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ABSTRACT: We present full in situ structural solutions of carbon dioxide hydrate-II and
hydrogen hydrate C, at elevated pressures using neutron and X-ray diffraction. We find
both hydrates adopt a common water network structure. The structure exhibits several
features not previously found in hydrates; most notably it is chiral and has large open spiral
channels along which the guest molecules are free to move. It has a network that is
unrelated to any experimentally known ice, silica, or zeolite network but is instead related
to two Zintl compounds. Both hydrates are found to be stable in electronic structure
calculations, with hydration ratios in very good agreement with experiment.

G as hydrates—guest—host compounds formed from water membered rings at modest pressures,” suggesting that many
and simple gases—are an important group of materials. more gas hydrate networks remain to be discovered at high-
They are stabilized by the interplay of hydrogen bond pressure.” Two examples of unknown or poorly characterized
formation between host water molecules and hydrophobic— hydrate structures are found in the apparently unrelated carbon
hydration interactions between the host and the guest gas dioxide—water and hydrogen—water systems.
species.' These forces play a crucial role in biochemical At low pressures, CO, hydrate adopts the cubic clathrate-I
processes like protein folding and the molecular architecture of structure (CS-I) which has two types of cages: one large and
cell structures.” Gas hydrates provide relatively simple model one small” Hirai et al. found using XRD and Raman
systems against which to test models of intermolecular spectroscopy that CS-I transforms at ~0.5 GPa to ice VI and
potentials3 and they also occur commonly in nature: methane a new hydrate-Il phase.'” This decomposes on further
clathrate hydrate on the ocean floor accounts for one-third of compression above ~1 GPa into CO, and ice VII or VIIL
Earth’s methane” and methane hydrate is believed to have been Most of the other simple gas hydrates follow one of two
the dominant methane—containing phase in the nebula from variants of a common structural sequence on compression.
which the outer planets (Saturn, Neptune, Uranus and Pluto) Systems that start as CS-I (methane, krypton) transform with
and their satellites formed.” Finally, gas hydrates have potential loss of water to the hexagonal clathrate structure (SH) at ~1
technological applications, for example, in the transport and GPa and then to the methane hydrate-III (MH-III) structure at
storage of gas,es.6 around 2 GPa with further loss of water such that the high
Seven gas hydrate structures are commonly found. Three are pressure phase is a dihydrate. Systems which adopt the CS-II
based on distortions of the H-bonded networks of known structure (argon and nitrogen) at low pressure follow the same
phases of ice and four on agglomerates of cages formed by H- sequence but interpolate the tetragonal clathrate structure
bonded water molecules.” While this variety seems quite rich, it (ST''?) in between the SH and the MH-III structures.” Hirai
is small compared to the versatility exhibited by other network- et al. concluded that CO, hydrate-II did not adopt any of these
forming materials like zeolites and Zintl phases. For example, known hydrate structures."”’ This conclusion was contradicted
there are 229 different zeolite (alumina-silicate) networks® with by Tulk et al, who performed in situ neutron diffraction and
predictions of many more. The versatility of zeolites may be
attributed to the fact that Si—O-based tetrahedral networks Received: July 11, 2017
form four-membered rings more readily than water networks, Accepted:  August 18, 2017
but water networks show an increased tendency to adopt four- Published: August 18, 2017
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concluded that the hydrate had a ‘filled ice’ MH-III structure."?
However, the MH-III structure cannot account for the
diffraction peaks reported by Hirai et al. and we were unable
to obtain a fit to our data (presented below) with this structure.

