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Abstract

The present work, performed by means of ez-situ neutron diffraction
measurements and combined with complementary Raman data, reports the
first structural characterization of the recovered hydrogen hydrate during
the transformation from the Cy phase to ice XVII. The measurement of the
position of the Bragg reflections in the neutron data allows to obtain the
behaviour of the lattice parameters for the Cy filled ice as a function of tem-
perature during hydrogen release. From this analysis, we demonstrate the
irreversibility of the structural changes passing from the pristine filled hy-
drate to the empty one, i.e. ice XVII. Meanwhile, we observe also the release
of the spurious nitrogen molecules previously absorbed by the hydrate crystal
when recovered at low temperature and ambient pressure. A significant re-
lease of guest molecules starts around 60 K, reaching the complete evacuation
of the water structure above 100 K.
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Introduction

Binary systems comprising water and a gas exhibit several stable crys-
talline phases depending on the thermodynamic conditions. These solid in-
clusion compounds, commonly named “gas hydrates” [1, 2|, are present in
nature and can be synthesized in the laboratory at high pressure and low
temperature. In this context, a particularly interesting system is represented
by the water-hydrogen mixture (i.e. hydrogen hydrates [3]), in which the
guest Hy molecules are trapped in a water host skeleton arranged either in
polyhedral cavities, e.g. sII-phase clathrate-hydrate (0.1-0.35 GPa) [4, 5], or
in a channel-like structure, e.g. Cy- and C;- phase filled ice (0.35-0.7 GPa and
0.7-3.1 GPa, respectively) [6, 7, 8, 9], or in a cubic structure, e.g. Cy-phase
filled ice (2.3-30 GPa) [6]. These compounds have attracted considerable in-
terest both for their potential use in industrial applications, such as hydrogen
storage and gas sequestration [10, 11, 1], and for their importance in funda-
mental physics, since they allow to study the quantum dynamics of an Hy
molecule inside a three-dimensional anharmonic potential well [12, 13, 14, 15].
The role of the guest molecules in the stability of hydrate crystals has been
the subject of various investigations since their discovery. Generally, hydrate
compounds are not stoichiometric and the amount of guest molecules can
vary within a certain range without affecting the stability of the crystalline
structure. Moreover, recent works concerning the metastability at low tem-
perature of guest-emptied sII clathrate [16] and C, filled ice [17] phases have
offered new insights into the understanding of the role played by the guest
molecule in these kinds of water structures, leading to the discovery of new
water polymorphs (i.e. ice XVI and XVII, respectively). These new forms
of ice show an unexpected ability to absorb different light gases, e.g. nitro-
gen [18], helium [19] or hydrogen [17], even at moderate pressures (e.g. few
mbar). This property, never observed before in other forms of ice, makes
these materials interesting also in the energy storage field [11]. A precise
characterization of the recovered Cy-phase from the high-pressure synthesis,
that is the central purpose of the present work, is an important subject to
be addressed also in view of its successive transformations into ice XVII and,
eventually, into crystallographic pure cubic ice Ic [20].

In this paper we show the first structural characterization of different re-
covered samples of hydrogen filled ice in the Cy-phase obtained from diffrac-
tion measurements performed during the so called ”"annealing treatment”,
causing the evacuation of the hydrate sample and its relaxation into metastable
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ice XVII. The effect of the different guest-filling degree of the water struc-
ture is easily recognizable in the collected neutron diffraction patterns, al-
lowing a clear description of the the typical scenario which occurs when
such a low-temperature recovered porous media undergo ex-situ investiga-
tions. The path towards the transformation of the pristine crystal into the
ice XVII metastable phase cannot be simply traced back by applying hydro-
gen pressure, since these steps correspond to metastable situations (i.e. a
large amount of absorbed hydrogen in low pressure conditions), making the
first annealing treatment undergone by the pristine sample an irreversible
process.

