PRL 107, 255503 (2011)

PHYSICAL REVIEW LETTERS

week ending
16 DECEMBER 2011

Novel Cooperative Interactions and Structural Ordering in H,S-H,
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Hydrogen sulfide (H,S) and hydrogen (H,) crystallize into a ‘guest-host’ structure at 3.5 GPa and, at the
initial formation pressure, the rotationally disordered component molecules exhibit weak van der Waals-
type interactions. With increasing pressure, hydrogen bonding develops and strengthens between
neighboring H,S molecules, reflected in a pronounced drop in S-H vibrational stretching frequency
and also observed in first-principles calculations. At 17 GPa, an ordering process occurs where H,S
molecules orient themselves to maximize hydrogen bonding and H, molecules simultaneously occupy a
chemically distinct lattice site. Intermolecular forces in the H,S + H, system may be tuned with pressure
from the weak hydrogen-bonding limit to the ordered hydrogen-bonding regime, resulting in a novel
clathrate structure stabilized by cooperative interactions.
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At high density, mixtures of nonpolar molecules may
form stoichiometric compounds stabilized by weak van der
Waals forces [1-3], while hydrogen-bonding molecules
like H,O form clathrate compounds stabilized by coopera-
tive guest-host interactions [4]. An accurate description of
intermolecular interactions between these types of simple
molecules is required to describe a variety of phenomena
relevant to chemical and condensed matter physics. In
contrast with H,O, H,S exhibits little to no hydrogen
bonding at ambient pressure. While valence isoelectronic
and geometrically congruous with H,O, H,S undergoes a
series of pressure-induced phase transitions that are struc-
turally incompatible with those observed for water [5].
Between 0.5 and 11 GPa, H,S goes through three phase
transitions, shifting from a rotationally disordered solid to
an ordered H-bonded structure [6-9]. Variation in
hydrogen-bond strength with pressure dictates structural
transformations for the pure component [9], yet it is un-
clear how H,S structural motifs would vary in high-
pressure mixtures. The ability of pressure to tune
hydrogen-bonding strength, from absent to structurally
important, provides an opportunity to explore compound
formation in the weak hydrogen-bonding limit, and to
clarify how intermolecular interactions may change over
a range of densities. Here we present the formation of a
novel compound comprised of H,S and H,. This com-
pound initially behaves as a weakly interacting van der
Waals solid, eventually ordering into a hydrogen-bonded
clathrate structure through application of external pressure.

Mixtures of H,S and H, were loaded into diamond anvil
cells by a combination of cryogenic and gas loading meth-
ods [10]. Samples loaded near 0.2 GPa exhibited two
equilibrium phases at room temperature (liquid H,S and
fluid H,) with limited mutual solubility. At ~1 GPa, H,S
solidified, completely excluding previously dissolved H,.
Raman spectra obtained from the solid H,S phase are
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consistent with reports for phase I [11]. Fluid hydrogen
and solid phase I of H,S coexisted until ~3.5 GPa where a
new solid nucleated and crystals of columnar habit began
growing into the H, fluid phase (Fig. 1).

At 4.5 GPa, synchrotron x-ray diffraction (XRD) pat-
terns obtained from the compound were readily indexed to
a tetragonal lattice with @ = 7.37(3) A and ¢ = 6.07(2) A,
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FIG. 1 (color online). Photomicrographs of H, + H,S mix-
tures at room temperature: (a) 0.2 GPa: fluid H, and liquid
H,S; (b) 1.0 GPa: fluid H, and solid H,S phase I; (c) 3.5 GPa:
fluid H, and compound. Dark areas result from light scattering
off grain boundaries and dissipated with time. (d) Experimental
diffraction pattern (A = 0.40548 A) at 4.5 GPa (points) and
Rietveld profile refinement (red line). Difference is shown as
lower blue trace, Ry, = 3.52%. The background shows the two-
dimensional diffraction image, and the crystal structure, normal
to the c-axis, is provided as the inset: yellow and white spheres
represent disordered H,S and H, molecules, respectively.
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and systematic absences constrained the space-group to
I4/mcm. A survey of tetragonal crystal structures with
similar ¢/a ratios suggested the compound was of the
AlL,Cu type [12]. Rietveld profile refinement assuming
this structural model produced excellent agreement with
experimental data using sulfur atoms at the 84 Wyckoff
positions (x = 0.162). The compound stoichiometry
(H,S),H,, with 4 f.u. per cell, was thus inferred from the
structure type, where hydrogen molecules are centered at
the 4a sites. This composition is further supported by the
volume obtained by the assemblage of pure component
species (0.7% difference at 4.5 GPa)[7,8,13].

