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Three amorphous forms of Ar hydrate were produced using the crystalline clathrate hydrate Ar-6.5H,0
(structure I, Fd3m, a = 17.1 A) as a precursor and structurally characterized by a combination of isotope
substitution (*%Ar) neutron diffraction and molecular dynamics (MD) simulations. The first form followed
from the pressure-induced amorphization of the precursor at 1.5 GPa at 95 K and the second from
isobaric annealing at 2 GPa and subsequent cooling back to 95 K. In analogy to amorphous ice, these
amorphs are termed high-density amorphous (HDA) and very-high-density amorphous (VHDA),
respectively. The third amorph (recovered amorphous, RA) was obtained when recovering VHDA to
ambient pressure (at 95 K). The three amorphs have distinctly different structures. In HDA the distinction
of the original two crystallographically different Ar guests is maintained as differently dense Ar—water
hydration structures, which expresses itself in a split first diffraction peak in the neutron structure factor
function. Relaxation of the local water structure during annealing produces a homogeneous hydration
environment around Ar, which is accompanied with a densification by about 3%. Upon pressure release
the homogeneous amorphous structure undergoes expansion by about 21%. Both VHDA and RA can be
considered frozen solutions of immiscible Ar and water in which in average 15 and 11 water molecules,
respectively, coordinate Ar out to 4 A. The local water structures of HDA and VHDA Ar hydrates show

some analogy to those of the corresponding amorphous ices, featuring H,O molecules in 5- and 6-fold
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Accepted 3rd September 2021 coordination with neighboring molecules. However, they are considerably less dense. Most similarity is

seen between RA and low density amorphous ice (LDA), which both feature strictly 4-coordinated H,O
networks. It is inferred that, depending on the kind of clathrate structure and occupancy of cages,
amorphous states produced from clathrate hydrates display variable local water structures.
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LDA, at ambient pressure at low temperatures (<100 K). That the
three amorphs represent distinct states is reflected in their
drastically different density, which is 0.94, 1.17,> and
1.26 g cm ™ for LDA, HDA, and VHDA, respectively, at ambient

1. Introduction

Water forms three distinct amorphous ices, which are called
low- (LDA), high- (HDA), and very-high-density amorphous ice

(VHDA).* The longest known has been LDA which can be
prepared by vapor deposition or hyper-quenching liquid water
below 100 K.> HDA is obtained from pressure-induced
amorphization (PIA) of hexagonal ice I;, at about 1 GPa and
temperatures below 140 K.*> HDA can be converted to VHDA
when heating isobarically above 1 GPa (ref. 4) to about 160 K.
Both HDA and VHDA are recoverable and can be studied, like
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pressure.>® Underlying the different densities is an increase in
the coordination of water molecules in the amorphous
hydrogen-bond networks from 4- to 5- to 6-fold. The polya-
morphism of water ice, or, generally, the phase diagram of the
metastable non-crystalline states of ice, has been intensively
investigated as it is thought to provide a link to the numerous
anomalies of liquid water.”®

To understand better the versatility of water's hydrogen-
bond structures, interest in glassy states has been extended to
those of water-rich compounds, such as clathrate hydrates,
which, as ice I;,, show the PIA phenomenon at low temperatures.
The presence of apolar solute implies disruption of the
hydrogen-bond network through volume exclusion. The
connectivity of the water network is reestablished around the
solute species and for clathrate hydrates local restructuring
leads to polyhedral cages, which host guest species. These can

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra05697b&domain=pdf&date_stamp=2021-09-15
http://orcid.org/0000-0003-2296-4911
http://orcid.org/0000-0001-7339-5945
http://orcid.org/0000-0002-1439-486X
http://orcid.org/0000-0003-1748-9175
http://orcid.org/0000-0002-9390-5719
http://orcid.org/0000-0003-2001-4410
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05697b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011049

Open Access Article. Published on 15 September 2021. Downloaded on 4/7/2026 3:59:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

range from larger molecules (e.g. tetrahydrofuran (THF), SFe) to
single (noble gas) atoms.'” Weak van der Waals interactions
between guest and water molecules are essential to maintain
clathrate hydrate structures.">> There are two major structures,
called cubic structure I (CS-I) with space group Pm3n and
composition (2D + 6T)-46H,0, and cubic structure II (CS-II)
with space group Fd3m and composition (16D + 8H)-136H,0,
respectively. D stands for dodecahedral cage (5, T for tetra-
kaidecahedral cage (5'%6%) and H for hexakaidecahedral cage
(5"%6"). Accounting for the van der Waals radius of water, the
internal free diameter of D, T, and H cages are 5.0, 5.9, and 6.7
A, respectively.’® There is a natural relation between the size of
the guest species and the kind of realized structure. Large
organic molecules (such as THF) fit only in H cages and thus
would adopt the CS-II.™ When both cages are occupied in
simple clathrate hydrates (i.e. containing only one kind of
guest) their occupancy is oftentimes at a 80 to 90% level at
atmospheric pressure.