The H,—water system has been studied extensively and is
known to form an ice-II related hydrate (C,), an ice-I, based
structure (C,), as well as the cubic clathrate-II structure (CS-
I1).'"*"> More recently, Efimchenko et al. discovered another
form, C,, at pressures around 0.5 GPa, and proposed, based on
powder X-ray diffraction (XRD) on a recovered sample, a
trigonal structure with a spiral H-bond network with channels
that contain partially occupied water sites.'® This arrangement
violates the ice rules and seems improbable. Strobel et al.
collected in situ XRD data and concluded that the diffraction
pattern of C, was consistent with an a@- or f-quartz
arrangement, and the tetragonal structure, ST.'” A classical
molecular dynamics study by Smirnov et al. suggested that C,
had a spiral structure with H, in the channels and that the
partially occupied sites were in fact N, molecules incorporated
during recovery.'® Recent in situ XRD results concluded that
the oxygen sublattice was close to that proposed by Smirnov et
al. but with hexagonal symmetry."” Finally, a neutron diffraction
study of the empty C, water network recovered to ambient
pressure found that the structure (named ice XVII) has
hexagonal symmetry with spacegroup P6,22.*° Thus, while
there is a significant amount of structural data on the C,
hydrate, there is currently no full determination of its structure
including proton-ordering and guest occupancies.

In this Letter we report neutron and synchrotron X-ray
diffraction studies performed in situ and on recovered samples,
which show that both CO, and H, hydrates adopt the same
water network,”** based on neither a known hydrate nor ice
structure but instead related to two Zintl phases. This chiral
network topology (called S, from here on) differs qualitatively
from both the cage-clathrates (as it features open channels) and
the filled-ice hydrate structures (as it is not related to any stable
ice structure).

Our CO, hydrate studies used a combination of neutron
diffraction carried out on the PEARL instrument™ of the ISIS
pulsed neutron facility using the Paris—Edinburgh press** and
X-ray diffraction (XRD) on recovered samples, carried out on
beamline ID15-B at the ESRF. For the D,—water experiments,
an aluminum gas cell in an ILL-pattern “orange” cryostat and
PEARL were used. Total-energy calculations based on density
functional theory (DFT) were performed on sets of candidate
structures, varying both the water host networks with their
hydrogen bond topology and the guest molecule content.
Details on sample growth, experiments, and calculations are
given in the Supporting Information (SI).

Figure 1 shows neutron diffraction patterns collected from
CO, hydrate-II and H, hydrate C, at elevated pressures. The
two hydrates have very similar diffraction patterns. Ab-initio
structure solution was first achieved for CO, hydrate-II. The
unit cell was determined to be hexagonal/trigonal with a ~ 6.25
A and ¢ ~ 627 A. Based on the systematic absences, the
symmetry was no higher than P6,22/P6,22 if hexagonal or
P3,21/P3,21 if trigonal. Charge flipping using the XRD data
gave a satisfactory partial solution for the heavy atoms—O

atoms at 6b(0.76, 0.76, %) and CO, molecules centered at

6b(0.1 , 0_.1 , %)—with a weighted profile R factor R,, of
3.783%.”> This model was used along with the neutron data to
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Figure 1. Rietveld profile refinements of neutron diffraction data for
both hydrates. The data are shown as dots, calculated fits as solid lines,
and their differences as dashed lines. Upper panel: H, hydrate C at
0.30 GPa and 175 K. Tickmarks denote reflections from the sample.
Scattering from the Al pressure cell (marked by asterisks) has been
excluded. Lower panel: CO, hydrate-II at ~0.4 GPa and 260 K.
Tickmarks denote reflections from CO, hydrate (bottom), CO,
(middle) and the sintered-diamond pressure-cell anvils (top).

locate the deuterium atoms. The symmetry of P6,22 implies
that the H-bonds must be disordered with two half-occupied
deuterium sites along each H-bond. As with the XRD data, this
model produced an acceptable fit.

For the pattern shown in Figure 1, the refined structure has a
= 6.2753(5) A and ¢ = 6.2988(6) A, and water oxygens on
6b(0.7623(S), 0.5246(10), 0.25), half-occupied water deute-
riums on 12¢(0.3741(10), 0.0726(9), 0.5208(13)) and
12¢(0.5782(8), 0.3309(15), 0.4605(14)), and carbon and
oxygen of CO, on 6b(0.08618, 0.1724, 0.25), 12¢(0.189(3),
0.061(4), 0.044(3)), and 12¢(0.233(3), 0.017(3), 0.044(3)).
The CO, occupancy was 1.69(4) per unit cell or 3.55(3) water
molecules per CO, and, based on this composition, the density
is 1.502 g/cm? for the deuterated form.

