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Abstract: We report here the experimental and computational
results of a high-pressure study (up to 40 GPa) of yttrium boro-
hydride. During compression in neon pressure medium the
cage-like RuOj; structure of a-Y(BH,); is stabilized by the forma-
tion of the inclusion compound with this chemically inert gas.
Ne atoms fill the voids available in the crystal structure of the
\host at the special 0 0 0 and 0.5 0.5 0.5 positions. The inclusion

compound preserves high crystallinity up to ca. 10 GPa, while
gradual amorphization is observed at higher pressures. The
results of our DFT calculations indicate that although the
molecular volumes of the tested system are rather well mod-
eled using PBEsol functional, significant improvement, espe-
cially in terms of the phases' relative energy can be made when

applying dispersion correction, using PBE-TS approach. Y,

Introduction

The recent extensive research on various borohydrides, moti-
vated predominantly by prospective hydrogen storage, has led
to an impressive broadening of knowledge related to this group
of compounds.""3! This has been manifested in significant
growth of the number of known solvent-free borohydrides,
strongly supported by the development of the synthetic meth-
ods, in parallel with the structural identification of the prod-
ucts.[*- 1 Besides the storage of hydrogen and their traditional
use in reduction processes, borohydrides are studied in the con-
text of solid-state ion conduction,'>~">! magnetic and lumines-
cent properties,['®"' or as porous materials, capable for load-
ing of guest molecules.?”!

In order to modify the properties of borohydrides related to
the above-mentioned areas, several strategies have been em-
ployed, like anion or cation substitution (including the forma-
tion of mixed-ion compounds”-2'-2%)), catalytic doping,?® or
nanoconfinement.””? Thermal or pressure-induced polymor-
phism provides other tuning options and can influence the
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pathway of hydrogen evolution, as it was reported for the high-
temperature phase of yttrium borohydride?® or high-pressure
phase of ammonia borane.”®! Several borohydrides, mainly
those containing alkali or alkaline earth metals, have been ex-
plored under high pressure, which broadened their crystal
chemistry and added a second dimension to their phase dia-
grams.39-34 |nterestingly, two borohydrides, Mg(BH,), and
Mn(BH,),, reveal phase transition around 1 GPa (pressure range
easily achievable in a hydraulic press, like laboratory pelletizer,
or even during high-energy milling) to the denser O phases,
which are metastable under ambient conditions.[203*]

Yttrium borohydride discussed in this work is an example of
borohydride of a trivalent metal. Similarly to most of its rare-
earth analogs, two polymorphic forms are known, the low-tem-
perature o form and the high-temperature § one.'3=42 Both
are variants of the ReOs structure, the prototypical 3D AXg)»
structure, i.e. the structure containing corner-sharing octahedra
forming a 3 D lattice (Figure 1). The first coordination sphere of
yttrium contains as many as 12 hydride anions (coming from
bidentate coordination by six BH,~ anions), and it is of interest
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Figure 1. The structure of Y/B sublattice of Y(BH,); (the variant of ReOs type):
(@) Im3 - prototypical to a-Y(BH,); of Pa3 symmetry, (b) Pm3m - prototypical
to B-Y(BH,4)3 of Fm3c symmetry. B — pink, small balls, Y - light blue, large
balls.
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whether an even higher coordination number could be reached
when this compound is compressed at large external pressure.

Here we report on the influence of pressure on a-Y(BH,)s,
during compression up to ca. 40 GPa. The experiments have
been performed using a diamond anvil cell (DAC), while neon
was used as a pressure medium. Surprisingly, instead of an in-
crease of the coordination number of a metal center, we ob-
serve the stabilization of the cage-like RuO; structure by forma-
tion of the inclusion compound with chemically inert neon fill-
ing the voids in the crystal structure. The inclusion compound
preserves high crystallinity up to ca. 10 GPa, while gradual
amorphization is observed at higher pressures.