The Al,Cu structure may be viewed as a guest-host type
arrangement where hydrogen molecules are hosted within
channels formed by a framework comprised of alternating
H,S layers along the ¢ axis. This assembly is similar to the
complex guest-host structures observed in alkali and
alkaline earth metals at high pressure as well as other
intermetallic compounds [14]. Thus, the formation of the
alloy-type (H,S),H, compound is likely dictated by effi-
cient molecular packing rather than significant hydrogen
bonding. Indeed, the same structure type was observed
for CH; + H, at high pressure [3]; the diameter of
CH, (— 3.8 A)is comparable to that of H,S (~ 3.6 A).

At the formation pressure, contributions to the Raman
spectrum from H,S are similar to the phase I solid [11],
indicating rotational disorder of component molecules.
The symmetric and antisymmetric v; and v; stretching
modes are convoluted into a broad band shifted to higher
frequency by 10 cm™! when compared with the pure solid
(Fig. 2). A broad density-of-states-like feature appears in
the low-frequency region which contains hydrogen rota-
tional contributions. The H, vibron originating from the
compound is shifted to lower frequency by 30 cm™! com-
pared with the bulk fluid, and the presence of a single
contribution is consistent with H, occupation of a single
lattice site and the Al,Cu type crystal structure. The S-H
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FIG. 2 (color online). (a) Experimental Raman spectra ob-
tained from the H, + H,S compound with pressure. Bulk H,
vibron denoted by asterisk. (b) Calculated VDOS in S-H and H-
H stretching regions at 150 K for I4/mcm and 1222 structures

with Gaussian smearing of 5 cm™ .

stretching frequency decreased monotonically with pres-
sure, indicating a progressive strengthening of hydrogen
bonding, analogous to bulk solid H,S.

At 17 GPa, a distinct ordering process occurs as evi-
denced by drastic changes in the Raman spectra (Fig. 2).
The S-H stretching region splits into several contributions,
similar to, yet distinct from phase IV of pure H,S [15]. The
change from a broad and unstructured spectrum to one of a
multiplet nature suggests a transition from free rotation to
ordered hydrogen bonds, akin to the bulk phase I’ to IV
transition. In addition, multiple low-frequency lattice
modes appear above 17 GPa, consistent with the constrain-
ing of free rotation to translation or libration. The hydrogen
vibron splits from a single broad band into two discrete
contributions. The two components are separated by nearly
40 cm™!, the most perturbed of which is ~90 cm™! softer
than bulk H, at 17 GPa.

While the Raman observations support a structural
phase transformation at 17 GPa, synchrotron XRD patterns
obtained over this pressure range showed no clear indica-
tion of a structural change [Fig. 3(a)]. All patterns
measured at these pressures could be indexed to the
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FIG. 3 (color online). (a) Synchrotron XRD patterns with
pressure (A = 0.39796 A). At 18.8 GPa and above, tick marks
indicate reflections for I4/mcm (lower ticks) and 1222 (upper
ticks) ; Miller indices are labeled for the two structures in the
bottom and top patterns, respectively. Gasket contributions are
labeled ‘g’. A simulated XRD pattern based on the calculated
1222 structure at 30 GPa (dashed). The powder quality of this
sample was poor; Bragg intensity varied significantly depending
on x-ray position. (b) Equation of state. Large filled symbols are
experimental data from independent runs. Error bars give the
maximum pressure gradient across the cell from multiple ruby
pieces. Small open symbols show pure component volumes:
4(2H,S + H,). Small filled circles show the volume obtained
from 7222 indexing. The solid black and dashed red lines
are the calculated EOS for the 1222 and I4/mcm structures,
respectively.
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14/mcm structure, and no obvious discontinuity was ob-
served in the equation of state (EOS). The diffraction data
provide no clear support for alternative indexing, suggest-
ing that the sulfur atomic positions remain largely un-
changed and that the transition is associated with
displacements in atomic hydrogen positions.