For the H, hydrate Cj, we tested all proposed struc-
tures'*'**® and rejected those that are not variants of the
spiral structure first proposed by Smirnov et al.'® Our in situ
solution results in the same oxygen network identified with
XRD and in the empty network.”*° As with CO, hydrate, no
ordered or partially ordered network gave a significant
improvement in fit, so the most plausible arrangement has
proton-disordered H-bonds and spacegroup P6,22 (or P6:22).
For final refinements, the structure used had a = 6.2763(5) A
and ¢ = 6.1875(10) A, water oxygens on 6b(0.7637(6),
0.527(11), 0.25), half-occupied water deuteriums on
12¢(0.3771(12), 0.0707(17), 0.5317(17)), and
12¢(0.5626(17), 0.3345(16), 0.4578(17)), and a guest D,
molecule on 6b(0.1067(15), 0.213(3), 0.25). For a fully
deuterated sample with dihydrate composition, this structure
has a density of 0.991 g/cm®.

Figure 2 shows the hydrogen-bond network of S,. The figure
also shows the Si—Si network of f-quartz. Strobel et al. argued
that the S, network is related to that of - and a-quartz'” (-
quartz has a topologically identical network to a-quartz and,
because it has higher symmetry, is more regular). While clearly
different, both f-quartz and S, have close-packed arrays of
hexagonal channels when viewed along the c-axis. These
channels are formed of double helices. In the f-quartz network,

DOI: 10.1021/acs jpclett.7b01787
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Figure 2. Upper: The H-bonded network of S, viewed (a) along the b- and (b) along the c-axis. The green and yellow atoms denote the small and
large spirals as described in the text. The gold isosurfaces show the voids in the structure, which are contiguous spirals inside the channels. For clarity,
hydrogen atoms have been omitted. Lower: The Si—Si network of f-quartz viewed (c) along the b- and (d) along the c-axis. The gray and pink atoms
show one of the double helices that form the straight channels. For clarity, oxygen atoms have been omitted.
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Figure 3. Relative enthalpies of formation of S, hydrates with varying guest content (left: H,; right: CO,). Left panel also considers H, in a ice-XI

host network (see text).

both helices have the same radius, whereas in the S, network
there is a “small” helix (shown in green in Figure 2b) and a
“large” helix (shown in yellow) so that the wall of the channel
has the ridge and furrow form of a screw thread. This means
that the channels in S, are spirals with a roughly constant
diameter and an eccentricity of ~1 A. The voids in S, shown in
Figure 2 confirm this view, which differs from the cavity
topology of any other known hydrate structure (see the SI). It
also contrasts with p-quartz, whose channels are straight
cylinders. In S,, each small spiral atom is also part of the large
spiral of an adjacent channel so that the ridge of a given channel
is the furrow of its neighbor. As a result, adjacent channels
share edges; in the f-quartz structure, adjacent channels share
corners (see Figure 2). Therefore, in S,, the entire volume of
the unit cell is inside a channel and the structure thus has 100%
packing efficiency, a feature that the corner-sharing f-quartz
structure does not possess.

The S, structure is not related to that of any previously made
ice—with the obvious exception of ice XVII (see above)—or
zeolite phase,® but its network topology is found in the Zintl
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compounds NaGaSny”” and Na,ZnSn;”® and it has been
proposed as a hypothetical structure in zeolites’ and as a
metastable “chiral framework structure” in the group-IV
elements.”® In the two Zintl compounds, a stochastic
distribution of the Ga/Sn and Zn/Sn atoms forms the
respective host lattices, while Na cations occupy the guest
sites in the channels. Following electron transfer from Na to Ga
or Zn, the latter are effectively tetravalent and pursue formation
of a tetrahedrally connected network together with the Sn
atoms. Blase and Cordier speculate that the large size of the Na
cations leads to the unusual covalent network structure, in
contrast to Li-based mixed-main group Zintl compounds.”’
Note that the “guest:host ratio” in the two compounds spans
the range from 1:3 to 1:6.

