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ABSTRACT
Among the ice mixtures that can be found in our universe, those involving ethylene are poorly studied even though ethylene report-
edly exists in the presence of water in several astrochemical domains. Here, we report on the chemistry of ethylene and water mixtures
in both pressure (0–15 GPa) and temperature (300–370 K) ranges relevant to celestial bodies conditions. The behavior of the binary
mixture has been tracked, starting from the ethylene clathrate hydrate and following its evolution through two different crystalline
phases up to 2.10 GPa, where it decomposes into a solid mixture of water ice and crystalline ethylene. The pressure and tempera-
ture evolution of this mixture has been studied up to the complete transformation of ethylene into polyethylene and compared with
that of the pure hydrocarbon, reporting here for the first time its spectroscopic features upon compression. The spectroscopic analy-
sis of the recovered polymers from the ice mixtures provided hints about the reactivity of the monomer under the environmental stress
exerted by the water network. The results of this study are expected to be significant in a variety of fields ranging from astrochemistry
to material science and also to fundamental chemistry, particularly regarding the study and modelization of the behavior of complex
mixtures.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137863

I. INTRODUCTION

Water is one of the most widely distributed molecules in our
universe: it can be found in the gas phase in the interstellar and
circumstellar clouds,1 less commonly as a solid, mainly on icy bod-
ies such as giant planets satellites2,3 and Kuiper belt objects,4 and
occasionally as a liquid, a form of paramount importance for the
chemistry of life. Carbon-bearing molecules are also widespread
chemicals. Indeed, liquid hydrocarbons exist on many icy bodies
in our solar system, such as on the surface of Titan or in the sub-
terranean oceans on Enceladus. More generally, liquid and solid
hydrocarbons can be found where the atmosphere is cold enough
to let them condense.5,6 In addition, a large variety of differently
sized carbon compounds have been detected on cometary comae7

or reproduced in experimental simulations of cometary analogs,8

and very complex carbon-based compounds such as polycyclic
aromatic hydrocarbons (PAHs) or long-chain polymers are typical
carbonaceous constituents of meteorites.5 The simultaneous pres-
ence of water and hydrocarbons has, therefore, primary importance
in diverse astronomical contexts, ranging from the above-mentioned
cometary comae to the atmospheres, crusts, and first layers of
many satellites and planetoids. The coexistence of water and small
hydrocarbons manifests itself as solid ice mixtures, polyphasic sys-
tems made up of variously segregated solid constituents, or, quite
often, through the formation of supramolecular compounds such as
clathrate hydrates.

Besides that of methane, probably the most common hydro-
carbon to be found alone and in combination with water in icy
mixtures across the solar system, the case of ethylene presents
a peculiar interest for fundamental chemistry, being C2H4 the
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simplest double-bonded hydrocarbon. Ethylene is usually studied
in material chemistry for its polymerization product, polyethylene,
a compound of major interest with a huge variety of technological
applications, from thermoplastics to medical prostheses implan-
tation.9 The presence of ethylene in astronomical environments
has been reported for several giant planets and icy bodies in the
form of evaporites,10 dissolved in CH4/C2H6 lakes11 or, mainly,
as a gas in their upper atmospheres.12–14 In this framework, ethy-
lene is synthesized during the photolysis of other hydrocarbons,
typically methane, and it is involved in the complex reaction path-
ways leading to the formation and decomposition of ethane.12,14,15

Just like methane or ethane, C2H4 is expected to play a role in
the peculiar chemistry happening on Titan, but it is also present
on other icy bodies and planetoids of the outer solar system and
their atmospheres, such as in the case of Pluto16 and Makemake.15

Moreover, ethylene was also observed as a product formed fol-
lowing the impact of the Shoemaker–Levy comet into Jupiter’s
atmosphere.17

The high pressure behavior of ethylene has been extensively
studied in the past few years. The Raman spectra of liquid and
solid ethylene have been studied at low temperatures and atmo-
spheric pressure,18,19 but no reports are available at high pressure.
On the contrary, the infrared spectrum of ethylene has been studied
under pressure, and it has been successfully employed to follow and
study ethylene polymerization. The reaction is reported to occur at
3.60 GPa in the solid phase upon simple compression20 and has been
extensively studied also in the liquid phase under various wavelength
irradiations21,22 and as a function of temperature.23

On the other hand, the ethylene–water ice mixtures are far
less studied in the laboratory. Only a few works have been pub-
lished over the years, mainly focusing on ethylene clathrate hydrate
and particularly on the low pressure–low temperature phases.
The clathrate hydrate spectral features have been investigated via
Raman24 and infrared spectroscopies,25 paying attention to the
stability boundaries and small cage occupancy in the lower pres-
sure phase26 and, in more recent times, to the refinement of its
crystalline structure.27 In any case, these studies were devoted
to understanding the influence of ethylene on methane–water
ice mixtures and on the stability of methane clathrate hydrate24

or to providing reference spectra to be compared with remote
observations.25

Here, we report a comprehensive high pressure–high temper-
ature study of the ethylene–water mixture that encompasses both
its ethylene clathrate hydrate form and its behavior at higher pres-
sures, where the clathrate hydrate decomposes into water ice and
crystalline ethylene. First, we characterized the whole Raman spec-
trum of ethylene clathrate hydrate in all its phases. Then, we focused
on the Raman features of ethylene in solid mixtures with water ice,
comparing them with those of pure ethylene samples, which have
never been reported so far. In addition, we characterized the reac-
tion threshold for the polymerization of ethylene in the presence of
water, and finally, we analyzed the recovered polyethylenes obtained
from these mixtures. Besides providing a deeper knowledge of the
fundamental chemistry of ethylene alone and in combination with
water, these studies are pivotal to obtaining a deeper understand-
ing of the behavior of ice mixtures involving ethylene in the extreme
pressure-temperature conditions that may occur in the interior of icy
bodies in our solar system. Moreover, they are of great interest from

the perspective of material chemistry in order to synthesize very low
density polymers for possible technological applications.