Methods

Different sample batches of solid Do-D5O and Hy-D>O compounds in the
Co-phase were produced using a standardized procedure described in our
previous work [17]. A few grams of ice powder are introduced in a Cu-Be
autoclave, previously cooled below 273 K, in dry nitrogen atmosphere. The
cell is pressurized with hydrogen gas in the range of 4 kbar, while the tem-
perature is set to 255 K. The sample is left under high pressure for a few
days and then recovered at ambient pressure quenching the cell in a liquid
nitrogen bath. The transfer procedure, either for ez-situ measurements or
for storing in a Dewar, is a delicate process and is accomplished at liquid
nitrogen temperature using a dry-nitrogen atmosphere in order to avoid un-
intentional heating and humidity condensation that would compromise the
sample quality.

The structure of our hydrate samples has been studied using two different
neutron diffractometers, namely OSIRIS and WISH, located at the ISIS fa-
cility (STFC, RAL, UK). The OSIRIS diffractometer is on the so called "first
target station” (TS1) and it is able to measure at the same time both elastic
and quasi-elastic scattering signal. In our experiment we have performed
both analyses, but in this work, we will present only neutron diffraction re-
sults. The instrument uses neutrons emerging from a liquid Hy moderator
cooled at 25 K that produces a large flux of long wavelength neutrons. The d-
spacing of the observed Bragg reflections is determined by time-of-flight (tof)
principle, with a final resolution of Ad/d = (2.5 < 6.0) - 1072 [21]. In our
experiment the aluminium sample cell is attached at the end of center-stick,
and placed in a closed-cycle refrigerator. The cell has an annular geometry,
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with an internal gap for the sample of 2 mm, and is equipped with a heater
and two temperature sensors placed on the top and on the bottom side, in
order to monitor a possible thermal gradient along the cell. Moreover, the
cell has a gas inlet that is connected through a steel capillary to the vacuum
and the gas control system.

The WISH diffractometer is located on the so called "second target sta-
tion” (TS2) and uses neutrons that come from a solid methane moderator
operating at 40 K. Like in the OSIRIS case, the d-spacing of the observed
Bragg reflections is determined via time-of-flight principle, with a relative
resolution performance up to AQ/Q = 3-1073[22]. Also in this experiment,
the sample can is attached at the end of an aluminium center stick placed
in a cryostat. Here, the sample is contained in a vanadium cylinder with an
internal diameter of 6 mm. Vanadium cans have the advantage of giving an
almost negligible coherent contribution to the scattering, but they cannot
contain free hydrogen gas, due to the well-known vanadium embrittlement.
Given the small can size, thermal equilibrium is reached quite quickly by
controlling the cryostat, whose temperature is assumed to be the same as
that of the sample due to the use of an exchange gas. Unlike in the OSIRIS
experiment, no gas-insertion system is used with this cell.

Results and Discussion

The first structural measurements on the sample as synthesized, i.e. filled
ice in the Cy-phase, have been performed on the WISH diffractometer [23].
The experiment has been focused on the characterization of three samples
originating from three different synthesis batches: two completely deuterated
(D3O + Dy), named Sample 1 (S1) and Sample 2 (S2), necessary to verify
the reproducibility of the samples when obtained from different synthesis
batches; one with protonated guest (DoO + Hs), named Sample 3 (S3).
The choice of heavy water, that is characterized by a coherent scattering
cross section higher than that of protonated water, is done for maximizing
the intensity of the Bragg reflections of the host structure, while the use of
different guests can be important in order to obtain information about the
relative changes in ice structure due to the different guest-host interactions.
Since the sample cell is not provided with a connection to a gas handling
system, all the three samples undergo only one thermal cycle, typically from
10 K to 110 K, at ambient pressure and are not filled again with a gas. The
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time needed for each experimental point, including the temperature change
and the data acquisition, is at least 15 minutes or 1 hour for the samples
with deuterated or hydrogenated guest, respectively.