It should also be noted that it is surprising that carbon-
dioxide hydrate should adopt this structure. As described above,
like many simple gas hydrates, it adopts one of the ‘standard’
cubic clathrate structures at low pressures,7 and as such it might
be expected to transform to SH and then to the ‘filled-ice” MH-
III structure under increased pressure. That it does not, and

DOI: 10.1021/acs jpclett.7b01787
J. Phys. Chem. Lett. 2017, 8, 4295—4299


http://dx.doi.org/10.1021/acs.jpclett.7b01787
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpclett.7b01787&iName=master.img-003.jpg&w=299&h=190
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpclett.7b01787&iName=master.img-004.jpg&w=302&h=176

The Journal of Physical Chemistry Letters

instead adopts a structure also found in the hydrogen—water
system—which in turn only forms structure-II clathrate with
difficulty—is unexpected.

In both hydrates, refinements of the neutron data showed
evidence of anisotropy in the guest thermal motion. There is
evidence of chain ordering at ~115 K in recovered CO,
hydrate®’ and H, hydrate evolves gas at 77 K.'® These results
all suggest that the guest molecules in S, are very mobile in the
channels.”" Tt is then difficult to determine occupancies reliably
from diffraction data alone. To constrain them, we performed
DFT calculations on empty and filled S,. We exhaustively
constructed all proton-ordered crystal structures of S, that fulfill
the ice rules within the P6522 unit cell and oxygen network.
There are 38 such proton distributions, of which 12 are found
to be distinct.”” Over the pressure range 0—2 GPa their
enthalpies are close, within 4 meV/H,0O, and the lowest
enthalpy structure had P3, symmetry. We used this water
network to describe all hydrate phases, replicated along the ¢
axis if necessary. For the CO, hydrate, we considered the
guest:host ratios 1:2 (occupying every guest site), 1:3, 1:4, and
1:6, and fully relaxed all structures across a range of pressures.
For the H, hydrate, we studied the 1:(2/3/6) hydrates. Figure
3 shows the resulting enthalpies of formation, relative to the
constituents ice and solid CO,/H,. CO, hydrate is only found
stable in the 1:4 composition and up to 0.8 GPa. Hydrates with
higher guest content are unstable, presumably due to repulsion
between CO, molecules, while a 1:6 hydrate is probably
unstable due to the metastability of the S, network itself. For
H, hydrate, on the other hand, full occupancy of the guest sites
is preferable at all pressures. The S, hydrate is stable against
decomposition until ~2.3 GPa, but superseded by a filled ice-XI
hydrate above 0.65 GPa. The occupancies for both hydrates are
in good agreement with our experimental findings; quantitative
analysis of in situ powder patterns from time-dependent studies
of the growth of hydrate-II from ice VI and solid CO, suggest a
hydration ratio of 3.0(6):1,”" and together with the difficulty in
fitting the highly mobile guest sites, we conclude that
experiments and calculations agree and point to a hydration
ratio of 2:1 for Cy and ~3.5:1 for CO, hydrate-IL

In summary, we show here that a chiral water network, S,,
serves as host in two very different hydrate systems. It can be
understood as an arrangement of interlocked channels in a
close-packed ridge-and-furrow layout. Our structural solution of
the hydrates provides the structure of CO, hydrate-II, confirms
recent work on the empty network,”® and provides the first
determination of the hydrogen occupancies in C,. Stable in
calculations, the water network can host CO, in a 1:3.5
molecular ratio (41 wt %) and H, in a 1:2 molecular ratio (5.2
wt %). A versatile wide-channel structure, the network can be
emptied,”” serves as host for two very different small molecules,
and appears also to form mixed H,—CO, hydrate, a syngas-like
mixture.”' With suggestions that N, inadvertently entered the
hydrate in early experiments,'”'® empty S, can be considered as
a universal microporous material for small gas species. As it is
chiral, S, could conceivably, either as ice XVII or in a covalent
analogue, be used for enantiomorphic selectivity. Very few
known microporous materials are chiral, but the use of chiral
networks for selection of enantiomorphs from racemic mixtures
is a field of active research.’® The pressures required to produce
S, (0.3—0.5 GPa) lie within the range where industrial scale
production is feasible.”* Ice XVII is thus a cheap, environ-
mentally benign, readily producible and potentially very useful
microporous material.