II. EXPERIMENTAL
Crystalline ethylene clathrate hydrate was prepared by means

of a specifically designed high pressure stainless steel vessel, as
described elsewhere.28 The vessel was filled with finely grounded ice,
sealed using silver plated gaskets, and then cooled down to 240 K in
an ethylene glycol bath using a chiller. The system was pumped for
at least 12 h before 20 bars of ethylene (Sapio, 99.5%) were loaded,
while maintaining the vessel at 240 K. Once the temperature stabi-
lized, a temperature program was applied: starting from 262 K, the
temperature was increased in 3 h to 267 K and then in 3 more hours
to 272.65 K. In the final step, the temperature was slowly increased
up to 273.65 K in 15 h. During the temperature program, the gas
pressure increased up to 70 bars (at 262 K) and then decreased
to 40 bars after the cycle completion. The vessel was unsealed
under liquid nitrogen to collect the sample. The product appeared
as white fine flakes, flammable, and highly unstable at room
conditions.

Membrane Diamond Anvil Cells (mDACs) were employed to
pressurize and study the samples. The mDACs were equipped with
IIa type diamonds having culets with a range of diameters from 400
to 1000 μm, depending on the experimental purposes. The sam-
ples were enclosed by stainless steel gaskets with an initial diameter
and thickness of about 150 and 50 μm, respectively (for 400 μm
culet mDACs), and of about 500 and 140 μm (for 1000 μm culet
mDACs). Ruby chips were used as pressure gauges.29,30 The clathrate
samples were transferred into the diamond anvil cells while main-
taining them under cryogenic conditions. Once loaded into DACs,
the samples were sealed by the application of helium pressure to the
membrane and studied via Raman spectroscopy.

The pure ethylene samples were loaded using either the stan-
dard cryo-loading technique (28 bars, 243 K) or spray-loading,
following the procedure described elsewhere.31

Raman spectra were measured in backscattering geometry by
focusing a few mW of the 660 nm line of a solid state diode laser
(Laser Quantum Torus) onto the sample through a long work-
ing distance 20× Mitutoyo micro-objective, providing a beam spot
diameter of 2–3 μm. The high spatial resolution of the Raman equip-
ment, together with the complete automation of the DAC stage
(remotely controlled via software), allowed to perform grid acqui-
sitions on the samples (Raman mappings): in this procedure, a
certain number of Raman acquisitions can be performed at definite
positions on a square mesh of desired dimensions. The unpolar-
ized scattered light was dispersed by a single stage monochromator
(Acton/SpectraPro 2500i), equipped with holographic super notch
filters, and collected by a CCD detector (Princeton Instruments
Spec-10:100BR). The typical resulting instrumental resolution was
0.6 cm−1 with the employed wavelength.32 High temperature Raman
spectra were collected using a specifically designed vacuum chamber
for resistive heated DAC.33 Raman data were analyzed using Fityk
software.34

FTIR absorption measurements were performed using a
Bruker-IFS 120 HR spectrometer suitably modified for high pressure
and high temperature experiments,35 using an MCT detector and a
KBr beam splitter with an instrumental resolution of 1 cm−1.
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Angle dispersive x-ray powder diffraction (XRD) patterns were
acquired at LENS on the recovered samples using a Xenocs-GeniX
Mo Small Spot microsource (λ = 0.710 73 Å) equipped with mul-
tilayered focusing mirrors and collected on a PI-SCX 4300 CCD
detector. The beam spot focal size was 100 μm with a typical acquisi-
tion time of 2 h. The 2D diffraction patterns were treated by software
to remove the cosmic rays and then analyzed and integrated using
DIOPTAS software.36

III. RESULTS AND DISCUSSION
The samples of ethylene clathrate hydrate were loaded into the

DACs immediately after being synthesized, as described in Sec. II.
We managed to load the samples at the lowest possible pressure;
the samples were mapped and analyzed by Raman spectroscopy and
then compressed to follow their pressure evolution.

