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ABSTRACT: The formation of a clathrate hydrate crystal is characterized by
several steps, each of them distinguished by a different structural arrangement and
temporal duration. A precise definition of these different forms is a challenging task,
because the entirety of the formation dynamics spans over a time interval ranging
from few nanoseconds to several days. Computational methods are powerful and
essential to define the nucleation step, but they fail in providing a reliable picture of
the long-range order establishment. On the other side, the experimental methods
employed in the study of the growth dynamics usually monitor the hydrate growth
at the interface with the fluid and thus are limited by the diffusion of the guest
molecules through the newly formed hydrate phase. This problem is overcome here
by the confinement of an argon hydrate sample in a sapphire anvil cell, allowing
monitoring of the melting and crystallization of hydrates under moderate pressures
by FTIR and Raman spectroscopies. This approach, besides providing a
spectroscopic characterization of this hydrate, allowed the time windows characteristic of the formation of a macroscopic
amorphous phase to be identified, possibly coincident with the so-called blob, and its rapid evolution toward the achievement of the
local structure. Long-range ordering takes place on a longer time scale, most of it is realized in few hours but still evolving for weeks.
No hints for supporting the so-called memory ef fect are gained through this study.

1. INTRODUCTION

Clathrate hydrates are crystalline solids where polyhedral cages
of hydrogen-bonded water molecules are stabilized by weak
repulsive interactions between the guest molecules and the
water molecules. Depending on the nature of the guest
molecules, hydrogen bonding and other interactions can also
be present, thus influencing structural and dynamical proper-
ties. Clathrate hydrates present three common structures: a
primitive cubic sI, a face-centered sII, and a hexagonal sH.1 The
building block common to all the structures is the pentagonal
dodecahedron (512 cage), but due to the impossibility to fill
the space with only this cage, polyhedrons possessing
hexagonal faces are also required. The size of the guest
molecules is important to define the cage type and hence the
structure: smaller atoms or molecules, like some noble gases or
the simplest diatomics, occupy smaller cages, so they
preferentially form sII hydrates, which present the largest
fraction of 512 cages.
While the thermodynamics of hydrate formation/dissocia-

tion is well established, there are a lot of unanswered questions
with respect to nucleation and growth. In the case of insoluble
gases in water, the amount of guest molecules stored in these
structures is even 3 orders of magnitude larger than that
contained in the fluid phase from which it forms. For this
reason, the homogeneous nucleation of the hydrate phase from
the fluid mixture is very unlikely with respect to heterogeneous
nucleation, which initiates at the interface between the water-

rich and the guest-rich phases. Once critical nuclei of the
hydrate phase are formed (induction time), the hydrate growth
takes place. Ripmeester and Alavi in their recent review2

suggested that nucleation, decomposition, and the memory
ef fect during reformation are among the most oustanding issues
to be understood regarding clathrate hydrate science. Under-
standing hydrate nucleation at a molecular level is challenging
due to the small time/length scales of nucleation and to the
stochastic nature of the process. Both these aspects
dramatically limit the experimental studies on the subject.
The detectability of the process is intrinsically bound to the
sensitivity of the chosen technique, as the early stages of
nucleation may involve very few precursor species, which are
also likely to be transient. The time (ps to hundreds of ns) and
the length (nm) scales of the nucleation are not accessible by
the usual experimental techniques employed for the character-
ization of the hydrates. Furthermore, nucleation is anticipated
by an induction time necessary to reach the critical radii of the
aggregates. The induction time is strictly related to over-
saturation and metastability of the solution, and since
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nucleation is a stochastic process, it is characterized by a
significant scatter even in experiments performed under the
same conditions.3 Because of all these difficulties in obtaining
direct experimental evidence on this topic, hydrate nucleation
has become a favorite subject for molecular simulation
studies.4−9