4298

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.7b01787.

Details of the experimental and computational proce-
dures and the solution of the structures (PDF)

CIF files of the atomic positions (CIF)

(CIF)

The Rietveld refinements in GSAS format and input files for
the computational modeling are available via the Internet at
http://datashare.is.ed.ac.uk.

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: ahermann@ed.ac.uk.
*E-mail: jloveday@ed.ac.uk.

ORCID
Andrzej Falenty: 0000-0001-5995-9900
John S. Loveday: 0000-0003-3985-9982

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge Chris Goodway for assistance with technical
aspects of the experiments, and Graeme Ackland for helpful
discussions. This work was supported by the UK’s EPSRC
studentships for D.M.A. and M.-E.D., the STEC and ESRF
through the provision of beamtime and other resources, and the
Royal Thai Scholarship for P.T. Computational resources
provided by the UK’s National Supercomputer Service through
the UK Car—Parrinello consortium (EP/K01465X), Project ID
dS6 “Planetary Interiors”, and by the Royal Society (RG-
150247) are gratefully acknowledged.

B REFERENCES

(1) Falenty, A.; Hansen, T. C.; Kuhs, W. F. Formation and properties
of ice XVI obtained by emptying a type sII clathrate hydrate. Nature
2014, 516, 231-233.

(2) Hummer, G.; Garde, S.; Garcia, A. E.; Paulaitis, M. E.; Pratt, L. R.
The Pressure Dependence of Hydrophobic Interactions is Consistent
with the Observed Pressure Denaturation of Proteins. Proc. Natl. Acad.
Sci. U. S. A. 1998, 95, 1552—15SS.

(3) Alavi, S; Ripmeester, J. A.; Klug, D. D. Stability of Rare Gas
Structure H Clathrate Hydrates. J. Chem. Phys. 2006, 125, 104501.

(4) Hoffmann, R. Old Gas, New Gas. Am. Sci. 2006, 94, 16—20.

(S) Lunine, J. L; Stevenson, D. J. Clathrate and Ammonia Hydrates at
High Pressure: Application to the Origin of Methane on Titan. Icarus
1987, 70, 61-77.

(6) Bradshaw, R.; Greathouse, J.; Cygan, R;; Simmons, B.; Dedrick,
D.; Majzoub, E. Desalination utilizing clathrate hydrates (LDRD final
report). Sandia National Laboratory Report 2008, fiiiSSingigl.

(7) Loveday, J.; Nelmes, R. High-Pressure Gas Hydrates. Phys. Chem.
Chem. Phys. 2008, 10, 937—950.

(8) Baerlocher, C; McCusker, L; Olson, D. Atlas of Zeolite
Framework Types, filamumiammm Elsevier: Amsterdam, 2007.

(9) Nguyen, A,; Molinero, V. Cross-Nucleation Between Clathrate
Hydrate Polymorphs: Assessing the Role of Stability, Growth rate, and
Structure Matching. J. Chem. Phys. 2014, 140, 084506.

(10) Hirai, H.; Komatsu, K.;; Honda, M.; Kawamura, T.; Yamamoto,
Y.; Yagi, T. Phase Changes of CO, Hydrate Under High Pressure and
Low temperature. J. Chem. Phys. 2010, 133, 124511.