A. Phase changes
Figure 1 reports optical photographs acquired on ethylene

clathrate hydrate at various stages of compression. Figure 2 reports
the Raman spectra of ethylene clathrate hydrate (full lines) and of
pure ethylene (dotted lines) in the relevant spectral windows, col-
lected at room temperature upon compression. To our knowledge,
the spectra shown in Fig. 2 are the first reported in scientific litera-
ture covering the whole spectral range, besides the –C–H stretching
region. Finally, Fig. 3 shows the pressure evolution of the peak fre-
quencies for the Raman bands of encaged ethylene molecules in
the diverse phases of ethylene clathrate hydrate (colored circles)
compared with those of pure ethylene (open black squares). The
photographs, the spectra, and the pressure evolutions of the frequen-
cies show clear evidence of at least two different main transforma-
tions occurring in the pressurized samples, and it is noteworthy that
these transformations can be interpreted quite differently from the
existing literature.24

In good agreement with previous literature data, the first
clathrate hydrate phase, called EH-I, was observed from the lowest
pressure we accessed in these experiments, 0.20 GPa, up to 1.60 GPa.
This phase is characterized by a typical doublet in the C=C stretch-
ing, –C–H stretching, and –CH2 scissoring regions (see blue spectra
in the left, central, and right panels of Fig. 2). As explained else-
where,26 the splitting of the bands is due to the occupancy of two
different types of cages in the EH-I structure. EH-I features an
sI-type structure25,27 with small (512, S-cages) and medium (51262,
M-cages) sized cages; the lower frequency peak in the spectra refers
to the occupation of M-cages, while the higher frequency component
refers to the occupation of S-cages.25,26 Meanwhile, the dimensions
of the ethylene molecule would seem to preclude its presence in
the smaller 512 cages of the sI-type structure, ethylene has been
reported to occupy these cavities under pressure by virtue of frame-
work deformations.25,27 On the other hand, occupancy by ethylene
of the larger 51262 cages is favored. Thus, in reasonable agreement
with recent findings about the cage occupation in the sI structure of
ethylene clathrate hydrate27 and with reports for the sI structure in
analogous systems such as methane clathrate hydrate,37 we observed
that the intensity ratio for all the split doublets in EH-I is close to 3:1.

At 1.60 GPa, ethylene clathrate hydrate undergoes its first trans-
formation; here, the Raman spectrum reflects the coexistence of the

FIG. 1. Microscope photographs of the ethylene clathrate hydrate sample at var-
ious stages of compression: (a) 0.60 GPa, EH-I phase; (b) 1.60 GPa, EH-II
phase; (c) getting darker upon compression at about 2 GPa; (d) at 2.10 GPa;
(e) decomposed Ice-VII and plastic C2H4-II at 2.60 GPa; (f) decomposed Ice-VII
and crystalline C2H4-I at 3.30 GPa. Photographs were acquired with transmitted
like.

EH-I phase together with the incoming EH-II phase. The transition
between the two phases is quite sluggish, and EH-I can be overcom-
pressed up to 1.75 GPa, thus defining a coexistence domain that
extends from 1.60 to 1.75 GPa. Once the sample has completed its
transformation, a small pressure drop to 1.60 GPa is observed. The
structural change is highlighted by the different textures character-
izing the sample [see photos (a) referring to EH-I and (b) referring
to EH-II, in Fig. 1]. From a spectroscopic point of view, the tran-
sition and the related coexistence region are characterized by the
growth of a new peak in between the doublet of phase EH-I rela-
tive to the C=C stretching mode (yellow curve in the central panel of
Fig. 2), while in the –CH2 scissoring region and, more evidently, in
the –C–H stretching region, we observe a superposition of the EH-I
spectrum with the spectral features of the EH-II spectrum. This
can be easily seen by comparing the yellow curves in the left and
right panels of Fig. 2 with the blue and red ones related to EH-I
and EH-II, respectively.

Once the transition is completed, the measured Raman spec-
trum, which is ascribed to the EH-II phase of ethylene clathrate
hydrate, shows broad and asymmetric bands for the –CH2 scissoring
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FIG. 2. Raman spectra of ethylene clathrate hydrate at various pressures. Colors
mean: blue, phase EH-I; orange, the coexistence of EH-I and EH-II phases; red,
phase EH-II; green, decomposed ethylene in water. Dotted lines refer to spectra
acquired on pure ethylene samples and are shown as a comparison. Pressure
values are expressed in GPa. Left: Raman spectra in the 1280–1400 cm−1 fre-
quency range, where the ν3 vibration of ethylene (–CH2 scissoring) can be found.
The asterisks indicate the saturating Raman band from the diamond anvils. Center:
Raman spectra in the ν2 (C=C stretching) frequency range. Right: Raman spectra
in the ν1 and ν5 frequency range, where the Raman bands for the symmetric and
antisymmetric –C–H stretching modes of ethylene can be observed. The spectra
have been normalized to the highest intensity and vertically shifted for the sake of
clarity.

ν3 and the C=C stretching ν2 modes, and a better resolved struc-
ture, that can be reproduced using three components, in the region
of the –C–H stretching ν1 and ν5 modes (see Fig. 2). This picture is
quite consistent with the report by Shimizu et al.24 Despite the evi-
dent similarities between the spectra in this phase and the spectra
of the corresponding MH-II phase in the case of methane hydrate,37

the lack of any dedicated structural study about EH-II allows only
speculations about its actual structure.