In order to measure the lattice parameters of the hydrate crystal struc-
ture, full range diffraction patterns, expressed as a function of d-spacing, are
analysed via the Le Bail method using the GSAS software [24]. As widely
described in the discussion below, here a full-pattern Rietveld analysis is pre-
vented by the spurious guest contaminations of the starting sample, mainly
N, in a non-stoichiometric amount. However, in order to extract a reliable
profile fit function and the instrument parameters, a Rietveld refinement
is performed on a diffraction pattern of a silicon powder reference sample,
obtaining the best fit with a time-of-flight profile function of type 4 Ikeda
Carpenter, i.e. a convolution between a pair of back-to-back exponentials
and a pseudo-Voigt [24].

The measured diffractograms collected during a heating cycle and, in one
case, a subsequent cooling, are reported in Figure 1. Since the positions of
each Bragg peak are quite similar in all the initial low-temperature patterns,
these data demonstrate the reproducibility of the resulting sample structure
obtained from the different synthesis batches. In all the three samples (517,
S2 and S%), the irreversible effects of increasing temperature are quite evi-
dent. First, especially at the highest d values, there is an increase of the peak
intensity; second, there is a down-shift of only some peaks (marked by black
arrows in the corresponding figures). These effects are due to the progres-
sive evacuation of the channels by the guest molecules and the consequent
shrinkage of the host lattice [26, 27]. Moreover, the absence of peak shifts,
of the same magnitude of those recorded while heating, during the re-cooling
of sample S8 down to 60 K (dotted lines in the lower panel of the Figure 1)
excludes that this effect is related to a reversible phenomenon, e.g. thermal
expansion. In particular, assuming the hexagonal symmetry [26, 9] and in-
dexing the peaks as reported in Figure 1, it is interesting to note that only
peaks having the third Miller index [ # 0 move significantly towards lower
d-spacing as the sample is being emptied. In real space this corresponds to
a variation of the distance between symmetry planes perpendicular to the z
axis, i.e. to a contraction of the channels along their symmetry axis. This
outcome is also in agreement with what has been observed in the case of the
Hy-refilling of ice XVII [26], where the elongation of the unit cell along the
z axis is the main effect on the ice crystal structure caused by the hydrogen
absorption. In addition, among the main reflections, the (102) one, located
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Figure 1: WISH experimental raw diffraction patterns of pristine filled ice sample (S1,
S2 and S3 in the upper, middle and lower panel, respectively) measured at increasing
temperature (solid lines). The plotted range is shrunk to 2.40 - 5.65 A in order to improve
the visualization of the high-d range. Black arrows indicate the shift of some Bragg peaks
during the heating cycle. Peak indexing is done on the basis of the heragonal space group
P6,22.
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at d ~ 2.71 A, shows a peculiar behaviour. Comparing the different samples
at 10 K, i.e. before the heating cycle (see Figure 2), we note that the posi-
tion of this peak is not always identical in each sample, and in some cases it
appears quite broad, as if it was formed by more than one component. How-
ever, the peculiarity of this reflection disappears irreversibly when the sample
undergoes a heating cycle over 80 K. Thus these evidences suggest that the
position of this reflection is strongly influenced by the possible presence of
another ”spurious” guest species in the pristine sample, probably nitrogen,
absorbed during the sample handling in liquid nitrogen bath, as well as by
inhomogeneity of the pristine sample quenched at low temperature from the
high pressure conditions to the ambient one.
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Figure 2: Comparison between diffractograms of different samples measured before any
thermal treatment on WISH and OSIRIS instruments at low temperature in the range
2.60 - 2.87 A . The details of the samples are indicated in the legend. Peak indexing is
done assuming the hexagonal space group P6122.