(11) Manakov, A. Y.; Voronin, V. I; Kurnosov, gV Teplykh, a. E.;
Komarov, V. Y,; Dyadin, Y. a. Structural investigations of Argon

DOI: 10.1021/acs jpclett.7b01787
J. Phys. Chem. Lett. 2017, 8, 4295—4299


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.7b01787
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01787/suppl_file/jz7b01787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01787/suppl_file/jz7b01787_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01787/suppl_file/jz7b01787_si_003.cif
http://datashare.is.ed.ac.uk
mailto:a.hermann@ed.ac.uk
mailto:j.loveday@ed.ac.uk
http://orcid.org/0000-0001-5995-9900
http://orcid.org/0000-0003-3985-9982
http://dx.doi.org/10.1021/acs.jpclett.7b01787
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjacs.6b06986&citationId=p_n_37_1
http://pubs.acs.org/action/showLinks?crossref=10.1139%2Fp03-040&coi=1%3ACAS%3A528%3ADC%252BD3sXkvV2ru74%253D&citationId=p_n_24_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jallcom.2010.12.200&coi=1%3ACAS%3A528%3ADC%252BC3MXhtF2hu7jK&citationId=p_n_30_1

The Journal of Physical Chemistry Letters

Hydrates at Pressures up to 10 kbar. J. Inclusion Phenom. Mol. Recognit.
Chem. 2004, 48, 11—18.

(12) Loveday, J. S.; Nelmes, R. J.; Klug, D. D.; Tse, J. S.; Desgreniers,
S. Structural Systematics in the Clathrate Hydrates Under Pressure.
Can. J. Phys. 2003, 81, 539—544.

(13) Tulk, C. A; Machida, S.; Klug, D. D.; Lu, H,; Guthrie, M;
Molaison, J. J. The structure of CO2 hydrate Between 0.7 and 1.0 GPa.
Imishauenbiog. 2014, 141, 174503,

(14) Vos, W. L.; Finger, L. W.; Hemley, R. J.; Mao, H. K. Novel H2-
H20 Clathrates at High Pressures. Phys. Rev. Lett. 1993, 71, 3150—
3153.

(15) Mao, W. L.; Mao, H.-K; Goncharov, A. F.; Struzhkin, V. V,;
Guo, Q; Huy, J; Shu, J; Hemley, R. J; Somayazulu, M.; Zhao, Y.
Hydrogen Clusters in Clathrate Hydrate. Sgigugg 2002, 297, 2247—
2249.

(16) Efimchenko, V. S.; Kuzovnikov, M. A.; Fedotov, V. K; Sakharov,
M. K,; Simonov, S. V.; Tkacz, M. New Phase in the Water-Hydrogen

| 2011, 509, S860—S863.

(17) Strobel, T. A.; Somayazulu, M.; Hemley, R. J. Phase Behavior of
H, + H,O at High Pressures and Low Temperatures. J. Phys. Chem. C
2011, 115, 4898—4903.

(18) Smirnov, G. S.; Stegailov, V. V. Toward determination of the
New Hydrogen Hydrate Clathrate Structures. J. Phys. Chem. Lett.
2013, 4, 3560—3564.

(19) Strobel, T. A,; Somayazulu, M.; Sinogeikin, S. V.; Dera, P.;
Hemley, R. J. Hydrogen-Stuffed, Quartz-Like Water Ice. J. Am. Chem.
Soc. 2016, 138, 13786—13789.

(20) del Rosso, L.; Grazzi, F.; Celli, M.; Colognesi, D.; Garcia-Sakai,
V.; Ulivi, L. Refined Structure of Metastable Ice XVII from Neutron
Diffraction Measurements. J. Phys. Chem. C 2016, 120, 26955—26959.

(21) Amos, D. M. High Pressure Hydrates of CO, and Materials for
Carbon Storage. Ph.D. Thesis, The University of Edinburgh, 2014.

(22) Donnelly, M.-E. High Pressure Hydrates of Hydrogen. Ph.D.
Thesis, The University of Edinburgh, 2016.