At pressures exceeding 2.10 GPa, both the C=C and the –C–H
stretching bands (see the green spectra in the central and right pan-
els of Fig. 2; the –CH2 scissoring band is covered by the saturating
absorption of the diamond) become sharper and single-peaked, and
we observe the second important transformation. This change is also
highlighted by a darkening of the sample between 2.00 and 2.10 GPa
[see pictures (c) and (d) in Fig. 1]. By the comparison of the Raman
spectra acquired on the mixture (green curves in Fig. 2) with those
acquired on a sample of pure ethylene (dotted curves), we assign this
transformation to a decomposition of the ethylene clathrate hydrate
into water ice and plastic C2H4-II. Starting from this pressure, the
samples remained decomposed, and no spectral features suggest-
ing the formation of any other kind of clathrate hydrate have been
observed. In a pure ethylene sample, the ambient temperature phase
transition between liquid and plastic ethylene lies at about 1.80 GPa;
as soon as the EH-II decomposes, ethylene segregates in its plas-
tic phase II in the presence of the excess water ice-VI (or ice-VII
above 2.40 GPa). This structural evolution clearly emerges from the

FIG. 3. Pressure evolution of the peak frequencies of ethylene Raman bands in
the diverse clathrate hydrate phases with respect to pure ethylene. Solid blue cir-
cles: phase EH-I; open orange circles: coexistence of EH-I and EH-II phases; solid
red circles: phase EH-II; solid green circles: decomposed ethylene in water. Black
open squares refer to peak frequencies of pure ethylene and are shown as a com-
parison. The Top, Middle, and Bottom panels refer to ν3, ν2, and ν1; ν5 Raman
modes of encaged ethylene, respectively. Vertical lines are intended as a guide
for the eyes to locate the transition thresholds: black dotted lines refer (in order)
to the EH-I to EH-II phase transition (1.60 GPa) and EH decomposition into ice
and pure ethylene (2.10 GPa); pink dotted lines refer to the phase transition from
phase II to phase I in pure ethylene. The yellow highlighted regions visually define
the pressure range for the coexistence of EH-I and EH-II (1.60–1.75 GPa), while
the gray highlighted regions visually define the pressure range where the clathrate
structure disrupts into plastic C2H4 and water ice.

pressure evolution of the peak frequencies, which are reported in
Fig. 3.

The observation of the decomposition of EH-II into its con-
stituents calls into question the assignment of a third ethylene
clathrate hydrate phase, EH-III, done by Shimizu and co-authors
in the only other available work regarding the behavior of this sys-
tem under moderate pressures (up to 3.16 GPa).24 In that work, the
authors claimed the existence of a filled ice EH-III structure, similar
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to that of MH-III in methane hydrate, on the basis of a small fre-
quency shift for the –C–H stretching band of the guest molecules.
Nevertheless, this argument relied on a previous study by the same
group,38 where the decomposition of methane clathrate hydrate
phase II into Ice-VI and solid-CH4 was erroneously interpreted as
the formation of the filled ice MH-III structure. As widely agreed
in recent literature37,39–42 and differently from what was reported by
Shimizu et al.,24 a much higher frequency shift is expected in the case
of the formation of filled ice structures (about 10 cm−1).

These results substantially change the picture of the phase dia-
gram of ethylene clathrate hydrate, highlighting the existence of
only two phases, EH-I (0.10–1.60 GPa) and EH-II (1.60–2.10 GPa),
with a narrow pressure interval (1.60–1.75 GPa) where these two
phases coexist, due to the sluggishness of the phase transition. Above
2.10 GPa, the sample decomposes into water ice and solid ethylene.
These conclusions are further supported by the measured lattice
phonon spectra we report in Fig. 4. Except for a few low-pressure
points (P ≤ 0.50 GPa) reported by Sugahara et al.,26 these Raman
spectra are the first reported for the lattice phonons of ethylene
hydrate. Figure 4 shows the lattice phonon region in the EH-I and
EH-II phases and in their coexistence domain, together with the
pressure evolution of their peak frequencies.

Despite the poor signal-to-noise ratio, possibly because of the
presence of excess water and ethylene, the phonon spectra were
successfully reproduced after background subtraction. Figure S1
included in the supplementary material reports an example of a
spectral deconvolution for lattice phonons in phase EH-I. As it can
be seen, EH-I phonon bands strictly remind the phonon spectrum
of other sI-type structures such as methane clathrate hydrate,37 thus
confirming the initial assignment. As the sample enters the coexis-
tence region between phases EH-I and EH-II, the phonon spectra
become less readable, and we assist to an overall intensity reduc-
tion of the spectrum, as expected;37 in general, only two broad
bands are clearly visible. In addition, in the EH-II phase and dif-
ferently from what was observed in the methane clathrate hydrate
case, the spectrum seems to feature only two broad bands. These
bands are compatible with the two most intense peaks observed in
methane clathrate hydrate phase MH-II, and this can confidently
lead us to assign this structure as similar to that of an sH-type
clathrate.

Table S1 in the supplementary material collects the pressure
shift coefficients of the lattice phonon and of the internal modes of
encaged ethylene in the clathrate hydrate phases EH-I and EH-II as
obtained from a linear fit of the frequency evolution with pressure
(data reported in Fig. 3 and in the bottom panel of Fig. 4). Figure S2
shows, instead, our phonon data in continuity with those measured
by Sugahara et al.26 at lower pressures (below 0.50 GPa), highlight-
ing how our most intense peak agrees with the behavior of the only
lattice phonon reported in that work.