The differences among a variety of nucleation mechanisms,
recently reviewed by Khurana et al.,3 are essentially related to
the way in which the ordering of the water molecules is
achieved and to the crystalline character of the clusters. Several
reports support a faster ordering and then a faster nucleation
when the fluid mixture is derived from hydrate-melt or ice-melt
systems rather than from freshly prepared mixtures.1,10−12

Three main hypotheses have been formulated for explaining
this issue, termed the memory ef fect, but no definitive
indications allow their validity to be asserted.2,3 Among these
three hypotheses, the one most subscribed to is that relating
the faster nucleation to the presence of residual clusters of
water molecules after the hydrate dissociation. Alternatively, a
high local concentration of guest molecules or an active role of
the impurities’ surfaces in the decomposition and reformation
cycle of the hydrates have been invoked as possible
explanations of the observed reduction of the nucleation
time of the hydrates. However, the validity of the memory ef fect
is restricted to the vicinity of the melting conditions, vanishing
the more and the longer the temperature is increased beyond
the equilibrium conditions.11,12 Also, the crystalline or
amorphous character of the nuclei and their temporal
evolution is the subject of a lively debate mainly related to
the way in which the water molecules are structured in the
early nucleation stages.3 A multistep nucleation mechanism
occurring through the formation of amorphous precursors and
leading to the so-called blob formation was proposed by
Jacobson et al.6,7 These amorphous precursors are guest-rich
structures including also the same polyhedral cages as
crystalline hydrates but lacking long-range order. The
formation of amorphous nuclei was found to be kinetically
favored with respect to the growth of crystalline nuclei but
however led to the formation of crystalline clathrates.13

Experimental studies about the nucleation and growth of
hydrates are mainly limited to pressures of the order of
hundreds of bar or less, where the kinetics of the formation
process is measured through the gas consumption rate,
whereas higher-pressure studies are generally directed to the
identification of crystal structures and phase boundaries.
Diffraction and spectroscopic methods can be extremely useful
to monitor in situ properties such as structure, cage occupancy,
and composition without affecting the sample.14,15 Raman
spectroscopy with high spatial resolution can be an excellent
and versatile tool to monitor the sample homogeneity, whereas
IR absorption spectroscopy, in view of its quantitative
character, can serve to monitor the formation and growth
kinetics of the hydrate in time scales longer than tens of
seconds.
Among the variegated types of clathrate hydrates, the argon

hydrate was the first noble gas hydrate to be discovered, and as
for the hydrates of the heaviest elements of the same group, Xe
and Kr, it is of great interest due to its supposed abundance on
the surface of Titan.16 Also for this reason, Ar and Xe hydrates
are the most studied noble gas hydrates under high-pressure
conditions, where their structures have been characterized by
synchrotron X-ray diffraction in combination with Raman
spectroscopy17 or neutron diffraction.18 Here, we report a

study of the growth dynamics of argon hydrate crystals in a
sapphire anvil cell (SAC) combining infrared absorption and
Raman spectroscopy.

2. METHODS

Crystalline argon hydrate was prepared by means of a
specifically designed high-pressure stainless steel vessel. This
was filled with finely ground ice and cooled to 160 K with a
mixture of solid and liquid ethanol, and then, it was sealed by
using silver plated gaskets. The system was pumped for a
couple of hours before argon was loaded while maintaining the
vessel at 160 K. The argon pressure was raised up to 220 bar at
this temperature. After about 30 min, the vessel is transferred
to an ethyl glycol bath cooled at −33 °C using a chiller. The
temperature was then increased in 3 h to −4 °C and then in 12
h to +2 °C where it was maintained for 6 h. The gas pressure
increased up to 350 bar (−2 °C) to decrease to 200 bar after
the cycle completion. The temperature was then lowered to
−33 °C in the chiller, and then, the vessel was placed in liquid
nitrogen where it was unsealed. The product appears as fine
white flakes that are highly unstable at ambient temperature.
A membrane anvil cell equipped with sapphires having culets