Results and Discussion

The investigated samples contained a mixture of a-Y(BH,); and
LiCl, as synthesized in a mechanochemical process.*® Neon,
which is probably the most chemically inert noble gas,#3-4!
has been used as the pressure medium. In the in situ diffraction
experiments, the diffraction peaks from the sample, pressure
standard (Au), and pressure medium were accompanied by a
few moderate signals from the unidentified phase, Figure 2.
The diffraction signals from a-Y(BH,)s shift to higher 26 values
(lower d) during compression and, simultaneously, their inten-
sity decreases, virtually vanishing at the highest pressure range
achieved in our experiments. The diffraction peaks from the
crystalline borohydride phase broaden, Figure 2b. We have not
detected a clear amorphous halo, however, such observation
would be significantly straightened due to the relatively high
background level, the presence of other crystalline phases and
the rather weak scattering from the sample, Figure S6. There-
fore, the diffraction data were analyzed using the Rietveld re-
finement only up to 17.6 GPa, (cf. Supporting Information, SI),
while the lattice parameter of cubic a-Y(BH,); for higher pres-
sures has been estimated from the measured d values for the
strongest (200) reflection. The Rietveld fit reveals rather good
conformity to the experimental data obtained under lower
pressures, which significantly worsens above 10.3 GPa, due to
the increase of the relative background level and the peak
broadening. Re-crystallization of the amorphized sample has
not been observed during decompression.

Our experimental results indicate that no phase transition
occurs, but rather a gradual amorphization is observed when
a-Y(BH,); is compressed in Ne. Recently, Schouwink and
Tumanov!234%! have reported that a-Y(BH,); transforms to the
orthorhombic /bm2 (labeled as HP2 by these authors) phase
around 5 GPa, with ¢ypy = ¢,/2. However, in their experiments,
no pressure medium has been used at all. Their experimental
setup provided non-hydrostatic compression of the sample,
however, no preferred orientation has been observed and the
ruby line fluorescence remained well-defined over the whole
pressure range studied by these authors. Advantageously, no
additional chemical component was introduced to the system
in their experiments.

We notice that for pressures of 4 GPa and above, the molec-
ular volumes of a-Y(BH,); obtained by us are larger by ca. 6 %
than those reported for this phase by Schouwink and Tumanov.

Eur. J. Inorg. Chem. 0000, 0-0 www.eurjic.org
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Figure 2. (a) Overview of the diffraction patterns of Y(BH,); during compres-
sion in Ne environment. Several significant low-angle reflections of a-Y(BH,)s
have been marked with the dashed lines as an eye-guide. (b) Low-angle
range of the patterns. ? — the strongest reflections from an unidentified
phase. The background has been subtracted and the patterns have been
normalized to the (111) reflection of LiCl on the basis of height.

This difference in molecular volumes is even more pronounced
for higher pressures, where the incompletely resolved phase
(denoted HP2) was seen in their experiments, (as related to ca.
12 % volume collapse), Figure S2. Nevertheless, the unit cell
mentioned by Schouwink et al. clearly does not fit to our dif-
fraction data, Figure S13. These results testify a completely dif-
ferent behavior of Schouwink and Tumanov’s, and our samples.
The differences are clearly due to the presence of the pressure
medium, neon, in our experiments. Thus, the behavior observed
here is likely caused by the incorporation of neon into the cage-
like crystal structure of a-Y(BH,); in our experiments.

In order to confirm or refute this hypothesis and understand
the discrepancies between the two datasets, we have per-
formed DFT calculations for the viable structures of Y(BH,); un-
der compression. Although about fifteen monometallic borohy-
drides of trivalent metals, M", have been reported®”? only some
of them can serve as usable prototypes in this case. A few com-
pounds can be excluded a priori, e.g. volatile Ti(BH,); with hith-
erto unknown solid-state structure, and Al(BH,)s, which con-
tains too small AlI** cation to serve as a reliable model for po-
tential high-pressure structure of Y(BH,); (the compounds of
lighter elements resemble rather their heavier analogues under
compression®®)). The other M"" borohydrides adopt the three
types of crystal structures which can be derived from the
above-mentioned polymorphs of ReOs: the borohydrides con-
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taining the largest La3* and Ce3* crystallize in R3¢ space group,
while for the smaller cations two cubic polymorphs are known:
a, Pa3 and B, Fm3c.3%47] These structures are closely related -
they differ in fact by the arrangement of M"(BH,)s octahedra
and their degree of deformation. Namely, while the Fm3c struc-
ture is formed by the undistorted M"(BH,)s octahedra and M"'—
B-M" bridges with an angle of 180°, the former building blocks
are tilted in the R3c phase which results in bent M"-B-M"
bridges. In the a phase, the octahedra are additionally dis-
torted, Figure 3, which leads to better packing.
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Figure 3. The crystal structures considered in this study (top) and their relative
enthalpies calculated using PBEsol functional (middle) and PBE functional
with TS dispersion correction (bottom). Note the near-overlap of the La(BH,)s-
type structure and [3-Y(BH,)s for PBEsol functional, while their clear separation
in PBE-TS approach.