PIA of clathrate hydrates was first recognized with THF
and SFs hydrates™'® and later especially studied with other
CS-II systems containing large molecules (e.g. acetone,
cyclobutanone).””** Due to exclusively filled H cages, these
systems realize the most water-rich composition for clathrate
hydrates, 1 : 17, which at the same time is well-defined. Their
PIA behavior is strikingly similar to ice Iy, occurring at around
1.3 GPa below 130 K." However, there is a decisive difference in
that the obtained “HDA” form is not recoverable, but “springs
back” to the clathrate CS-II upon pressure release.'>'”** The
amorphous state however can be stabilized and made recover-
able when heating at pressures >1 GPa to 160-170 K.'**® This
annealing leads to densification, which again is similar to the
creation of VHDA ice from the HDA form. Also, upon warming
a glass transition at ~140 K is seen in both amorphized clath-
rate hydrate and HDA, which is attributed to kinetic unfreezing
of H,O molecules.*®*2*

The PIA behavior of clathrate hydrates containing guest
species in higher concentrations is less well investigated.
Methane hydrate, CH,- 6.26H,0, which adopts the CS-1,>** was
shown to undergo pressure-induced collapse at a significantly
higher pressure, 3.2 GPa at 100 K.»® On the other hand,
Ar-6.5H,0 with the CS-II amorphizes around 1.5 GPa (95 K),
which again is close to the amorphization pressure of ice I,
Both amorphized hydrates showed densification upon anneal-
ing, but recoverability has only been demonstrated for the Ar
hydrate. Brant Carvalho et al. attempted to provide a more
unified picture on clathrate hydrate amorphization by studying
the noble gas series Ne-Xe for which both types of clathrate
structures are realized and the size effect of the guest can be
studied without a significant change of the host-guest interac-
tion.** Major findings include that PIA of clathrate hydrates can
be expected in the pressure range 1.3 to 2.5 GPa, and that
resistance toward PIA increases when both types of cages are
occupied and with increasing size of the guest species.

Clearly, the differences and similarities between glassy
forms of ice and hydrates originate in the diversity of the latter
with respect to solute/guest : water ratio, nature and size of the
guest, and possibly also the kind of structure of the crystalline
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precursor. Crucial is a fundamental understanding of (interre-
lated) hydration structure of the guest species and hydrogen-
bond structure of the surrounding H,O network in the
amorphs. Structural investigations require the measurement
and analysis of X-ray and/or neutron structure factors functions
S(Q). Hitherto this has been only reported for amorphous CH,
and THF hydrate."”* In this work we extend such a study to
amorphous Ar hydrate, for which there are several unique
aspects. First, since the composition of the CS-II crystalline
precursor is well characterized, the composition of the amor-
phous Ar hydrate is also known. Second, with amorphous Ar
hydrate a “triangle” - consisting of initial PIA, densification
upon annealing, and subsequent recovery — can be performed,
which rises expectations into distinct amorphous forms, similar
to ice. Finally, with Ar hydrate isotope substitution can be
exploited in neutron scattering experiments. The isotopic
contrast between "*Ar and the *°Ar isotope allows elegant
separation of information on local Ar hydration structure from
the scattering data. For our structural investigation, neutron
total scattering measurements were performed for amorphous
NAr hydrate and the isotope-substituted *°Ar hydrate, in situ at
high pressures for the PIA produced and the annealed form,
and at ambient pressure for the recovered one. Subsequent
analysis of neutron structure factors by pair distribution func-
tions (PDF) analysis was guided by molecular dynamics (MD)
simulations of the amorphous states.

2. Experiments

2.1. In situ neutron powder diffraction

Fully deuterated CS-II ™*Ar hydrate and *°Ar hydrate with
a composition Ar-6.5H,0 were synthesized at the SNAP beam-
line at the Spallation Neutron Source (SNS), Oak Ridge National
Laboratory (ONRL), USA, as described by Brant Carvalho et al.>*
The samples were virtually free from unreacted ice 1. Pressur-
ization and heating experiments were performed using a stan-
dard VX Paris-Edinburgh (PE) pressure cell with liquid nitrogen
(LN,)-cooled stainless steel anvils and monitored in situ by time-
of-flight neutron powder diffraction (NPD). The set-up can
achieve pressures up to 10 GPa and can be cooled down to LN,
temperature at a precision of ~1 K and ~0.1 GPa.