of 950 μm was employed for the high-pressure measurements.
The sample was contained by a ∼60 μm thick Cu−Be gasket
drilled to a diameter of 450 μm. The loading of the sample was
performed by quickly removing the hydrate crystals from the
liquid nitrogen employed for their storage and placing them
directly on top of the sapphires together with some ruby chips
employed for the determination of the sample pressure by the
ruby fluorescence method. For this operation, we placed the
cell in a large vessel open only on the frontal side. Liquid
nitrogen was used to keep the cell cold, and the amount of
liquid nitrogen on the bottom of the vessel was such to have a
large evaporation to ensure a dry atmosphere and avoid CO2
contamination. In addition, we used a flux of dry nitrogen
parallel to the open side to prevent contamination from the
atmosphere. Once the sample was loaded, the cell was closed,
and the membrane was pressurized. No CO2 traces were
detected in the sample by FTIR spectra. IR absorption spectra
were measured using a Bruker IFS-120 HR Fourier transform
IR spectrometer equipped with a globar lamp, KBr beam
splitter, and MCT detector. An optical beam condenser based
on ellipsoidal mirrors was used to focus the IR beam to a spot
size comparable to the dimensions of the sample contained in
the sapphire anvil cell.
Raman measurements were performed by using the 647.1

nm line of a Kr+ laser as the excitation source. A backscattering
geometry was adopted for the experiment using a long working
distance 20× Mitutoyo micro-objective. The spatial resolution
on the sample is about 3 μm. Spectra are collected using a
triple monochromator in subtractive dispersion mode (Acton/
SpectraPro 2500i) equipped with holographic super notch
filters and a CCD detector (Princeton Instruments Spec-
10:100BR). The resolution used in both FTIR and Raman
experiments is better than 1 cm−1.

3. RESULTS

The structural evolution of Ar hydrate up to 1 GPa was
characterized by neutron diffraction experiments.19 Up to 0.46
GPa, the stable structure is the typical cubic structure II of gas
hydrates (CS-II) with a variable degree of filling of the large
cavities increasing with rising pressure. Between 0.46 and 0.77
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GPa, Ar hydrate has a hexagonal structure (HS-III) with up to
five Ar atoms filling the large cavities. Above this pressure, up
to 0.95 GPa, a new tetragonal structural type of gas hydrates
containing only one type of polyhedral cavity with 14 faces is
found (TS-IV); these polyedrons are occupied by two argon
atoms each. The stability at higher pressures of Ar hydrate has
been proven by different studies.18,20−22 Visual observation
and Raman spectra were employed to determine the
decomposition curve of the hydrate up to 3 GPa.20 Two
other quadruple points were identified in the same study for
pressures in excess of 1 GPa, but only one clathrate hydrate
structure is reported. A very dense structure was suggested for
this phase according to the steep slope of the decomposition
curve,21 and successive X-ray diffraction studies22 identified
this high-pressure phase as a body-centered orthorhombic
structure closely recalling the filled ice structure.23 According
to the available data,19,20 the melting of argon hydrate below 2
GPa shows a demixing of the fluid phase with a water-rich
liquid phase and an Ar-rich fluid phase.20 In addition, a strong
metastability of the fluid mixture is observed when the
temperature is isobarically reduced for inducing the hydrate
recrystallization. Above 0.5 GPa, the clathrate formation is
achieved only when the fluid is cooled down until the
obtainment of the corresponding ice phase with the clathrate
forming at the ice-liquid interface.20

