction in the average length of the hydrogen
bond.

5. Conclusion

Our observations of low-temperature vacuum deposited
films of water and the water—methane mixture show that
annealing of the samples influences the positions, intensi-
ties and shapes of the absorption bands of characteristic
vibrational modes, corresponding to both water and me-
thane, indicating structural changes within the samples.
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Release of the methane molecules from the water matrix
takes place at various temperature ranges: near the equilib-
rium temperature for non-bound methane molecules, and
near the glass transition temperature of pure water for the
molecules trapped in pores and, possibly, clathrate struc-
tures. This is confirmed by observation of methane-
specific vibrational modes at temperatures as high as
130 K, far beyond the methane equilibrium temperature,
and also by the reversible disappearance and reappearance
of the C—H stretching vibration band upon heating to 90 K
and returning the system to 16 K. The presence of methane
in the water matrix appears to influence its coordination
number, as confirmed by the relative increase in the inten-
sities of libration and bending bands in the “me-
thane+water” sample.
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TepMocTabinbHICTb KpPiOBaKyyMHUX KOHAEHCOBAHUX
nnisok CH,; + H,O

A. Angisipos, 1. Cokonos, A. Akunbaesa,
A. HypmykaH, H. TokmongiH

V T0it yac sk cTabibHI TOMOTEHHI CTaHW BOTHHUX PO3YHMHIB
BYIJICBO/IHIB 3a3BHYail CIIOCTEPIralOThCs MPH BHCOKHX TeMIepa-
Typax i THCKaXx, 110 HabaraTo NepeBUILIYIOTh KPUTHYHI 3HAYEHHS,
SKi BIJIOBIIAIOTH OKPEMHM KOMIIOHCHTaM, CTaOUIBHICTH TaKol
cHCTeMH MO)ke 30epiratucs npu nepexoni B o61acTb Meracradi-

JBHHUX CTaHIB NPU HHU3BKHX TEMIlEpaTypax Ta HU3bKUX THCKax.
BuBueHO TepMivHY CTIHKICTh BOJAHO-METaHOBOI CyMIllli, YTBOpE-
HOI KpPIOT€HHHUM OCA/DKEHHSIM 3 Ta30Boi ¢a3u. OTpuMaHi TOHKI
IDTIBKH JIOCTIKEHO METOIOM KOJIMBAIBHOI CHEKTPOCKOIIi B 1H-
tepBaii Temneparyp 16-180 K. B mpoueci TepmiyHOro Bimirpi-
BaHHJ 3pa3KiB, OPS/ 3 THCKOM B Kamepi, BiJCTEKYBAJIHCS Xapak-
TepHi konuBanbHi C—H Mo MetaHy uisi peectpaii sSK CTPyK-
TYpHUX 3MiH, Tak 1 gecopOmii matepiamy mriBku. OTpuMaHni
PEe3yJbTaTH MOKa3yIOTh, 1110 NPH CIIUILBHOMY OCa/UKEHHI MeTaHy i
BOJIM MOJICKYJIM MCTaHy BHSBIISIOTBCS SIK B HE3B'I3aHOMY, TaK i B
3axoIruieHoMy cTaHi. CriocTepesxyBaHe PO3IIMPEHHS XapaKkTepHOl
monu xonuBanHs C—H mpu 3010 em™ IIPY TiIBHUIIEHH] TeMIepa-
Typu 3paska Bixg 16 1o 90 K 3 nopanbiinM 3By)KeHHSIM MKy IPH
3HIDKEHHI Temreparypu 10 16 K Bka3ye Ha JoKatizalio MONEKyI
METaHy BCEpeIWHI BOJHOI MaTpHLi MPU OLTbII HH3BKUX TEMIIE-
parypax.

KitrouoBi ci10Ba: MOJIEKYJIAPHI KPUCTAIH, BOAHO-METaHOBI IUTiBKH,

KOJIMBaJIbHA CIIEKTPOCKOIIisl, HU3bKI TeMIIepary-
pH, JIOKasTi3anis MeTaHy.
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