The irreversibility of the annealing process is also confirmed by the OSIRIS
neutron diffraction data [28]. In this case the cell containing the sample is
connected to a gas handling system that allows for a complete evacuation
of the pristine Cp-phase sample (i.e. DO + Hj), named Sample 4 (S4),
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obtaining in this way DO ice XVII. After this procedure, the sample can
be refilled with hydrogen, even at low temperature [26]. Diffraction patterns
are measured for each sample state at temperatures around 50 K in order to
reveal only structural changes caused by the guest-host interaction. The time
needed for each experimental point is typically 1 hour. The corresponding
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Figure 3: OSIRIS raw diffraction patterns of Cy-phase (D20 + Hs) as synthesized, mea-
sured at 50 K (black line); emptied Co-phase (D20 Ice XVII) after annealing treatment,
measured at 25 K (red line); and Ha-refilled ice XVII, measured at 50 K (blue line). The
second and third set of data are taken from the experiment described in Ref. [26].

raw diffractograms are reported in Figure 3. The effects observed during the
annealing treatment of the pristine sample, while transforming into ice XVII,
are the same as those recorded during heating in the WISH experiment just
described above, and consist in an evident down-shift of the peaks charac-
terized by [ # 0 and a strong intensity increase of the high-d reflections.
Also in these measurements, the (102) peak (d ~ 2.71 A) in the diffraction
pattern of the pristine sample is quite broad, which is again an indication
of a possible absorption by the hydrogen-filled ice of other gas molecules,
mainly nitrogen ones, or of a not perfect stoichiometric homogeneity of the
sample. On the other hand, the refilling of ice XVII with hydrogen produces
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only a small shift of the same peaks, i.e. those with [ # 0, towards higher
d-spacing. A detailed structural study of refilled ice XVII is presented in
Ref. [26], although from Figure 3 it is possible to assert that the Hy-refilled
D50 ice XVII pattern measured at 50 K (blue line) is different from that
pertaining to the filled ice as synthesized (i.e. Cy-phase), measured at the
same temperature (black line), at least as far as the unit cell size are con-
cerned. Nevertheless, the structural changes of the pristine Cy-phase sample
during both heating and cooling cycles measured on OSIRIS fully confirm
the results obtained from the WISH measurements described above.

These outcomes are complemented and validated by ez-situ Raman mea-
surements performed on a fully hydrogenated sample of Cy filled ice as syn-
thesized, and after an annealing treatment [17] carried out in the Raman
optical cell, i.e. keeping the sample at 110 K for a few hours under dynamic
vacuum (in order to remove the Hy guest molecules and obtain empty ice
XVII). The observation of the two strong rotational lines demonstrates the
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Figure 4: Ny vibrational band in the Raman spectrum of the Cy-structure, measured at 30
K before (black line) and after (blue line) the annealing treatment.

presence of hydrogen molecules inside the host framework in the pristine
sample. During the annealing treatment the lattice band remains similar to

9
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the one measured before the treatment, but a gradual decrease of the Hy
rotational band intensities is observed until they become completely unde-
tectable. From these data it is possible to ascertain that there is a complete
release of hydrogen from the sample, with no evident associated structural
phase transition. As a matter of fact, we observe the same behaviour when
measuring the Raman spectra in the region of the Ny vibrational mode, as
reported in Figure 4, where an evident sharp line appears at 2323.7 £+ 0.3
cm~!. By virtue of their internal vibration frequency, sensibly lower than
both that of Ny gas (2329.917 cm™!) [29] and that of solid Ny in the a-phase
(a doublet at 2327.5 and 2328.5 cm™!) [30], it can be established that the Ny
molecules are trapped inside the structure. After the annealing process, the
N, Raman line essentially disappears (becoming about 1000 times weaker),
demonstrating a complete evacuation of the sample from the Ny guest impu-
rity. This shows that samples as synthesized are a solid mixture of hydrogen
filled ice and nitrogen filled ice, both in the Cy-phase, but characterized by a
different set of lattice parameters and /or space groups. Other works have also
suggested that in these filled ice samples, nitrogen molecules can be trapped
as a spurious guest [31] during the transfer process from the autoclave (or
the Dewar) to the scattering cell, or during the sample storage at cryogenic
conditions.