The theoretical results depend on the method applied, Fig-
ure 3. The results obtained using PBEsol functional suggest that
the B and La(BH,)s-type phases have virtually the same en-
thalpy at 0 K in the whole pressure range studied. This is related
to the close convergence of the latter phase to the geometry
of B-Y(BH,); of the highest symmetry, with no tilt of M"(BH,)s
octahedra [contrary to genuine La(BH,)s]. Under ambient pres-
sure, these two phases have slightly more negative enthalpy
than o-Y(BH,)s; by a mere 20 meV (corresponding to
1.9 kJ mol™"). Although this is not a lot yet it contradicts the
fact that the latter is more stable in the experiment at ambient
(p.T) conditions, while the (3-form is the high-T one. Such a small
discrepancy for p = 0 GPa has already been reported?4°! and
is related to the drawbacks of computational methods applied
(PBE and PW functionals). However, applying the TS disper-
sion correction to the PBE functional renders [3-Y(BH,)s less fa-
vored energetically by 61 meV (5.9 kJ mol") from the a-form,
in agreement with experiment. Also, the La(BH,)s-type structure
now becomes much less favored.

In both methodologies, the a-Y(BH,4); phase is increasingly
stable with respect to other forms as the pressure rises. This is
not surprising due to the pronounced better packing of a-

Eur. J. Inorg. Chem. 0000, 0-0 www.eurjic.org

Y(BH,)s, which results in beneficial pV factor under higher pres-
sures [note, the relative difference of calculated molecular vol-
ume of the a and 3 phases of Y(BH,); reaches 5 % under ambi-
ent pressure, and 19 % under 5 GPa, Tab. S3]. These computa-
tional results indicate that a (Pa3) polymorph of Y(BH,); should
be significantly more stable than the § one (Fm3c) for the
whole pressure range studied.

A third-order Birch-Murnaghan equation of state (EoS) has
been used to parametrize the pressure dependence of the
molecular volume of “a-Y(BH,)s" as observed in the experiment,
Figure 4. The following EoS parameters have been calculated:
Vo = 161(6) A3, By = 25(5) GPa, B = 5.25 (kept constant in the
final fit cycle). At first sight the value of bulk modulus (B,) of a-
Y(BH,)s is not unusual, as it is similar to those typically observed
for borohydrides — contained within the limits from 10.9(4) GPa
for a-Mg(BH,), to 33.8(10) GPa for §-Mn(BH,),.2%3*1 However, it
is clear from Figure 4 that above ca. 2 GPa the calculated molec-
ular volume of a-Y(BH,); is markedly smaller than the experi-
mental one, with the difference much beyond the typical error
of ca. 3% characteristic for DFT calculations using the GGA

V{Y(BH,)sHV{Ne} V{Y(BH,);}+2V{Ne}

.',—'160 «+ Birch-Murnaghan fit
o
oF 150 -~ O a-Y(BH,);-Ne, —exp.
B o-Y(BH,); —PBE-TS
o | (BH)s
A a-Y(BH,);Ne - PBE-TS
130 - B
120 -+
110 -
100
a A
90 4
8 a
80

Figure 4. Top: The molecular volume (V,,,) of a-Y(BH,4); and its inclusion com-
pound with neon as a function of pressure — experimental and computed
data and the fit of the experimental data to Birch-Murnaghan equation. The
lines showing calculated (PBE-TS) sums of a-Y(BH4); and Ne volumes have
been presented for comparison. Bottom: The crystal unit cell of a-Y(BH,);-Ne,;
Ne atoms are shown as the large red spheres.
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functionals.®" Also, the bulk modulus-governed volume con-
traction is much more pronounced for the theoretically opti-
mized structure as compared to what is observed in the experi-
ment. The increased volume and larger rigidity of a-Y(BH,4)z in
our experiment could be readily explained by incorporation of
Ne atoms into the structure, as postulated above. In fact, a-
Y(BH,4)3 contains pores of significant volume — at ambient con-
ditions, there are four voids of 35 A3 in the fractional position
0.5 0.5 0.5 and another four voids of 21 A3 in the point 0 0 0,
as calculated by PLATON software.l®?! At the same time, the
calculations based on electron density isosurface of 0.002 au in
CrystalExplorer result in a void volume of 211 A3 per unit cell
lie. 26.4 A3 per Y(BH,); unit], and reveal 3D channels present
in the structure, Figure S4.°3>4 Such voids are sufficient to ac-
commodate Ne atoms, whose extrapolated atomic volume is
close to 22 A3 under ambient pressure, dropping to ca. 16 A3
during compression to 2 GPa.>! At the latter pressure the voids
estimated for a-Y(BH,); (optimized using PBEsol) still reach
19 A3 per formula unit. Ne might be incorporated because it is
a very inert element; indeed, it has been claimed based on
theoretical calculations that it is the most inert of all noble
gases. > For the two lightest noble gases: helium and
neon, such inclusion compounds or clathrates have been de-
tected under elevated pressure, eg. As,Og2He,%
Ne,[NH,][Fe(HCOO)5] or Ne [NH,I[Ni(HCOO0);],” clathrate hy-
drates,®! zeolites™? or vitreous silica.®®-%?! It is worth to men-
tion, that even larger voids are present in 3-Y(BH,4)s and its sib-
lings containing larger metal cations, like metastable cubic
La(BH,); or Ce(BH,);.['™