Samples were handled at LN, temperature, loaded into
a null-scattering Ti-Zr alloy encapsulated gasket and subse-
quently set into the pre-cooled stainless steel anvils. Lead
powder was added to each sample as pressure marker. The
gaskets were pressurized to ~0.1 GPa upon loading for sealing
and stabilizing the samples, which warmed up to about 170 K
during transferring the pressure cell to the closed-cycle refrig-
erator cryostat where they were cooled to 95 K. Pressurization
was done in steps of 0.1-0.2 GPa, followed by data collection
during 15 min to up to several hours. Samples were compressed
until their full amorphization. Neutron scattering data were
collected for the initial HDA state for ~10 hours. Subsequently,
to produce VHDA, samples were warmed to 170 K, annealed for
30 min and cooled back to 95 K. Back at 95 K, total scattering
data were collected for ~10 hours. Lastly, samples were
decompressed in small pressure steps. Because the gasket could
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keep the sample under pressure (~0.4 GPa) even without load
applied, the PE press was opened and unscrewed to completely
release the pressure on the samples. At this stage, with the
samples at 95 K and atmospheric pressure, total scattering data
for RA were collected for ~10 hours. In addition, vanadium and
silicon powder as well as an empty gasket were measured at
different pressure conditions for background treatment and
normalization of the total scattering data. Masking of the
detector banks was done on the highest pressures due to partial
shading of the detectors by the anvil and press materials.
Details on data reduction have been discussed in the supple-
mental material of an earlier publication.*

The steps for extracting neutron structure factor functions
S(Q) from the original diffraction data were performed with the
Mantid package (MantidPlot and Workbench).”® Diffraction
patterns of crystalline samples were subjected to Rietveld
refinement, performed with GSAS-11.>” For pressure determina-
tion, the equation of state of Pb according to Strissle et al. was
employed.”® Refined parameters included background and peak
profile terms, and lattice parameters. Diffraction patterns of
amorphous samples were treated for Bragg diffraction peaks
arising from lead (pressure marker) and steel and cubic boron
nitride (c-BN) (from the anvil materials) by Rietveld refinement,
followed by the subtraction of the modeled peaks. No back-
ground treatment was done to keep diffuse scattering intact.
The total scattering data were smoothed and Fourier trans-
formed using Workbench.

2.2. Molecular dynamics simulations

MD simulations were performed using GROMACS.* Periodic
boundary conditions were used in all simulations. NPT simu-
lations were carried out using velocity-rescaling thermostat®®
and Parrinello-Rahman barostat.** The time step was 1 fs.
Coulomb interactions were treated according to the SPME
(Smooth Particle-Mesh Ewald)* technique. A cutoff of 12 A was
used for the Lennard-Jones interactions. A 2 x 2 x 2 supercell
of the CS-II Ar clathrate hydrate, containing 1088 water mole-
cules and 192 Ar atoms was constructed with the GenlIce soft-
ware.* Genlce sets the oxygen atoms at their crystallographic
sites, randomizes the distribution of the hydrogen atoms
considering the Bernal-Fowler** ice rules and chooses the
configuration with zero net polarization. Note that, for
simplicity, both types of polyhedral cages H and D were
assumed to be fully occupied (which gives an overall composi-
tion Ar-5.67H,0). To describe the interatomic interactions in
the course of the MD simulations the TIP4P/ice** and the
Universal force field (UFF)* were used for the ice and Ar atoms,
respectively. The Lorentz-Berthelot mixing rules were applied.
Simulations started at 95 K, 1 bar, and the pressure was
increased by 0.05 GPa steps until reaching 2 GPa. The structure
in each step started from the last snapshot of the previous one.
At each pressure increment, the simulation box was equili-
brated for 0.5 ns, followed by 2 ns production until 1.7 GPa and
20 ns for completeness of the amorphization process. After
amorphization, each pressure increment was simulated for 10
ns.
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Post amorphization heat cycling was carried out starting
from the stabilized structure at 2 GPa, by heating in 15 K steps
from 95 to 230 K. At each annealing step, the system was
equilibrated for 0.5 ns followed by a further 10 ns production
simulation. The structures obtained at 170, 200, 215 and 230 K
were cooled in 15 K steps until 95 K using the same protocol.
These structures were then recovered to 1 bar pressure at 95 K
using 1 ns simulations for equilibration, followed by 50 ns
production. The PDFs were calculated using the Visual Molec-
ular Dynamics (VMD)*” software. Snapshots of the simulation
boxes were produced with VMD and Diamond.*® Total neutron
scattering patterns for °Ar/*H isotope substituted amorphs
were simulated from single frame atomic coordinates using the
XaNSoNS code.* Densities were extracted from time-averaged
data of portions of the trajectories in which volume was
already converged.