In order to further elucidate the nature of the spectro-
scopically observed transition at 17 GPa, ab initio density
functional theory (DFT) calculations were performed as
implemented in VASP [16-19]. Starting from the experi-
mental /4/mcem structure at 5 GPa, the EOS for the
optimized structure was calculated using fully symmetry-
constrained relaxation of the atomic positions and lattice
strain with stresses converged to 0.01 kB [Fig. 3(b)] [19].
The resulting EOS showed reasonable agreement com-
pared to experimental data with a +5.6% average deviation
over the entire pressure interval.

Because the experimental Raman data indicate struc-
tural changes above 17 GPa, yet XRD data show little
difference, variants of the /4/mcm structure were obtained
by distributing H, occupancy across the f or g sites and/or
changing orientations of H,S molecules [19]. Several per-
mutations were optimized over a range of pressures, result-
ing in the prediction of a new stable high-pressure structure
of symmetry 1222. The 1222 phase is related to 14/mcm by
a subgroup reduction in symmetry, yielding two unique H,
sites and an ordered, H-bonded H,S lattice. This
structure consists of H-bonded H,S zigzag sheets that
trap hydrogen molecules in channels along the a axis
[Figs. 4(a) and 4(b)]. This arrangement is comparable to
the guest-host clathrate structures found in urea [20].
Strong hydrogen bonds are formed along the H,S chains
that roughly follow the a axis (S-H - - - S = 1.8 A) whereas
weaker ones are formed along the chains that follow the b
axis (S-H- - -S = 2.27 A). The strong hydrogen bonding
significantly elongates the H,S covalent bond, producing
two unique S-H distances for a single molecule: 1.45 and
1.35 A for the quasi-a and -b directions, respectively. This
anisotropy is similar to that found in ice II, where stronger
inter-ring hydrogen bonding produces elongated O-H co-
valent distances relative to those observed between ring
layers [21]. A distribution of S-H distances is supported
experimentally by the large range observed for S-H stretch-
ing frequencies.

The calculated EOS for /222 produced excellent agree-
ment with experimental data showing an average —0.2%
deviation over the entire pressure range [Fig. 3(b)]. 1222 is
enthalpically stablilized relative to I4/mcm at all pres-
sures; however, this stability increases steeply from
40 meV/atom at 4 GPa to 115 meV/atom at 30 GPa. An
ordered /222 ground state is similar to low-pressure experi-
mental observations; at 1.5 K and atmospheric pressure,
pure H,S takes on an ordered orthorhombic structure [6].

Based on theoretical predictions of the low-enthalpy
1222 structure, experimental diffraction patterns were

FIG. 4 (color online).

(a) 1222 structure normal to the (100)
plane. (b) Hydrogen-bonding motif normal to the (001) plane.
Bond distances are labeled, translucent red and blue spheres
indicate different H, sites. Overlapping configurations from
AIMD trajectories showing H-atom (H,S) density distribution
for (c)I4/mcm at 5 GPa and (d) 1222 at 20 GPa. H, molecules
are not shown for clarity.