The inhomogeneity of each sample, caused by the different degree of filling
and guest species absorbed, and testified by the broad shape of some of the
peaks, e.g. in the region around 2.65 - 2.75 A(see Figure 2), prevents de
facto an accurate Rietveld refinement of our data. Nonetheless, the lattice
parameters can be quantitatively estimated via the Le Bail method, adopting
the simplest model we can conceive for our system. The unit cell volume for
all the samples, as a function of temperature, is reported in Figure 5. For the
S1, S3 and S4 samples, in order to better reproduce the experimental data,
we introduce two crystalline phases (P6,22 space group) in the fit model
taking into account the two guest species (i.e. Hy or Dy and Ny) present
in the samples. In the S2 case a single phase is sufficient to obtain a good
fit of the experimental data, probably because of the scarce presence of the
spurious guest. The initial volumes (at 10 K) are slightly different for the
three samples, due to the different initial contents of guest molecules, while
the general behaviour with temperature is quite similar for all the samples.
Between 10 and 60 K an almost linear increase of V' is measured, explainable
by thermal expansion. Above 60 K, the volume starts decreasing, with two
different rates in the S1 and S3 cases, due to the removal of the two distinct
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Figure 5: Temperature dependence of the unit cell volume V of different samples of Cy-
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measured on WISH and OSIRIS. In the S1, S8 and S/ cases, data are obtained with a
two-phases P6122 fit model (red and blue points), while in the S2 case a single phase was
used to fit data (red points). The solid and dotted lines connecting data points indicate
that measurements are performed during, respectively, heating and cooling cycles. Error
bars are derived from the Le Bail analysis in the GSAS software.

guest species. At about 100 K, V' tends to reach the same value in all
the four cases, which is consistent with an almost complete evacuation of
the sample. During a subsequent cooling, performed on S3 and S4, V' has
a linear dependence with temperature, again consistent with the thermal
expansion. An additional set of diffraction measurements on empty ice XVII
was performed at different temperatures on the OSIRIS diffractometer and
are reported in Figure 6. Refined by Rietveld method using the P6,22 space
group [26], they indicate that in the range between 20 K and 100 K, the
unit cell volume increases of about 0.1%. Once again, this confirms that the
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thermal effect has a lower impact on the position of all the Bragg reflections
than the effect of the guest removal, for which the change of the unit cell
volume is observed to be around 3% in a similar temperature range.
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Figure 6: OSIRIS raw diffraction patterns of emptied Cy-phase (i.e. ice XVII) measured
at 100 K (blue line), 75 K (green line) and 25 K (black line). Further details of this
experiment are reported in Ref. [26].

Conclusions

The experimental diffraction patterns of the recovered samples of hy-
drogen filled ice in the Cy-phase, measured on WISH and OSIRIS neutron
diffractometers, reveal the inhomogeneity of the pristine sample and the pos-
sible presence of some spurious guests. These molecules, identified as nitrogen
molecules via Raman spectroscopy, can be absorbed by the host structure
during the recovery and transfer processes from the high pressure autoclave
to the storing or to the ez-situ measurement apparatus, which are both per-
formed in a liquid nitrogen bath. In order to remove both guest species from
the host structure, we applied a thermal treatment, heating the sample up
to about 100 K. The comparison between raw experimental patterns and the
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measurements of lattice parameters as a function of the temperature allows
to differentiate thermal expansion, that is a completely reversible process,
from an initial irreversible structural change caused by the first evacuation
of the structure. The removal of the guest molecules results in a significant
decrease of the unit cell volume and, in particular, in a large contraction of
the channels along the z axis. This result agrees with the decrease of the
distance between the oxygen atoms in the water crystal structure, as de-
duced from Raman spectroscopy [17], where a downshift in the frequency of
the OH-streching band occurred after the annealing treatment of the same
kind of sample. Exploiting this first characterization we demonstrate that
ex-situ analysis on the high pressure samples recovered, handled and stored
in liquid nitrogen environment, can be considerably affected by impurities
and non-homogeneous filling, thereby possibly compromising data from the
measurements of pristine samples. Moreover, this phenomenon is absent as
far as in-situ experiments are concerned [18]. Thus, at a speculative level,
it is not inconceivable that the sample recovered at 77 K and ambient pres-
sure could also maintain the high pressure structure, given a value of "c/a”
very close to that measured at high pressure for the completely filled hy-
drate [32]. Rising temperature and with a consequent gas release, the Cy
phase irreversibly relax into the metastable ice XVII, with large adjustment
of the lattice parameters. In this perspective, further measurements are still
needed in order to fully refine with the Rietveld method the structure of the
Hs- and Ny-filled ice in the Cy phase. The unavoidable initial contamination
of the pristine high-pressure samples, demonstrated in the present work, can
be overcome by dosing pure ice XVII samples with hydrogen or nitrogen gas,
respectively.