3. Results and discussion

3.1. Three amorphous forms of Ar hydrates

Deuterated *°Ar and MAr clathrate hydrates with the CS-II were
pressurized at 95 K in a PE press. The composition Ar-6.5H,0
was determined from Rietveld refinement, showing an occu-
pancy of the H and D cages of 83 and 89%, respectively. PIA, as
indicated by the disappearance of all Bragg diffraction peaks,
occurred at 1.45(2) and 1.47(4) GPa for the “Ar hydrate and
36Ar hydrate sample, respectively. Subsequently a few extra
compression steps were taken, which resulted in a final pres-
sure 1.9(1) GPa and 2.0(1) GPa for amorphous “Ar and *°Ar
hydrate, respectively. This form obtained from initial PIA is
termed HDA, in analogy to ice I;, and according to the termi-
nology used in previous works."** To prepare the VHDA state,
the HDA samples were warmed to 170 K at 2 GPa and kept at the
target temperature for 1 hour before cooling back to 95 K.
Subsequently the VHDA samples were depressurized at 95 K.
The amorphous state was retained at ambient pressure. The
recovered amorphs of Ar and *°Ar hydrates, which are
crystallization-resistant up to ~120 K, will be called RA.

In MD simulations PIA was observed at 1.7 GPa which is in
good agreement with the experiment, considering that the
simulations referred to the idealized composition Ar-5.67H,0
with fully occupied H- and D-type cages. The density vs. pressure
curve is provided as ESI, Fig. S1.f The compressibility of the
crystalline form corresponded well with the experiment. The
density increase in the pressure interval 1.7-2.0 GPa,
accounting for full densification, is from 1.26 g cm™ to
1.48 g cm >, about 15%. Warming at 2 GPa to 170 K resulted in
further densification of just 1-2%, which was deemed insuffi-
cient to reproduce the experimental transition into VHDA. In
order to compensate for the time restrictions of the MD simu-
lations when compared to 1 hour annealing in the experiment,
warming to higher temperatures was applied. At 215-230 K the
occurrence of Ar dimers (Ar atoms separated by a distance 3.3 A)
was observed, which was interpreted as instability toward
crystallization. At the same time, significant increase in diffu-
sion of H,0 molecules was noticed at 230 K (which is shown in
the ESI, Fig. S21). Experimentally above 1 GPa at ambient

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05697b

Open Access Article. Published on 15 September 2021. Downloaded on 4/7/2026 3:59:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

temperature, Ar and H,O would form a tetragonal-structured
(TS) clathrate hydrate, in which two Ar atoms occupy a single
cage of a very large, ellipsoid-shaped (4°5%6%).* In MD, the
timescale does not permit crystallization of the system (which
could transform to any crystalline clathrate hydrate). We
considered the simulations after annealing to 215 K most
representative to the experimental annealing process producing
VHDA. In analogy to experiment, MD annealing led to a crys-
tallization-resistant phase at ambient pressure, whereas the
decompression of the HDA state showed reformation of the
polyhedral cages of crystalline CS-II. The MD density change
between HDA and VHDA from annealing at 215 K was about 3%,
from 1.48 to 1.52 ¢ cm >, at 2 GPa and 95 K. Upon recovery to
ambient pressure the material expanded considerably, by about
21%. The MD density of RA at 95 K was 1.26 g cm .

Fig. 1a presents an MD snapshot showing the cage structure
of CS-II Ar hydrate at 1.2 GPa, i.e. slightly below the transition
pressure to HDA. As initially mentioned, CS-1I is built up from
two types of polyhedral cages, D and H, which are defined by 20
and 26 molecules, respectively. PIA is initiated by the defor-
mation of the 6-membered rings of the large H cages.'”***
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When approaching PIA, the translational motion of Ar atoms
inside the cages decreased drastically. A similar hindrance of
rotational motion of molecular guests was found in MD simu-
lations of PIA of CS-II THF hydrate'” and CS-I CH, hydrate.®
Actual PIA implies the “collapse” of D cages.”* Fig. 1b-d show
a section of the amorphous structures of HDA, VHDA, and RA,
respectively, matching with that of the crystalline section
(Fig. 1a) which is a projection along [111]. We summarize some
key findings here. These will then be made clear from the
results of the neutron diffraction experiments and MD simu-
lations, as discussed in the forthcoming sections.