(23) Bull, C. L.; Funnell, N. P.; Tucker, M. G.; Hull, S.; Francis, D. J.;
Marshall, W. G. Pearl: the High Pressure Diffractometer at ISIS. High
Pressure Res. 2016, 36, 493—S511.

(24) Besson, J.; Nelmes, R.; Hamel, G.; Loveday, J.; Weill, G.; Hull,
S. Neutron Powder Diffraction Above 10 GPa. Phys. B 1992, 180,
907-910.

(25) Palatinus, L.; Chapuis, G. SUPERFLIP - a Computer Program
for the Solution of Crystal Structures by Charge Flipping in Arbitrary
Dimensions. J. Appl. Crystallogr. 2007, 40, 786—790.

(26) Qian, G. R; Lyakhov, A. O.; Zhu, Q.; Oganov, A. R;; Dong, X.
Novel Hydrogen Hydrate Structures under Pressure. Sci. Rep. 2018, 4,
5606.

(27) Blase, W.; Cordier, G. NaGaSn$, eine Neue Zintl-Phase mit Ga-
Sn-Schrauben. Z. Naturforsch.,, B: J. Chem. Sci. 1988, 43, 1017—1019.

(28) Stegmaier, S,; Kim, S.; Henze, A.; Faessler, T. F. Tetrahedral
Framework Structures: Polymorphic Phase Transition with Reor-
ientation of Hexagonal Helical Channels in the Zintl Compound
Na,ZnSng and Its Relation to NasZn,,,Sn,,. J. Am. Chem. Soc. 2013,
135, 10654—10663.

(29) Foster, M. D.; Delgado Friedrichs, O.; Bell, R. G.; Almeida Paz,
F. A,; Klinowski, J. Chemical Evaluation of Hypothetical Uninodal
Zeolites. J. Am. Chem. Soc. 2004, 126, 9769—9775.

(30) Pickard, C. J,; Needs, R. J. Hypothetical Low-Energy Chiral
Framework Structure of Group 14 Elements. Phys. Rev. B: Condens.
Matter Mater. Phys. 2010, 81, 014106.

(31) Smirnov, G. S.; Stegailov, V. V. Anomalous Diffusion of Guest
Molecules in Hydrogen Gas Hydrates. High Temp. 2015, 53, 829—836.

(32) Lonie, D. C.; Zurek, E. Identifying Duplicate Crystal Structures:
XtalComp, an Open-Source Solution. Comput. Phys. Commun. 2012,
183, 690—697.

(33) Brand, S. K.; Schmidy, J. E.; Deem, M. W.; Daeyaert, F.; Ma, Y.;
Terasaki, O.; Orazov, M.; Davis, M. E. Enantiomerically Enriched,
Polycrystalline Molecular Sieves. Proc. Natl. Acad. Sci. U. S. A. 2017,
114, 5101-5106.

4299

(34) Tonello, C; Kesenne, S.; Waechter, M. Pascalisation of
Delicatessen: Advances In High Pressure Bioscience and Biotechnology.
Heidelberger Platz 3, D-14197 Berlin, Germany, 1999; pp 431—434,
International Conference on Advances in High Pressure Bioscience
and Biotechnology, Heidelberg, Germany, Aug 30-Sep 03, 1998.

DOI: 10.1021/acs jpclett.7b01787
J. Phys. Chem. Lett. 2017, 8, 4295—4299


http://dx.doi.org/10.1021/acs.jpclett.7b01787
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja401043b&coi=1%3ACAS%3A528%3ADC%252BC3sXnvFyitrw%253D&citationId=p_n_58_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0921-4526%2892%2990505-M&coi=1%3ACAS%3A528%3ADyaK3sXhtFelur4%253D&citationId=p_n_48_1
http://pubs.acs.org/action/showLinks?crossref=10.1038%2Fsrep05606&citationId=p_n_54_1
http://pubs.acs.org/action/showLinks?pmid=28461490&crossref=10.1073%2Fpnas.1704638114&coi=1%3ACAS%3A528%3ADC%252BC2sXmvFShtbc%253D&citationId=p_n_71_1