Author contribution

L. del Rosso: Investigation, Resources, Data curation, Writing - Orig-
inal Draft. M. Celli: Investigation, Resources. D. Colognesi: Investi-
gation. F. Grazzi: Investigation, Data Curation. L. Ulivi: Conceptual-
ization, Resources, Supervision. All the authors discussed the results and
corrected the manuscript.

13



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

Competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the work
reported in this paper.

Acknowledgement

This work has been performed within the CNR-STFC Agreement 2014-
2020 (No. 3420 2014-2020) concerning the collaboration in scientific research
at ISIS Spallation Neutron Source. L. Ulivi and M. Celli acknowledge the
PRIN project ZAPPING, N. 2015HK93L7, granted by the Italian MIUR
(Ministero dell’Istruzione, dell’Universita e della Ricerca) supporting their
research in high-pressure materials science. L. Ulivi, M. Celli and L. del Rosso
acknowledge support from the Fondazione Cassa di Risparmio di Firenze
under the contract ICEXVII. The authors aknowledge the WISH (P. Manuel)
and OSIRIS (V. Garcia-Sakai) teams for their support during the neutron
diffraction experiments and for the discussion of the results, and A. Donati
(CNR-IFAC) for the technical support.

14



302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

References

1]

[4]

[5]

[6]

[7]

E.D. Sloan, C.A. Koh
Clathrate Hydrates of Natural Gases, 3" Edition
Taylor & Francis, New York (2008)

J.S. Loveday, R.J. Nelmes

High-pressure gas hydrate

Phys. Chem. Chem. Phys., 10 (2008), pp. 937-950
DOI: 10.1039/B704740A

M.A. Kuzovnikov, M. Tkacz

T-P-X Phase Diagram of the Water-Hydrogen System at Pres-
sure up to 10 kbar

J. Phys. Chem. C, 123 (2019), pp. 3696-3702

DOI: 10.1021 /acs.jpce.8b12083

Y.A. Dyadin, E.G. Larionov, A.Y. Manakov, F.V. Zhurko, E.Y. Aladko,
T.V. Mikina, V.Y. Komarov

Clathrate Hydrates of Hydrogen and Neon

Mendeleev Commun., 9 (1999), pp. 209-210

DOI: 10.1070/MC1999v009n05ABEH001104

W.L. Mao, H.K. Mao, A.F. Goncharov, V.V. Struzhkin, Q. Guo, J. Hu,
J. Shu, R.J. Hemley, M. Somayazulu, Y. Zhao

Hydrogen Clusters in Clathrate Hydrate

Science, 297 (2002), pp. 2247-2249

DOI: 10.1126/science.1075394

W.L. Vos, L.W. Finger, R.J. Hemley, H.K. Mao
Novel H,+H;0 Clathrates at High Pressures
Phys. Rev. Lett., 71 (1993), pp. 3150-3153

DOI: 10.1103/PhysRevLett.71.3150

V.S. Efimchenko, V.S. Kuzovnikov, V.K. Fedotov, M.K. Sakharov, S.V.
Simonov, M. Tkacz