B. Water ices–ethylene crystals mixtures
The decomposed C2H4 and water solid ice mixture has been

further compressed up to 15 GPa and heated in a range from room
temperature up to 370 K. This allowed us to follow the pressure evo-
lution of ethylene Raman bands, which we report in Figs. 5 and 6 for
the very first time in this pressure range. Figure 5 reports the Raman
spectra in the ν2 (C=C stretching) and in the ν1 and ν5 (symmet-
ric and antisymmetric –C–H stretching modes) frequency ranges,

FIG. 4. Top panel: Lattice phonon spectra of ethylene clathrate hydrate in phase I
(EH-I, blue curve), in the coexistence region of EH-I and EH-II (orange curve), and
in phase II (EH-II, red curve). The black curve refers to a typical spectrum acquired
after the ethylene hydrate decomposition (at 2.45 GPa), where the phonon bands
of Ice-VII can be observed. Pressure values are expressed in GPa. The spectra
have been normalized to the highest intensity and vertically translated for the sake
of clarity. Bottom panel: Pressure evolution of the peak frequencies of the phonon
bands of ethylene clathrate hydrate. Colors mean: solid blue, phase EH-I; open
orange square, the coexistence of EH-I and EH-II phases; solid red, phase EH-
II. Vertical, black dotted lines are intended as guides for the eyes to locate the
various transition pressure; they refer in order to the EH-I to EH-II phase tran-
sition (1.60 GPa) and EH decomposition into ice and pure ethylene (2.10 GPa).
The yellow highlighted area defines the region of coexistence for EH-I and EH-II
(1.60–1.75 GPa), while the gray highlighted region visually defines the pressure
range where the clathrate structure disrupts into plastic C2H4 and water ice.

while Fig. 6 reports the Raman spectra in the three relevant win-
dows of the 0–1400 cm−1 region. For comparison, the spectra have
been collected both on pure samples (black traces) and on ethy-
lene in solid ice mixtures with water (green traces). The pressure
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FIG. 5. Raman spectra of pure ethylene (black) compared to those acquired on the
decomposed mixture of water and ethylene (green) at various pressures across
liquid, plastic (C2H4-II), and fully ordered (C2H4-I) crystalline solid phases. Top:
Raman spectra in the ν2 (C=C stretching) frequency range. Bottom: Raman spec-
tra in the ν1 and ν5 frequency range relative to the symmetric and antisymmetric
–C–H stretching modes of ethylene. Pressure values are expressed in GPa. The
spectra have been normalized to the highest intensity and vertically shifted for the
sake of clarity.

shifts of the Raman active internal and lattice phonon modes of pure
ethylene are reported in Table S2 as obtained by a linear fit of the
frequency evolution with pressure. These data are reported in Figs.
S3 and S4 and are relative to the peak frequencies of the Raman
bands of pure ethylene and of ethylene in water mixtures up to
the highest investigated pressure. Notably, the aforementioned sim-
ilarities between the spectra of the ethylene/water solid ice mixture

FIG. 6. Raman spectra of pure ethylene (black) compared to those acquired on the
decomposed mixture of water and ethylene (green) at various pressures across
liquid, plastic (C2H4-II), and fully ordered (C2H4-I) crystalline solid phases. Left:
Raman spectra in the lattice phonon region. Center: Raman spectra in the ν8 fre-
quency range relative to the –CH2 wagging mode. Right: Raman spectra in the
ν3 frequency range relative to the –CH2 scissoring mode. Pressure values are
expressed in GPa. The spectra have been normalized to the highest intensity and
vertically shifted for the sake of clarity.

and those of pure ethylene are confirmed by the pressure evolution
of the frequencies of all the ethylene Raman peaks, which over-
lap those of pure ethylene up to the highest pressure where the
monomer bands could be assigned in that sample, as already shown
in Fig. 3 for the low pressure regime and in Fig. S3 for the whole
range.

The liquid-to-plastic phase transition in C2H4 is somewhat elu-
sive: it involves no evident frequency shifts, but it is highlighted
in the –C–H stretching region by the intensification and sharpen-
ing of the ν5 component (antisymmetric stretching). The ν5 mode
sharpens continuously up to the crystalline phase I, where, as pre-
viously reported in low temperature conditions,18,19 it undergoes
further splitting due to Davydov components at higher pressures
(the same happens to the ν1 band, becoming broader with pressure
but remaining unresolved). A small frequency drop is systematically
observed across the plastic C2H4-II to the crystalline C2H4-I phase
transition. It is visible in the ν2 mode related to C=C stretching (a
frequency drop of about 6 cm−1, from 1631 to 1625 cm−1) and in the
ν1; ν5 range, as mentioned earlier, but it is not observed in the –CH2
wagging region (ν8, Fig. 6). Here, the phase transition is indicated
only by the sudden intensification and sharpening of the ν8 Raman
band, which in phase I features two distinct components at 946 and
967 cm−1, respectively. This splitting, such as that aforementioned
for the –C–H stretching bands, is expected in agreement with the
crystal structure of monoclinic fully ordered C2H4-I, P21/m with
Z = 2 (two molecules per cell).43,44 On the other hand, the splitting
is far less visible in the C=C stretching band, where the single band
observed in fluid and in plastic C2H4-II tends simply to become
broader and slightly asymmetrical once the sample has transformed
into phase I. Finally, the left and right panels in Fig. 6, respectively,
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show the lattice phonon bands of solid ethylene and the –CH2 scis-
soring band (ν3). The –CH2 scissoring band becomes visible only
at high pressure; it is not observed in the liquid and plastic regimes.
This does not mean that the –CH2 scissoring is not active at lower
pressures (it is indeed visible in the liquid phase spectra recorded
at 113 K by Blumenfeld et al.18), but it is probably less intense and
covered by the nearby, saturating absorption band of the diamond
anvils. For what is concerned with the lattice phonon modes, bas-
ing on symmetry consideration, they are expected only in the fully
ordered, crystalline monoclinic phase I (molecule point group D2h,
factor group Ci, and site group C2h) but not in the cubic, orientation-
ally disordered plastic phase II (where both factor and site group are
Oh); in particular, in the case of C2H4-I, six Raman active librational
modes are expected, four of which could be identified by the fit of
the collected spectra (frequencies are reported in Fig. S4).