In this study, we used Raman and infrared absorption
spectroscopies to monitor the growth kinetics of Ar hydrate
from the fluid phase to understand the structural evolution of
the hydrate along the different steps of the crystallization
process. Once the loading of the Ar hydrate cystals was
completed, we brought the cell to ambient temperature, and
the sample pressure was adjusted to 0.6 GPa. At these
pressure−temperature (P−T) conditions, the argon hydrate is
in the HS-III phase19 whereas no water ice should be present
being well inside the liquid stability region. Visual inspection of
the sample reveals an appearance consistent with a
homogeneous polycrystal. In Figure 1, we report the Raman
spectrum measured at these P−T conditions in the lattice
phonon region. The spectrum, to our knowledge reported here
for the first time, is very similar to that of Xe hydrate measured
at ambient pressure and low temperature.24 The most intense
band is by far the one at 227 cm−1, which also closely
resembles that observed in ice and for this reason is associated
with deformation modes of the water molecules.25 The
similarities with the Xe hydrate spectrum extends also at
lower frequencies, where at least four other bands, at 35, 56,
80, and 132 cm−1, with a similar relative intensity distribution
are observed, although the Xe hydrate frequencies are
systematically lower. These bands must be related to
translational modes in analogy with the case of ice, whose II,
V, and VI crystals underlay the high-pressure hydrate
structures.
The temperature was then raised in steps of 0.1 K while the

sample was observed under the microscope. Melting was
observed at 306.9 K (0.61 GPa) by the formation of small
bubbles, likely composed by Ar. A Raman mesh of the sample
collected at this stage shows in every point the typical
spectrum of a liquid (red trace in Figure 1), thus confirming
the melting occurrence. The P−T conditions for the melting
are in perfect agreement with the decomposition line of ref 19.
The temperature was then lowered again while the sample was
monitored by microscope. At 298 K, the sample abruptly
becomes homogeneous with the disappearance of the Ar

bubbles; however, the Raman spectrum collected immediately
after this sudden change was noticed does not show any
remarkable difference with respect to the fluid (black trace in
Figure 2). The spectrum slowly evolves in time while
maintaining an unchanged P and T, and after 1.5 h, the
strongest band of the hydrate crystal at 227 cm−1 starts to be
visible. The progressive formation of all the spectral signatures
of the hydrate crystal takes place in about 3 h. This behavior is
better evidenced in the bottom panel of Figure 2, where the
area of the band at 227 cm−1 is reported as a function of time.
After this initial stage, the sample keeps changing with time,
and Raman mapping evidences a water-rich area in the center
of the sample, which progressively reduces, disappearing after
several days when a perfectly homogeneous crystalline sample
is obtained.
We melted again the hydrate crystal under the microscope,

to better characterize the hydrate crystallization, observing the
decomposition at 305 K (0.66 GPa). The molten sample was
left at 300 K and 0.66 GPa for about 4 days (90 h) without any
change in the sample appearance being observed. Consistently,
the Raman spectrum was always that of a liquid phase. FTIR
spectroscopy was then employed to monitor the crystallization
kinetics. The sample was cooled in steps of 1 K while its
evolution was continuously monitored by measuring the IR
spectrum. Crystallization was observed at 295 K (0.66 GPa) by

Figure 1. Raman spectrum collected in the low-frequency region
before melting of Ar hydrate (blue trace, 0.64 GPa; 294.4 K) and in
molten sample (red trace, 0.61 GPa; 306.9 K). The low-frequency
lattice modes are indicated in the crystal spectrum by dashed ticks,
and the relative frequency values are also indicated.
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the sudden change of the transmission through the sample of a
probe laser beam and, at the same time, of the interferogram’s
center peak amplitude. Infrared spectra have been collected
from this moment, assumed as the beginning of the
crystallization, at time intervals varying from 5 min (initial
stages) to 30 min. Pressure was monitored every few minutes
during the first step of the crystallization, and it was found to
be constant within the accuracy of its determination (±0.01
GPa). Some of the IR absorption spectra are shown in Figure 3
in the region of a combination band of water, bending plus H-
bond libration (ν2 + L), which is used as a probe of the
transition as it is always in scale and changes considerably upon
crystallization. The same behavior is also observed in pure ice,
where a shift of about 70 cm−1 is measured (from 2150 to
2220 cm−1) at ambient pressure.26