New Phase in the Water-Hydrogen System

J. Alloys Comp., 509 (2011), pp. S860-S863

DOI: 10.1016/j.jallcom.2010.12.200

15



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

8]

[10]

[11]

[12]

[13]

[14]

T.A. Strobel, M. Somayazulu, R.J. Hemley

Phase Behavior of H,+H,O at High Pressures and Low Tem-
peratures

J. Phys. Chem. C, 115 (2011), pp. 4898-4903

DOI: 10.1021/jp1122536

D.M. Amos, M.E. Donnelly, P. Teeratchanan, C.L. Bull, A. Falenty,
W.F Kuhs, A. Hermann, J.S. Loveday

A Chiral Gas-Hydrate Structure Common to the Carbon
Dioxide-Water and Hydrogen-Water Systems

J. Phys. Chem. Lett., 8 (2017), pp. 4295-4299

DOI: 10.1021 /acs.jpclett.7b01787

V. V. Struzhkin, B. Militzer, W.L. Mao, H.K. Mao, R.J. Hemley
Hydrogen Storage in Molecular Clathrates

Chem. Rev., 107 (2007), pp. 4133-4151

DOI: 10.1021/cr050183d

L. del Rosso, M. Celli, L. Ulivi

Ice XVII as a Novel Material for Hydrogen Storage
Challenges, 8 (2017), p. 3

DOT: 10.3390/challe8010003

L. Ulivi, M. Celli, A. Giannasi, A.J. Ramirez-Cuesta, D.J. Bull, M.
Zoppi

Quantum Rattling of Molecular Hydrogen in Clathrate Hy-
drate Nanocavities

Phys. Rev. B, 76 (2007), pp. 1614017/1-1614017 /4

DOI: 10.1103/PhysRevB.76.161401

D. Colognesi, M. Celli, L. Ulivi, M. Xu, Z. Bagci¢

Neutron Scattering Measurements and Computation of the
Quantum Dynamics of Hydrogen Molecules Trapped in the
Small and Large Cages of Clathrate Hydrates

J. Phys. Chem. A, 117 (2013), pp. 7314-7326

DOI: 10.1021/jp4011845

M.A.S. Zaghloul, M. Celli, N.M. Salem, S.M. Elsheikh, L. Ulivi
High Pressure Synthesis and In Situ Raman Spectroscopy of
H, and HD Clathrate Hydrates

16



368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

[15]

[16]

[17]

[18]

[19]

[20]

[21]

J. Chem. Phys., 137 (2012), pp. 164320/1-164320/8
DOI: 10.1063/1.4762864

L. del Rosso, M. Celli, D. Colognesi, S. Rudi¢, N.J. English, C.J. Burn-
ham, L. Ulivi

Dynamics of hydrogen guests in ice XVII nanopores

Phys. Rev. Mat., 1 (2017), p. 065602

DOI: 10.1103/PhysRevMaterials.1.065602

A. Falenty, T.C. Hansen, W.F. Kuhs

Formation and Properties of Ice XVI Obtained by Emptying a
Type slII Clathrate Hydrate

Nature, 516 (2014), pp. 231-233

DOI: 10.1038 /nature14014

L. del Rosso, M. Celli, L. Ulivi

A New Porous Water Ice Stable at Atmospheric Pressure Ob-
tained by Emptying a Hydrogen Filled Ice

Nature Commun., 7 (2016), p. 13394

DOI: 10.1038 /ncomms13394

B. Massani, L.J. Conway, A. Hermann, J. Loveday
On a new nitrogen sX hydrate from ice XVII
J. Chem. Phys., 151 (2019), pp. 104305/1-104305/6
DOI: 10.1063/1.5100868