During PIA to HDA (Fig. 1b) some water molecules undergo
translational motion toward equalizing the hydration shells for
the originally different Ar atoms in the H and D cages. Yet the
orientations of water molecules from the crystalline state
appear partially maintained and there are differences in the
hydration structure of the Ar atoms. When defining the hydra-
tion shell out to 4 A, which exceeds the sum of van der Waals
radii of Ar and O (3.3 A)***® by about 17%, one finds in average
15 and 13 water molecules around Ar originating from D and H
cages, respectively. The figure also visualizes that the Ar
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Fig. 1 MD snapshots for Ar clathrate hydrate at 95 K. (a) Crystalline CS-Il at 1.2 GPa; (b) HDA at 2.0 GPa; (c) VHDA at 2.0 GPa after temperature
cycling to 215 K; and (d) RA at atmospheric pressure. Atoms are shown as spheres (red: oxygen, light-gray: hydrogen, green: argon). Gray areas
emphasize Ar—water coordinations, H and D cages in crystalline CS-1l and spheres at a 4 A radius for the amorphous forms.
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hydration environments overlap to a large extent, i.e. that water
is confined to a “porous” space with a wall thickness ~2
molecules. Turning to VHDA (Fig. 1c) the local water structure
appears relaxed and hydration shells (and thus the two kinds of
Ar guests) seem indistinguishable. Ar atoms are moved signif-
icantly and irregularly from their crystalline equilibrium posi-
tions and have in average 15 molecules within the 4 A sphere.
This picture is maintained for RA, which however is consider-
ably expanded compared to VHDA. In average there are 11 H,O
molecules in a 4 A sphere around Ar atoms.

3.2. Structure of amorphous Ar hydrates - Ar hydration
structure

The isotopic contrast between *°Ar and “™Ar provides an
excellent opportunity to obtain more detailed structural infor-
mation from isotope substitution NPD experiments. >°Ar scat-
ters neutrons over ten times more efficiently than r, and its
normalized neutron-weighed total structure factor functions
S(Q) displays enhanced Ar correlations (Ar-Ar, Ar-O and Ar-D).
The total structure factor measured by neutron diffraction is
given by S(Q)= Z%:Cacﬂbabﬂ [Saﬂ(Q) —1], with Stxﬁ(O) the
o

Nat A

partial structure factor for species «, § and Q the magnitude of
the scattering vector, while ¢ are the atomic fractions and b are
the coherent neutron scattering lengths of each species. If
structurally identical samples contain each Ar-6.5°H,O or
13.3 mol% of “Ar [Beoherend"Ar) = 1.909 fm]* and *°Ar
[Beonerent(*°AT) = 24.90 fm = ~13 X Deonerent(" ""Ar)], Ar correla-
tions give rise to different S(Q) functions which affect all indi-
vidual atoms due to the cross-terms. Nevertheless, S,5(Q) with
{a, B} # Arwill be identically weighted and can be eliminated by
a first-order isotope difference,
[g—g (Q; 36Ar)} — Lci% (Q; NatAr)] , with do/dQ the observed
and normalized scattering cross-section. In this treatment the
00, OD and DD terms (all pure water correlations) are removed.
The usefulness of the ™ Ar/*°Ar isotopic difference method has
been demonstrated earlier for the structural investigation of
vapor co-deposited samples of amorphous ice with Ar.** The
S(Q) for the various amorphous *°Ar hydrates are compiled in
Fig. 2 and compared to MD modeled ones. Note that results for
HDA and VHDA refer to 2 GPa, whereas those for RA refer to
ambient pressure. In the ESI, Fig. S37 shows a comparison
between *°Ar and N*Ar 5(Q).