C. Polymerization in solid ice mixtures
Ethylene is reported to polymerize spontaneously at pressures

exceeding 3.60 GPa at room temperature20 or even lower at high
temperatures23 or under irradiation.21,22 In these cases, infrared
spectroscopy was employed as a probe to track the onset of the
reaction and follow the reaction kinetics at constant pressure. IR is,
indeed, very sensitive to the appearance of new absorption bands
related to the polymer, while the bands from ethylene still remain
visible after 300 h from the reaction onset.20 Infrared spectroscopy
was unsuitable for our samples due to their thickness, resulting
in saturation of the main bands of both water and ethylene. On
the other hand, Raman spectroscopy works as a point probe for
the various regions of the sample; for instance, Raman allowed us
to observe the first signs of a reaction in different areas of the
sample already around 2.85 GPa, on the threshold of the plastic-
to-ordered phase transition, and at a significantly lower pressure
than expected, although a possible contribution to the reaction from
the laser light cannot be excluded. Taking into account these dif-
ferences between the probes used to follow the process, we were
able to track the high pressure/high temperature behavior of the
solid ice mixture of water and ethylene and to compare it with
the pure system. The results are summarized in Fig. 7. First, we
delimited the field of existence of the solid ice mixtures, trying to
constrain the p, T region in which the ethylene monomer remains
stable and does not completely convert into the polymer. Based on
the results of room temperature compressions and on a high tem-
perature isothermal compression (open green circles in Fig. 7), the
ethylene bands persist up to 10.50 GPa. The fact that this pres-
sure value was found both at room temperature and at a high
temperature clearly indicates that this threshold is temperature-
independent. Figure 7 also reports the reaction threshold observed
along a series of isobaric heatings performed on the solid ice mix-
ture (solid green circles) and on pure ethylene samples (solid gray
diamonds).

While the threshold for the polymerization reaction in pure
ethylene samples heated at 4.20 and 8.00 GPa (the gray dia-
monds in Fig. 7) roughly follows the phase boundary between
ethylene phases I and II as analytically reproduced from the
experimental points,20,23,45–47 thus suggesting a topochemical reac-
tion triggered by lattice phonons in phase I,20 the solid–solid

FIG. 7. Phase diagram of pure ethylene, as indicated by the solid pink lines (curve
analytically reproduced from the experimental data related to the transition from
liquid to plastic phase II and from plastic phase II to fully ordered crystalline phase
I).20,23,45–47 The dotted black lines refer to the ethylene clathrate hydrate phase
diagram, highlighting the EH-I to EH-II phase transition and the hydrate decompo-
sition threshold. The yellow highlighted regions visually define the pressure range
for the coexistence of EH-I and EH-II (1.60–1.75 GPa). Superimposed on the
phase diagrams, the experimental p, T threshold measured in this work in rela-
tion to ethylene polymerization in pure solid phase (magenta diamonds) and in
ethylene/water mixtures (green circles). Open green circles indicate the pressure
threshold obtained in two distinct compression experiments at room temperature
and at high temperature (355.15 K). The dotted green line is a guide for the eyes,
indicating the behavior of the threshold line in ethylene/water mixtures, while the
vertically dotted pink line highlights the polymerization threshold in pressure as
obtained in this experiment.

mixture behaves quite differently. The high temperature/high pres-
sure polymerization threshold follows the green dotted line reported
in Fig. 7, lying well below the I–II phase transition in pure ethylene.
Its slope suggests that the threshold is independent of pressure in
the investigated p, T range, thus representing a kinetic boundary.
The green line is just a guide to the eye following the thresh-
old temperatures measured during the heating at 4.00, 5.10, 6.30,
and 8.40 GPa (green circles in Fig. 7) and that of the isother-
mal compression at 355.1 K (open green circles). Figure S5 reports
two sequences of Raman spectra acquired during the heating at
two different pressures; from these data, we derived the thresh-
old temperatures reported in Fig. 7 as the temperatures where
the bands related to –C–H stretching of polyethylene drastically
intensified.

The peculiar threshold line measured in the solid ice mix-
ture with respect to what is expected in the case of pure molec-
ular crystals (see, for instance, the case of pure ethylene23) can
be ascribed to the arrangement of water and ethylene in the ice
mixture, probably consisting in variously dimensioned C2H4 crys-
talline clusters surrounded by water ice regions. In bulk processes
for pure molecular crystals, the reaction trigger is identified in the
collective processes related to the lattice phonon motions; pressure
keeps molecules closer to each other and forces them to interact,
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while temperature widens the molecular motions.48 In small clus-
ters, the reactivity can be heavily modified by surface effects, local
stress, or anisotropy. This idea is also supported considering that,
on decompression, the reaction significantly accelerates in all the
samples; this observation was not made in pure ethylene, and it can
be ascribed to deformations induced by the stress to the reaction
cavity.49

The finely dispersed ethylene crystallites are likely character-
ized by pronounced local disorder, although their Raman spectra
tell us that they preserve long range translational order. This pic-
ture explains the production of highly defective polymers result-
ing from the analysis of the recovered polyethylenes. Figure 8
reports the infrared spectra acquired on the representative recov-
ered polyethylenes from ice mixtures, while Fig. 9 reports the XRD
patterns and the Raman spectra of the same polymers. As can be
easily seen, the products encompass the intermediate characteristics
of various amorphous and low density polyethylenes. A summary
of the vibrational bands measured on polyethylene (both IR and
Raman active) can be found in Table S3 in the supplementary
material.