W.F. Kuhs, T.C. Hansen, A. Falenty

Filling Ices with Helium and the Formation of Helium
Clathrate Hydrate

J. Phys. Chem. Lett., 9 (2018), pp. 3194-3198

DOI: 10.1021/acs.jpclett.8b01423

L. del Rosso, M. Celli, F. Grazzi, M. Catti, T.C. Hansen, A.D. Fortes,
L. Ulivi

Cubic ice Ic without stacking defects obtained from ice XVII
Nature Mater., 19 (2020), pp. 663-668

DOI: 10.1038/s41563-020-0606-y

K.H. Andersen, D. Martin y Marero, M.J. Barlow
The OSIRIS diffractometer and polarisation-analysis backscat-
tering spectrometer

17



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

[22]

[23]

[24]

[25]

[26]

28]

Appl. Phys. A, 74 (2002), pp. S237-S239
DOI: 10.1007/s003390201804

L.C. Chapon, P. Manuel, P.G. Radaelli, C. Benson, L. Perrott, S. Ansell,
N.J. Rhodes, D. Raspino, D. Duxbury, E. Spill, J. Norris

Wish: The New Powder and Single Crystal Magnetic Diffrac-
tometer on the Second Target Station

Neutr. News, 22 (2011), pp. 22-25

DOI: 10.1080/10448632.2011.569650

L. Ulivi, M. Celli, D. Colognesi, F. Grazzi

Neutron diffraction on filled ices with C, structure prepared
between 3 and 7 kbar

STFC ISIS Neutron and Muon Source (2014)

DOI: 10.5286/1ISIS.E.47623107

A.C. Larson, R.B. Von Dreele
General Structure Analysis System (GSAS)
Los Alamos Nat. Lab. Rep. LAUR (2004), pp. 86-748

N. Watanabe, H. Asano, H. Iwasa, S. Satoh, H. Murata, K. Karahashi,
S. Tomiyoshi, F. Izumi, K. Inoue

High resolution neutron powder diffractometer with a solid
methane moderator at pulsed spallation neutron source

Jap. J. App. Phys., 26 (1987), pp. 1164-1169

DOI: 10.1143/JJAP.26.1164

L. del Rosso, F. Grazzi, M. Celli, D. Colognesi, V. Garcia-Sakai, L. Ulivi
Refined structure of metastable ice XVII from neutron diffrac-
tion measurements

J. Phys. Chem. C, 120 (2016), pp. 26955-26959
DOI: 10.1021/acs.jpcc.6b10569

M. Catti, L. del Rosso, L. Ulivi, M. Celli, F. Grazzi, T.C. Hansen
Ne- and Os-filled ice XVII: a neutron diffraction study
Phys. Chem. Chem. Phys., 21 (2019), pp. 14671-14677

DOI: 10.1039/C9CP02218J

M. Celli, L. del Rosso, L. Ulivi, D. Colognesi
H, diffusion in filled ice prepared between 3 and 5 kbar

18



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

451

452

453

454

455

[29]

[30]

[32]

STFC ISIS Neutron and Muon Source (2015)
DOI: 10.5286/1ISIS.E.RB1520043

J. Bendtsen

The rotational and rotation-vibrational Raman spectra of *IN,,
UNBN and 5N,

J. Raman Spectr., 2 (1974), p. 133145

DOI: 10.1002/jrs.1250020204

R. Ouillon, C. Turc, J.P. Lemaistre, P. Ranson

High resolution Raman spectroscopy in the o and § crystalline
phases of N,

J. Chem. Phys., 93 (1990), p. 3005

DOI: 10.1063/1.458887

G.S. Smirnov, V.V. Stegailov

Toward determination of the new hydrogen hydrate clathrate
structures

J. Phys. Chem. Lett., 4 (2013), pp. 3560-3564

DOI: 10.1021/jz401669d

T.A. Strobel, M. Somayazulu, S.V. Sinogeikin, P. Dera, R.J. Hemley
Hydrogen-stuffed, quartz-like water ice

J. Am. Chem. Soc., 138 (2016), pp. 13786-13789

DOI: 10.1021 /jacs.6b06986

19