The S(Q) are dominated by the first diffraction peak (FDP),
which correlates with intermediate range (3-6 A) structural
organization in liquids and glasses.** The FDP is located
between 2.0 and 2.5 A~!, and it can be suspected that it
accounts for Ar-water correlations. The peak is clearly split for
HDA, with contributions at 2.12 and 2.30 A™*. It represents
a single peak for VHDA and RA with the maximum at 2.40 A~
and 2.08 A™?, respectively. The shifts of the FDP with respect to
HDA express the higher and lower density of VHDA and RA.
Generally there is a good agreement between measured and MD
simulated S(Q). The MD modeled ones for VHDA and RA indi-
cate a somewhat lower and higher density, respectively,
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Fig.2 Experimental and MD simulated neutron structure factors, S(Q),
for amorphous Ar clathrate hydrate samples with 36Ar and 2H isotope
substitution at 95 K. (a) HDA at 2 GPa; (b) VHDA at 2 GPa; and (c) RA at
atmospheric pressure. In (c) MD simulations are shown from systems
after temperature cycling to 215 K (red line) and 230 K (blue line). Insets
emphasize the region of the first diffraction peak, 1.5-3.0 A~%.
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Fig. 3 Isotopic difference neutron structure functions for amorphous
Ar clathrate hydrates. HDA (black line), VHDA (red line) and RA (blue
line). The dotted horizontal lines show the structure factor functions
asymptotically converging to 1 at high Q.

compared to the experiment. This discrepancy is probably
connected and reflects the shortcoming of MD to achieve
completely relaxed VHDA within the simulation time scale.
Fig. 3 shows the isotopic difference function according to the
treatment described above.

The difference function (which is void of water-water
correlations) makes clear that the FDP indeed reflects the
nearest neighbor Ar-water correlations. Importantly, the split
feature for HDA is maintained, which implies that there are two
length scales for the Ar-water correlations. Note that a split FDP
is a recurring, and possibly characteristic, feature for HDA ob-
tained from PIA of clathrate hydrates. It has been observed first
for CH, and later also for THF hydrate and, thus, appears
independent of the kind of clathrate structure and cage occu-
pancy.'”? Yet its origin has to be different. For HDA Ar hydrate,
through the isotope substitution neutron diffraction experi-
ment, it can be unambiguously attributed to two different
length scales for Ar-water correlations. For CH, and THF
hydrate it was suggested that the split FDP reflects different
length scale for CH,~water and water-water correlations, with
the latter expressing a denser local structure.”** For THF
hydrate this is certainly reasonable because of its water rich
composition (1 : 17) and THF occupying only one type of cage
(H) in the crystalline CS-II. Lastly, we remark on the S(Q) of RA
which shows resemblance to that of amorphous Ar hydrates
obtained from vapor co-deposition.*>** However, the latter
forms seem more expanded with FDP maxima located at 1.9 and
2.0 A" for samples with 8 and 13 at% Ar, respectively.

Via Fourier transform of the first-order isotope difference
ASA:(Q), the real-space correlation function Ag,,(r) was obtained
which represents the collective PDFs for the various correlations
involving Ar. Ag,.(r) allows the detailed analysis of the local
structure of Ar in the amorphs when relating to PDFs (g(r)) from
MD simulations. This is shown in Fig. 4. The peak in Aga(7)
around 3.5 A is clearly assigned to the Ar-O and Ar-H

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Experimental and MD simulated partial Ar correlation functions
(Ar—=Ar, Ar—H and Ar—0). Functions are deconvoluted in individual pair
contributions for each amorphous system. (a) HDA; (b) VHDA; and (c)
RA.
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correlations defining the hydration structure. Peaks at higher r
(around 6 and 9 A) are due to Ar-Ar correlations. For HDA
(Fig. 4a) the distinction of the originally different Ar atoms in
the crystalline structure is maintained since g, o(r) and gar_u(7)
look rather different for Ar originating from H and D cages. The
peak maxima are roughly at the same distance (3.3 A and 3.1 A
for garo(r) and garu(r), respectively) but the different peak
heights for Ar" and Ar" indicate a lower coordination (less
dense hydration structure) for Ar originating from H cages. The
distinction of the two types of Ar is also visible in ga, (7). After
annealing (Fig. 4b), garo(r) and ga._u(r) of both types of Ar
superimpose which implies that Ar atoms attained like hydra-
tion structures. At the same time, the differences in the g, a.(7)
are essentially removed. Thus, VHDA has a homogenous
amorphous structure with Ar atoms in average 5.6 A apart. The
picture is maintained for RA (Fig. 4c). The less dense hydration
structure of Ar with respect to VHDA is expressed in the
significantly reduced height of the first peak in the g, o(7) and
Zar-u(7) and the slightly shifted position of the maxima (Ar-O 3.4
A, Ar-H 3.3 A). The average nearest neighbor Ar-Ar distance is
increased to 6.1 A.