analyzed considering this phase. At low pressure, all
XRD patterns were described well by the 1222 structure,
however, Rietveld refinements assuming [222 showed
slightly poorer fits than 74/mcm (R, = 3.80% vs Ry, =
3.52%), and refined orthorhombic distortions were insig-
nificant: a/b = 0.8232(2) and a/c = 0.8233(2). These
distortions are compared with the DFT values of a/b =
0.804 and a/c = 0.756 at 5 GPa. For I4/mcm, the calcu-
lated c¢/a = 0.826 agrees well with the experimental value
of 0.8233(2). The excellent agreement between experimen-
tal and calculated 7222 volumes at low pressure is a con-
sequence of an under-prediction in the a and b cell lengths
compensated by an over-prediction in c. At 19 GPa, agree-
ment between calculated (a/b = 0.820 and a/c = 0.788)
and experimental (a/b = 0.832(1) and a/c = 0.822(1))
lattices was much better. Although the presence of
coarse-grained crystals in the high-pressure sample pre-
cluded detailed Rietveld refinements, simulated XRD pat-
terns based on the /222 structure showed very reasonable
agreement with experiment [Fig. 3(a)]. Based on the EOS
and the structural refinement comparison with calculations,
we suggest that the symmetry of the low-pressure phase is
14/mcm while the high-pressure phase is 1222. We note
that in the absence of experimental knowledge for H-atom
positions, the absolute symmetry of the low-pressure phase
might be lower than /4/mcm; however, this lattice is
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consistent with rotational disorder and other molecular and
nonmolecular alloys.

To further investigate dynamics and interactions at finite
temperature, ab initio molecular dynamics (AIMD) simu-
lations were performed for both the 14/mcm and 1222
structures using a Nosé-Hoover thermostat at 300, 150,
and 77 K [19]. The AIMD simulations revealed a picture
of interactions consistent with the spectroscopic data.
At 5 GPa, the I4/mcm structure shows nearly free rotation
of H, and H,S about molecular centers with the presence
of sporadic and short-lived hydrogen-bond contacts
[Fig. 4(c)]. As pressure increases from 5 to 30 GPa, in-
creased hydrogen bonding leads to more orientational
ordering of H,S molecules, so H atoms lie between
S atoms with greater probability. At 20 GPa, AIMD tra-
jectories reveal ordered hydrogen bonds for the /222 struc-
ture, showing only small librational motions of H,S
H atoms from equilibrium positions [Fig. 4(d)].

The vibrational density of states (VDOS) was computed
from the Fourier-transform of the velocity autocorrelation
function using AIMD trajectories at 5 and 20 GPa [19].
The general features of the 14/mcm VDOS agree qualita-
tively with Raman spectra: a single H, vibron feature and
S-H stretching band, both of which broaden with pressure
(Fig. 2). At 20 GPa, the 1222 VDOS also agrees qualita-
tively with experimental spectra, showing a structured S-H
stretching region and multiple low-frequency contributions
[19]. The 1222 H, stretching region also shows increased
splitting over a larger frequency range relative to I4/mcm,
suggesting the second crystallographic site as the origin for
the observed H, vibron splitting.

The H,S + H, compound is stabilized by cooperative
interactions, the nature of which changes under pressure.
At low pressure, component molecules interact weakly
through dispersional forces. As pressure increases, hydro-
gen bonding develops between neighboring H,S molecules
until ordering occurs near 17 GPa. This hydrogen bonding,
however, is not solely sufficient for stability. When hydro-
gen molecules are removed from the lattice, AIMD simu-
lations reveal that the H,S molecules collapse to a largely
disordered state. Thus, two primary interactions give rise to
stability in this system: attractive hydrogen-bonding be-
tween H,S molecules and repulsion between H, and
nearest-neighbor H,S molecules, which restrict H,S ori-
entations in a manner so as to maximize hydrogen-bonding
between them. While pressure was previously correlated
with increased hydrogen-bond strength, this role in mo-
lecular compounds is now clearer. Pressure tunes intermo-
lecular forces from the weakly-interacting limit into the
strongly hydrogen-bonded regime where guest-host clath-
rate structures are formed.
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