The DFT-optimized crystal structure of a-Y(BH,)s:Ne, for x =
1 (cf. SI for details) shows much better agreement with the
experimental values of molecular volume than the neon-free a-
Y(BH,)3, especially for the pressures up to ca. 10 GPa, Figure 4.
Simultaneously, and despite the rather limited quality of our
diffraction data, the additional electronic density from Ne at-
oms increases the quality of Rietveld fits, Figs. S7-5S12. For pres-
sures exceeding 10 GPa the discrepancy between the experi-
mental and theoretical values for 0-Y(BH,)5:Ne, (x = 1) is larger,
which may indicate an even more copious amount of neon into
the structure. Our calculations indicate that placing another Ne
atom in the larger void, resulting in a-Y(BH4)3:Ne; 5 stoichio-
metry, leads to volume expansion of mere 1.4-2.7 % as com-
pared to geometry optimizations of a-Y(BH,)s:Ne stoichiometry
under the same pressure (cf. SI). On the other hand, double
occupation of the smaller void at 0 0 0 results in 10 to 15 %
rise in calculated molecular volume. The actual entity formed
under high pressure may contain a highly-disordered (“delocal-
ized"”) sublattice of Ne atoms due to excessive volume of the
voids.

Another important reason for the discrepancy may come
from the thermal effects (note, our DFT calculations formally
correspond to 0 K and they do not consider the influence of
the zero-point motion of atoms on the lattice expansion, while
the mobility of weakly-bound inert neon in the structure is sup-
posedly substantial). Regretfully, the sample undergoes pro-
gressive amorphization and the data quality does not permit
us to unequivocally determine the cause of these discrepancies.

Eur. J. Inorg. Chem. 0000, 0-0 www.eurjic.org

Nevertheless, taken together, the combined experimental and
theoretical data suggest the formation of a-Y(BH,4);:Ne, at lower
pressure range with the possible additional incorporation of
neon up to a-Y(BH,)3:Ne, s stoichiometry at pressures larger
than 10 GPa.

Conclusion

We have investigated a-Y(BH,); forming a 3D net under gradual
compression up to 40 GPa, using Ne as a pressure medium and
theoretically, testing several DFT-based approaches. Our results
indicate that the used pressure medium strongly influences the
processes occurring during compression. Here, we do not de-
tect the phase transition, which was recently reported for this
system compressed without pressure medium. Instead we ob-
serve incorporation of Ne into the structure, and the product
constitutes the first inclusion compound of metal borohydride
containing noble gas. At pressures exceeding 10 GPa a gradual
amorphization occurs and the Bragg diffraction signals from the
sample compressed to 40 GPa are barely visible. The crystalli-
nity is not improved during subsequent decompression to ca.
15 GPa. Our results indicate that dispersion correction (notably
PBE-TS approach) is necessary to correctly account for the most
stable crystal structures and compressibility of these systems
using DFT calculations.

Experimental Section

All the manipulations were performed in the glovebox filled with
Ar to avoid decomposition by atmospheric moisture. Y(BH,); has
been prepared via mechanochemical procedure, according to Equa-
tion (1): YCl3 (@anhydrous, 99.99 %) and LiBH, (> 95 %, both from
Sigma-Aldrich) were mixed in ca. 1:3 molar ratio and milled for
60 min in 5 min periods altered with a few minutes rests to avoid
overheating. The milling was conducted in vessels containing a sin-
gle disc (both made of stainless steel) using Laboratory vibrational
mill (LMW-S from Testchem, 1400 rpm).;3831 Y(BH,); has been used
as synthesized, in a mixture with LiCl (ca. 1:3 molar ratio). It is
known that LiCl affects the thermal decomposition of this boro-
hydride,’>'"] however, we have performed our experiments at room
temperature. In fact, the equation of state of LiCl fitted to the data
reported here well matches with the previously reported results (SI),
therefore LiCl has served as an independent in situ pressure probe.