In Fig. 8, a sequence of infrared spectra recorded in the four
significant spectral regions is reported. In these four regions, all the
products obtained from the ethylene/water mixture present spectro-
scopic features that can be related to amorphous, low-density poly-
mers. The –CH2 rocking doublet ranges from a quite well resolved
(blue and red traces) to a very poorly resolved shape (green trace).
On the other hand, all the spectra of the recovered polyethylenes
obtained from the ethylene/water mixtures present a sharp band
at 1378 cm−1, characteristic of symmetric bending modes of –CH3
groups. This clearly indicates that in our products a large amount of
chain terminations are found, and so the polymeric chains have to

FIG. 8. IR spectra on the recovered samples of polyethylene as obtained from
ethylene in solid ice mixtures with water in four relevant spectral regions, from left
to right: (a) in the –CH2 rocking mode region; (b) in the –CH2 wagging and twisting
region; (c) in the –CH2 bending region; and (d) in the –CH2 stretching region.
The blue, green, and red curves refer to limit cases among the obtained products.
Arrows in panel (b) and asterisks in panel (d) refer to peculiar spectral features of
the recovered products. Spectra are vertically shifted for the sake of clarity.

FIG. 9. X-ray diffraction patterns and Raman spectra acquired on the recovered
polyethylene from ethylene in solid ice mixtures with water. Left panel: limit cases
of XRD patterns of polyethylene as obtained from the mixture (green, red, and
blue curves) compared to the XRD pattern of polyethylene obtained from the high
temperature polymerization of fluid ethylene23 (black curve). All the patterns have
been measured with λ = 0.710 73 Å and are vertically shifted for the sake of clar-
ity. Right Panel: limit cases of Raman spectra obtained from the polymerization of
ethylene in the mixture with water (green, red, and blue curves) compared to the
Raman spectra measured on commercial low-density polyethylene (LDPE) and
high-density polyethylene (HDPE) from Sigma-Aldrich.20 The dotted lines indicate
the broad Raman bands at 1078 and 1310 cm−1 observed in low-density polyethy-
lene, while the asterisk locates the unexpected, extra Raman band at 1332 cm−1

that is observed in some of the recovered samples. The spectra are normalized to
the most intense peak and vertically shifted for the sake of clarity.

be considered relatively short and branched, consistently with the
small extensions of the hydrocarbon crystalline clusters. Further-
more, in several of our recovered spectra, we did observe a sharp,
well defined band at 1260 cm−1 [highlighted by arrows in panel (b)
of Fig. 8, green and red traces]. A similar band can be expected
in the presence of cis-dialkyl ethylenes (RH–C=C–RH) groups, and
it is due to in-plane –CH group deformations.50 This attests to an
incomplete polymerization in some of our products and reveals
the formation of isolated chains that get progressively connected
upon releasing pressure while recovering the product at ambient
conditions. In the 1420–1500 cm−1 spectral range, we have differ-
ently resolved doublets and a broad band at 1440 cm−1. Moreover,
in all the spectra, we observe a broad shoulder centered approxi-
mately at 1455 cm−1, related to the antisymmetric bending mode
of –CH3 groups,51 confirmation of the presence of chain termi-
nations. Looking at the panel (d) in Fig. 8, we see that, beyond
the expected bands of the –CH2 stretching modes, we have the
stretching bands due to the –C–H in the terminal –CH3 groups
(symmetric and antisymmetric ones, at 2870 and 2960 cm−1, high-
lighted by asterisks on the red trace). On the other hand, in some
other products, the peaks in this region are very stressed, and the well
defined –C–H stretching components collapse into a broader band
(see green trace).

The picture obtained through the analysis of infrared data was
confirmed by the Raman spectra of the recovered polyethylenes
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(see the right panel in Fig. 9) as compared with those of commer-
cial high-density (HD) and low-density (LD) polyethylenes from
Sigma-Aldrich.20 The spectra feature all the expected active bands
for polyethylene,52–56 whose assignment is reported in full detail
in Table S3. Moreover, as expected for the low-density polymer,
we always observed large bands at 1078 and 1310 cm−1, related to
C–C bending and –CH2 twisting modes in the amorphous poly-
mer, respectively. In all of our products’ spectra, the lower frequency
component of the –CH2 bending structure at 1418 cm−1 has a very
low intensity and it is poorly resolved (except maybe for the blue
trace). The intensity of this band and its definition with respect to the
higher frequency doublet are reported to increase with the density
and the degree of crystallinity of the polymer,52,57 which confirms
the disorder of our products as found in the IR analysis. Finally, in
the green trace of the right panel in Fig. 9, a small band at 1332 cm−1,
highlighted by an asterisk, is also visible. This band could be related
to –CH3 deformations,50,52 thus further attesting to the presence of
short chains.