The spectra have been reproduced with three Gaussian
profiles (see Figure 4) at the initial stages of the crystallization
process (t ≤ 3 h), the lowest peak being related to liquid water
and the other two higher-frequency peaks being related to the
hydrate. The frequency and width of the liquid band were fixed
to the values measured in the molten hydrate before
crystallization, and only its intensity was left changing. This
band vanishes in about 1.5 h. The fit parameters of the two

Figure 2. Top: Raman spectra measured in the lattice phonons region
during the crystallization process at 298 K and 0.61 GPa. Bottom:
Evolution with time of the intensity of the Raman band at 227 cm−1.

Figure 3. Time evolution of the infrared absorption spectrum in the
region of the bending plus H-bond libration (ν2 + L) combination
band of water. In the plot are reported only a few selected spectra
grouped on the basis of their temporal separation: the red trace is the
last spectrum acquired in the fluid; blue traces are those collected at
the beginning of the crystallization process and are separated by 0.5 h;
the magenta traces are separated by 1 h, whereas the green traces are
separated by 5 h. The time intervals covered in the three cases are
indicated in the legend. The last trace is relative to the hydrate after 3
weeks.

Figure 4. Representative deconvolution results of the ν2 + L
combination band of Ar hydrate. Top: Deconvolution of the spectrum
acquired 1 h after the beginning of the crystallization; the three
Gaussian bands employed in the fit are relative to liquid water
(lowest-frequency band, dark yellow) and to the hydrate (red and
blue). Bottom: Deconvolution of the spectrum acquired after 3 weeks;
only two Gaussian bands are used, since the sample is entirely
crystalline.
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hydrate bands (peak frequency, fwhm, and area) and the area
of the liquid band are reported as a function of time in Figures
5 and 6. The most intense peak (labeled as peak 1) is initially

just above 2170 cm−1, rapidly shifting to the blue by more than
40 cm−1, the second (peak 2), much weaker and clearly visible
only at longer delays, is initially at 2360 cm−1, also undergoing
a 70 cm−1 blue shift with time. In spite of some differences in
the time evolution of the two peaks, such as the opposite sign
of the frequency shift once the faster steps of the crystallization
are terminated (see Figure 5 for t ≤ 2 h), the two bands behave
in a similar way in all the time ranges investigated, being
therefore related to the hydrate formation.
The time evolution of the frequencies and fwhm highlights a

formation dynamics of the hydrate composed by two distinct
regimes. The first one, evidenced in the insets of Figure 5,
characterizes the first 0.5 h, where a huge change of the peak
frequency is accompanied by an equally fast line narrowing and
intensification (see Figure 6). This evolution slows down in the
following 2 h while a remarkable rate, especially as the fwhm is
concerned, is maintained. This behavior closely recalls the
intensification of the hydrate lattice phonons measured by
Raman (see Figure 2), which also takes place in the first 3 h.
After these rapid steps, there is a much slower evolution of all
the parameters that monotonically evolve over a time interval
of about 2 days. In this second regime, the peak frequencies are
not much affected, changing by about 1%; on the contrary, the
integrated area and the peak 1 line width remarkably increases
by 60% and reduces by 20%, respectively.

4. DISCUSSION
The nucleation of a gas hydrate crystal has been identified as a
two-step process characterized by the fast (ns to μs) formation
of disordered solid-like structures evolving on much longer
time scales toward crystalline forms.27

The first-stage state is difficult to be recognized, at least
experimentally, being characterized by short-range ordering
with a local structure and energy reflecting those of a crystal. A
two-step mechanism was independently identified in different
computational studies of systems like methane,27 H2S,