The distinctly different Ar hydration structures in the three
amorphs can be summarized when plotting the Ar-O integrated
coordination numbers, 7, o(7), as shown in Fig. 5. For VHDA
and RA the n,,o(7) for the two types of Ar look essentially the
same. At r = 4 A the coordination numbers are ~15 and ~11,
respectively (¢f. Fig. 1c and d). The nawm_o(r) is very similar for
HDA and VHDA whereas the n,m_o(r) for HDA shows signifi-
cantly lower values up to 7 = 4.5 A. Using = 4 A as a cut-off, the
coordination number for Ar" is ~13, ¢f Fig. 1b. The equaliza-
tion of the Ar hydration structure in VHDA (via annealing) is
a prerequisite to form the thermodynamically metastable but
crystallization-resistant RA upon pressure release. By contrast,
HDA springs back to the CS-II as still distinguishable Ar guests
serve as nucleating sites for crystallization. The situation for

0——mmF—————————7 71—
15 b
)
& L , HDAAr"-O
—— HDAAP-O
- - VHDAAr-O
St —— VHDAAP-O
- - RAAMO
— RAAP-O
0 L " | N N " L L L L
3.0 3.5 4.0 45 5.0
r(A)

Fig.5 Running coordination numbers of Ar—O pairs for HDA at 2 GPa,
95 K; VHDA at 2 GPa, 95 K; and RA at atmospheric pressure, 95 K. Ar
coordinations are discriminated as Art and ArP, corresponding to their
original location in the crystalline CS-II.
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amorphized THF clathrate hydrate is most likely very similar. As
initially described, amorphous THF hydrate from PIA can also
be densified and subsequently recovered to ambient pressure.
However, the CS-II precursor hosts THF exclusively in H cages.
We conjecture that in the HDA form, THF molecules attain
a low density hydration structure, following from the collapsed
H cages (like Ar™"), which upon annealing (and going through
a glass transition)* relaxes into the VHDA form with a densified
hydration structure. Like amorphous Ar hydrate, the VHDA
form can then be recovered as an expanded RA form. The
detailed structure of amorphous THF hydrate's VHDA and RA
forms is yet unresolved.

3.3. Structure of amorphous Ar hydrates - local water
structure

How is water arranged in amorphous hydrates and how does the
local structure compare to those in amorphous ices? As pointed

a)8 T T T T T
7
6
5
3 4
(@]
@ 3
2
1_
0
2 3 4 5 6 7 8

b)10|||||||||
- ----HDAice O-O
| ----VHDAIice O-O
----LDAice O-O
—HDAO-O
= - ——VHDAO-O
5 5+ —"— RA O-O
O
c
g J N
2.0 4.0
r(A)
Fig. 6 (a) Partial correlation functions for oxygen—oxygen interactions

for HDA at 2 GPa, 95 K (gray line); VHDA at 2 GPa, 95 K (red line); and
RA at atmospheric pressure, 95 K (blue line). (b) Running O-O coor-
dination number of the amorphous Ar hydrates, compared to amor-
phous ice data (at ambient pressure) according to D. Mariedahl et al.®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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out earlier, the presence of apolar guest confines water to
a “thin-walled” porous space where the hydrogen-bond network
accommodates simultaneously the guest's hydration structure.
Thus, the local water structure in amorphous hydrates is ex-
pected to vary with the concentration and size of the guest
species. The local and intermediate range structures of the
amorphous ices have been determined from both neutron and
X-ray scattering investigations and can be considered as well-
established.®”**

Fig. 6a shows the O-O PDF, go_o(r), for HDA, VHDA and RA
respectively. (The go_u(r) and gy u(r) are provided as ESI,
Fig. S4a and b,T respectively.) For amorphous ices, the first
coordination shell is usually defined out to r = 3.3 A.*® For
crystalline ice I, values of go_o(r) are zero between the sharp
shells defined by the translational periodicity. Maxima corre-
sponding to the first, second, and third shell are at ~2.8, ~4.5,
and ~5.3 A, respectively.® The go_o(r) for VHDA and HDA Ar
hydrate are very similar and the small maximum at 3.2 A

a) 1.2 GPa

View Article Online
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indicates that molecules are (at least partly) coordinated by
more than four molecules in the nearest neighbor environment.
This maximum is characteristic for VHDA ice, but appears
much more prominent there. The integrated water coordination
number, no_o(r), highlights clearly the disparity of the water
structures of HDA and VHDA Ar hydrates and ices (Fig. 6b). The
no-o(r) are very similar for the hydrates, parallel the similar
Zo-o(r), but radically different for ices. At » = 3.3 A average
coordination numbers are 4.7 and 5 for the hydrates (referring
to 2 GPa) whereas they are 5 and 6 for the ices (referring to zero
pressure). Thus densification to the VHDA form has little
impact on the local water structure in amorphous Ar hydrate
but changes drastically the local structure in amorphous ice.
The water structure of RA is clearly distinguished from those
of HDA and VHDA. The almost zero value of go_o(r) around r =
3.2 A and the rather pronounced oscillations at higher r indicate
a high degree of tetrahedrality of the hydrogen-bond network.
Indeed the 7o o(r) for RA shows a plateau around four