The x-ray diffraction patterns acquired on the recovered
polyethylenes are reported in the left panel of Fig. 9 in compari-
son with the very high quality polyethylene obtained from the high
temperature polymerization of fluid ethylene.23 As it can be seen,
despite some better cases (the blue curve), more often we obtained
an amorphous polymer with only some remnants of the two main
orthorhombic Pnma polyethylene reflections, (110) and (200), as in
the red curve, or just a broad, weak peak as in the green trace, char-
acteristics of a completely amorphous material in good agreement
with existing literature.58–60

The presence of differently defected polyethylenes as recovered
products could be explained by the formation of ethylene crystal-
lites of quite different dimensions in the solid ice mixture following
the decomposition of the pristine ethylene clathrate hydrate. In this
framework, depending on the actual dimensions of these clusters,
we obtained products ranging from polymers of quite good quality
to highly defected, largely branched and amorphous materials, with
lots of terminations, shorter lengths and, in some cases, not com-
pletely transformed, resulting in residual unsaturated C=C groups
along the chains. It is quite unlikely that these differences could be
related to some kind of inclusion of the hydrocarbon within the
ice network; indeed, ice-VII is a very dense polymorphic type of
water ice, and it is not known to host guest molecules as cumber-
some as ethylene, differently from what happens for more penetrable
polymorphs (i.e., at the phase transition between amorphous and
crystalline water ice61). It can be concluded that in our samples
we often had largely inhomogeneous distributions of water and
ethylene domains in the form of small clusters, further stressed
by compression, and that this condition is at the origin of the
obtained low density polyethylenes. On the basis of the available
data, it is difficult to figure out whether water plays an active role in
the whole process other than contributing to establish the peculiar
reaction cavity in which the polymerization occurs; in this regard,
the lowering of the temperature threshold for the polymerization
with respect to bulk polyethylene can be explained as a kinetic
effect related to the local stress, while the persistence of ethylene
at pressures higher than those reported in previous literature can
be attributed both to the compression anisotropy or to the scarce
sensitivity of the probe technique (Raman) toward the reaction
onset.

IV. CONCLUSIONS

In this experimental work, we studied the behavior of
ethylene–water mixtures in a pressure range from 0 to 15 GPa and
with temperature varying between 300 and 370 K. First, we observed
the pressure evolution of ethylene clathrate hydrate (EH) up to its
decomposition threshold at about 2.10 GPa. After that, the evolu-
tion of the decomposed ethylene–water solid–solid ice mixture was
studied. We found over a number of experiments that the only two
stable polymorphs for ethylene hydrate are the caged structures EH-
I (sI-type) and EH-II (presumably s-H type), with no evidence of
the filled ice-like phase EH-III previously reported.24 Instead of this
third phase, we observed the decomposition of the ethylene clathrate
hydrate into a solid ice mixture of ethylene and water, finely dis-
persed and mixed into variously dimensioned ethylene crystallites.
Raman signatures of ethylene were observed up to 10.5 GPa, where
the bands from the monomer disappeared and the complete trans-
formation to the polymer was achieved. This can be explained by
the compression anisotropy, increasing at high pressure, but it could
also be due to the scarce sensitivity of Raman toward the detection
of the reaction onset.

For what concerns the high-temperature behavior of the
ethylene–water mixture, we measured a threshold line for the poly-
merization reaction of ethylene that is not dependent on pressure
and significantly lower than the transition line between fully ordered
C2H4-I and plastic C2H4-II crystalline phases, where the polymer-
ization seems to be complete in the case of pure ethylene samples.
This threshold in solid ice mixtures appears to be a kinetic bound-
ary, purely related to the local stress exerted by the arrangement of
ethylene and water in the shape of variously dimensional crystalline
clusters. Crystal dimensions play the greatest role also in determin-
ing the quality of the recovered polyethylenes; the crystalline quality
of polymers appears indeed to be mainly correlated with cluster
dimensions instead of reaction pressure and temperature condi-
tions. In any case, we obtained differently defected polyethylenes
featuring very low density, short chains, lots of terminations, and
branching.

Complex ice mixtures involving hydrocarbons are widespread
in our universe, and their properties may differ significantly
from those of the pure constituents; the results obtained in these
experiments are therefore pivotal to a deeper understanding of
ethylene–water system behavior at high pressure and tempera-
ture in several astrochemical contexts, both as clathrate hydrates
and as solid ice mixtures. This study, which encompasses a vari-
ety of topics ranging from the structural evolution of the hydrate
phases to the study of ice mixtures in terms of their structure
and their pressure-/temperature-induced reactivity, is significant
also in terms of fundamental science, providing new insights and
perspectives to modelize the behavior of real, widely distributed
complex systems. Finally, the formation of a soft, low density
polyethylene from the ethylene/water mixtures, characterized by
a waxy appearance and, possibly, a high porosity, is obviously
interesting as polyethylene is a widely-studied benchmark poly-
mer for technology applications. More studies would be neces-
sary to better characterize the behavior of ethylene/water mix-
tures at lower temperatures and to refine the structural features
of ethylene clathrate hydrate phase EH-II, which is currently not
assigned.
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SUPPLEMENTARY MATERIAL

See the supplementary material for additional data about ethy-
lene clathrate hydrate, as well as pure ethylene and ethylene/water
solid ice mixtures.
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