28 and
CO2,

29 with the rate of the first step depending critically on the
concentration of guest molecules, speeding up with an increase
of the supersaturation conditions of guest species. This two-
step mechanism is further detailed by Jacobson et al.,6 where
the first step is divided into two phases characterized by blob
and amorphous structures. The two species differ for the water
molecules’ arrangement in hydrogen-bonded polyhedral cages,
which are not yet present in the blob and achieved only in the
amorphous phase. This two-stage mechanism should not be
confused with the one identified in several experimental studies
of hydrate formation at large interfaces, which is the most
characteristic condition where hydrates are experimentally
studied. In these cases in fact, the fast process, coating of the
ice surface, takes from seconds to minutes followed by a much
slower growth related to the diffusion of host species through
the hydrates to reach the reaction sites. For example, in the X-
ray microtomography study of Xe hydrate formation at the

Figure 5. Time evolution of the peak frequencies of the two Gaussian
bands employed to reproduce the bending plus H-bond libration
combination band of water after the crystallization started at 0.66 GPa
and 295 K. In the insets, the details of the first 5 h of the kinetics are
reported. The dashed lines are eye guides to identify the time intervals
characterized by a similar rate of the frequency change.

Figure 6. Time evolution of the full width at half-maximum (fwhm)
and area of the two Gaussian bands employed to reproduce the
bending plus H-bond libration combination band of water in the
hydrate after the crystallization started at 0.66 GPa and 295 K. In the
lower panel, the inset reports the time evolution of the area of the
band relative to liquid water.
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Xe−ice interface, the initial quasi-two-dimensional growth
along the ice surface occurs in a few minutes to extend, at later
stages, toward the gas phase and inside the ice, resulting in the
appearance of lens-shaped Xe hydrate crystals after about 10
h.30 NMR spectroscopy was also employed to monitor the
nucleation and growth of Xe hydrate on the ice surface,
succeeding in measuring the first minutes of the hydrate
formation.31 After this time window, corresponding to the
establishment of hydrate layers tens of nanometers thick, the
reaction became extremely slow. Very similar time windows
were also found in combined Raman and X-ray diffraction
study of CO2 hydrate formation.32 The explanation of this
slowdown should be searched in the diffusion of the guest
molecules through the hydrate, which limits the crystal growth
propagation.
In the present case, the Ar hydrate formation occurs from a

mixture where the Ar-rich fluid phase is finely dispersed in the
water-rich liquid phase, making the interface between the two
phases extremely large. This arrangement should allow the
observation of the full growth dynamics of the hydrate. Even
after a few days, in which this mixture was left to equilibrate,
we did not observe any appreciable change in the sample
aspect. The clathrate always formed from slightly supercooling
the fluid; indeed, crystallization is always observed to take
place between 300 and 290 K at pressures ranging between 0.6
and 0.7 GPa. This observation disagrees with the report by
Lotz et al.,20 which at similar pressures and in very similar
environmental conditions, since they also conducted experi-
ments in DAC, succeeded in the crystallization, only with a
more pronounced supercooling, observing first the crystal-
lization of ice phases and only successively the clathrate
formation. This difference could be ascribed to the fact that
their samples were prepared with a large excess of water. In our
experiments, we could not also recognize any relation between
the time elapsed from the establishment of the crystallization
conditions and its occurrence, the amount of time the sample
was left in the fluid phase and of the thermal treatment to
which it was subjected. In other words, we have no hints of a
possible memory ef fect. However, although the time scale where
we can probe this event is orders of magnitude longer than the
characteristic nucleation times, other experiments on the
formation of Xe hydrate, conducted with a time resolution
comparable to ours, observed a decrease of the induction time
with increasing the Xe gas pressure, vanishing when the
hydrate was pumped to remove the Xe and then re-exposed to
the gas.31 The latter issue was taken as an indication of a kind
of “preorganization” of the surface for hydrate growth.
Nevertheless, statistical studies of hydrate nucleation based
on visual observations in a system subjected to formation/
dissociation cycles showed the complete stochastic nature of
this event, evidencing an important role of the thermal
history.33 A memory ef fect of the water molecules governing the
nucleation process was also invoked in energy dispersive X-ray
diffraction measurements to explain the extreme variability of
the nucleation time of CO2 hydrates depending on the way
water was prepared.11 However, neutron diffraction studies of
methane hydrate formation and decomposition did not
evidence any change in the coordination number of water
molecules around methane (water structure) before the
hydrate growth and after the hydrate decomposition.34