Fig.7 MD snapshots for Ar clathrate hydrate at 95 K emphasizing the local water structure (cf. Fig. 1). (a) Crystalline CS-Il at 1.2 GPa; (b) HDA at
2.0 GPa; (c) VHDA at 2.0 GPa after temperature cycling to 215 K; and (d) RA at atmospheric pressure. Water molecules are depicted as “sticks” (red
and white) and Ar atoms as faded-green spheres. Dashed lines show O-O distances up to 3.1 A. 5- and 6-coordinated water molecules are
highlighted as gray and red polyhedra, respectively. The latter are only present in VHDA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecules. It is interesting to note that both go_o(r) and no_o(r)
for RA bear great resemblance to the LDA form of ice which also
represents a tetrahedral network, albeit with lower density.
Fig. 7 summarizes these findings with MD snapshots. In
contrast with Fig. 1, we emphasize now the local water struc-
tures. Fig. 7a shows the open tetrahedral network of the CS-II at
1.2 GPa. The network of the HDA form (at 2 GPa, Fig. 7b)
constitutes 4- and 5- coordinated water molecules whereas the
network of the VHDA form (also at 2 GPa. Fig. 7c) constitutes 4-,
5- and 6-coordinated water molecules. By contrast, the RA form
(at zero pressure, Fig. 7d) possesses a strictly 4-connected
network based on distorted tetrahedra. The large high-
symmetry cages of the open network of the CS-II, which is
built from regular tetrahedra, are exchanged for smaller and
irregularly shaped hydration shells. The density of stable crys-
talline Ar clathrate is slightly lower than that of metastable RA,
1.140(7)/1.13 g cm~* (experimental/MD) and 1.26 g cm™ > (MD),
respectively, which - because of the absence of large cages in RA
- implies a more dense water structure in the latter.

The local water structure in amorphous hydrates is expected
to be quite variable and because of the yet limited number of
studies it is not clear how the situation for Ar hydrates will apply
to other systems. Also the comparison of HDA and VHDA forms
of different systems is impeded by different pressures of PIA
and annealing. According to MD studies, no_o() at 3.3 A is 5.76
for HDA CH, hydrate at 3.3 GPa, 6.02 for VHDA CH, hydrate at
5.5 GPa,* and 5.75 for HDA THF hydrate at 2 GPa."” These are
substantially larger values compared to Ar hydrate and may
indicate that the local water structures in CH, and THF hydrates
are more similar to HDA/VHDA ices. Likewise variable could be
the local water structure of RA forms which have been least
investigated. Here recovered amorphous THF hydrate repre-
sents an interesting case. Because of the more water rich (1 : 17)
composition one could envision a denser local water structure
in comparison to amorphous Ar hydrate, perhaps more relating
to that of HDA ice.

4. Conclusions

PIA of clathrate hydrates allows fabrication of amorphous
water-rich hydrates in which an apolar solute (i.e. the guest
species in the crystalline clathrate hydrate) may be considered
as modifier, disrupting the H-bond network of glassy ice. In this
work crystalline Ar clathrate hydrate with the CS-II was sub-
jected to PIA at 95 K and the resulting amorphous form (HDA)
further transformed into a densified state (VHDA) by annealing
to 170 K, which was recoverable to ambient pressures (RA) at 95
K. The structures of the three amorphs were found to be
distinctly different. In HDA, although fully amorphous, inter-
mediate range order is maintained in that the originally
different Ar atoms of the crystalline precursor attain differently
dense hydration structures. The different hydration structures
are evened out in VHDA upon thermal activation of re-
orientational motion of the water molecules. At 2 GPa, the
local water structure in HDA constitutes 4- and 5-coordinated
molecules, whereas the hydrogen-bond network of VHDA
contains in addition 6-coordinated H,O molecules. Upon
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recovery of VHDA at ambient pressure the hydrogen-bond
network changes into a strictly tetrahedral one in the RA form.
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