The kinetics of the hydrate formation measured in this work
by FTIR spectroscopy clearly evidence two temporally distinct
steps. The first one approximately covers the first 30 min and is

characterized by a steep increase of the peak frequency value
(30−70 cm−1) of both components of the ν2 + L combination
band of water. The frequency of the main band still increases
in the successive 1.5−2.0 h but at a considerably smaller rate,
about 10 cm−1 h−1. This time window nicely agrees also with
the Raman data, which show the appearance from the liquid-
like spectrum of the lattice phonon bands after about 1 h, to
evolve rapidly in the successive 2−3 h. For longer delays, the
evolution of the two IR peaks is very similar being
characterized by a continuous smooth variation of the
frequency, although the most intense peak still blue shifts,
whereas the weaker peak moves back to lower frequencies. A
very similar behavior is also shown by the fwhm and the area of
the two peaks, which exhibit a remarkable narrowing and
intensification in the first half hour, to smoothly decrease the
rate change for longer delays. The time evolution of these
parameters provides a considerable insight about the hydrate
structural changes at the microscopic level. The vibrational
frequency in a molecular crystal is indeed an efficient probe of
the local environment, whose changes can produce frequency
shifts of the order of some percent. In this case, the mode
under examination is extremely sensitive to the crystallization
as also observed in pure water.26 As already mentioned, this
mode is a combination of the bending and of the H-bond
libration, and the large frequency shift occurring at the melting
is ascribable to the libration, which, upon crystallization,
undergoes in pure water a blue shift comparable to that of the
combination mode.35 However, the crystallization process,
which in ice takes place on a shorter time scale (μs to ms36),
lasts in this case several minutes, attesting for complex
dynamics likely related to the construction of the local
environment, i.e., the hydrate cage. The evolution of the
fwhm spans instead over a much larger time interval, showing
an appreciable narrowing even after several hours. This
parameter is related to the relaxation dynamics, which rule
the lifetime of the state, and it is an efficient probe of the
translational order. We therefore expect an evolution for this
parameter approximately mirroring the evolution of the lattice
phonon spectra being both related to the long-range order
building in the crystal.

5. CONCLUSIONS
The confinement of crystalline Ar hydrate in a sapphire anvil
cell allowed us to carefully monitor by spectroscopic methods
the melting and the following recrystallization process. We
have neither any indication of a possible existence of a memory
ef fect nor excessive supercooling of the sample to induce
crystallization. The molten mixture is composed by finely
dispersed Ar microbubbles, thus ensuring a huge surface
contact between water-rich and Ar-rich phases. The transition
to the solid phase is visually and optically detected and
confirmed by IR absorption spectra in the region of the ν2 + L
combination band of water. The crystal formation is
characterized by different steps that we are able to characterize,
starting from the growth of the existing amorphous nuclei until
the achievement of high-quality macroscopic crystals. These
steps are identified through the variation of the spectral
parameters of the ν2 + L band and by the Raman spectrum of
the lattice phonons, reported here for the first time. An
amorphous structure is built on a time scale not accessible in
our experiments. The local rearrangement, which we can
monitor through the frequency change of the ν2 + L band, is
very important in the first half hour time window, where, on

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c00386
J. Phys. Chem. C 2020, 124, 10159−10166

10164

pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c00386?ref=pdf


the other side, a long-range order (lattice phonons) is not yet
established. In the following 1−1.5 h, the local structure is
realized, and we have evidence of the establishment of long-
range order (translational symmetry) of the hydrate. Although
the rate of this last process tends to stabilize after 10 h, with
most of the long-range ordering being realized within this time
interval, the hydrate evolution keeps going on for several days.
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