YCl; + 3LiBH, — 0-Y(BH,); + 3LiCl )

A small (ca. 50 pm) grain of sample containing both o-Y(BH,4); and
LiCl has been loaded on the diamond cullet (300 um), together
with Au (99.999 %, Alfa Aesar) pressure probe;®¥ Ne, loaded at ca.
170 MPa has been utilized as a pressure medium. Re gasket, pre-
indented to 20 GPa, with ca. 120 um sample chamber has been
used. High-pressure angle-dispersive X-ray diffraction (XRD) meas-
urements have been performed at APS, HPCAT, beamline 16-IDB,
. = 0.4066 A. The sample to detector distance and other geometri-
cal parameters were calibrated using CeO, standard. Due to a rather
weak diffraction from the sample (relatively high background) an
accumulation time of up to 240 s has been applied. The two-dimen-
sional diffraction images were analyzed and integrated using the
DIOPTAS software.[>! The most intense single-crystal peaks of Ne
were masked before integration. Rietveld refinement of the struc-
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Table 1. Comparison of the experimental and theoretical atomic/molecular volumes of Ne (at 5.0 GPa) and Y(BH,); at ambient conditions, as calculated using
two different functionals with and without dispersion corrections (TS and Grimme). The difference between the calculated and the experimental (exp.) values
(A) has been given in parentheses.

V/Z [A3 A (%] exp. PBEsol PBEsol-TS PBE PBE-TS PBE-Grimme
Ne 5.0 GPa 13.45 15791 12.96 (-3.6) 12.83 (-4.6) 13.58 (+1.0) 13.66 (+1.5) 13.18 (-2.0)
a-Y(BHy)3 1 atm. 159.763 136! 161.37 (+1.0) 155.72 (-2.5) 167.32 (+4.7) 161.54 (+1.1) 162.02 (+1.4)

tures has been performed in Jana2006.1%¢! To reach reliable conver-
gence of the refinements, the area of the strongest peak coming
from an unidentified impurity has been excluded. A pseudo-Voigt
function with Simpson correction for asymmetry has been utilized
for modeling of diffraction peak shape. Most of the background
has been subtracted before the fit and then fine-corrected using
Legendre polynomials. Initially the Rietveld fit of a-Y(BH,); phase
has been attempted to improve using modeling of preferred orien-
tation according to March-Dollase method in the (202) direction.
However, the correction appeared unnecessary after model im-
provement via introducing Ne atoms. Refinement of the o-
Y(BH,4)3:Ne, model does not require correction for preferred orienta-
tion. The fractional coordinate of Y atom has been freely refined
(x = y = 2), while (due to limited quality of the diffraction patterns)
the BH,~ anions have been restrained to the geometry of ideal tet-
rahedra with B-H distances close to 1.1 A and equal Y-H distances.
A third-order Birch-Murnaghan equation of state has been fitted
for the data using EoSFit7-GUI program.[67:68!

Deposition Numbers 433077-433080, for the samples of a-
Y(BH,4)3:Ne, compressed to 4.0, 5.5, 7.1, and 10.3 GPa, respectively
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge Crys-
tallographic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service www.ccdc.cam.ac.uk/structures.

Theoretical optimization of the crystal structures has been per-
formed using density functional theory (DFT), as implemented in
CASTEP program!®? included in the Materials Studio package (Bi-
ovia). The generalized gradient approximation (GGA) with ultrasoft
pseudopotentials was used. The PBEsol and PBE correlation-ex-
change functional has been utilized also with Grimme and Tkatch-
enko-Scheffler (TS) dispersion corrections.’%-74 As the dispersion
correction of PBEsol has not been parametrized by Tkatchenko and
Scheffler, the test runs of PBEsol-TS have been parametrized as in
ref,”3i.e. s, = 1.06, d = 20.0. The other approaches used the original
parametrizations. Both unit cell parameters and atomic coordinates
were optimized using BFGS algorithm. 1000 eV cut-off and a k-point
grid density of ca. 0.05 A~" were used for final optimizations and
calculations of total enthalpy at 0 K. The electronic SCF convergence
was 5.0 x 107 eV per atom, while the convergence criteria for ge-
ometry optimization were as follows: energy change 5.0 x 107 eV
per atom, max. force 0.01 eV A~', max. stress 0.02 GPa, max. dis-
placement 5.0 x 10~ A. The results obtained using various theoreti-
cal methods have been compared to the known experimental pa-
rameters of crystal structures of Ne and a-Y(BH,)s, cf. Sl and Table 1.
It appeared that the calculations using dispersion-corrected PBE-TS
functional in general remain closest to the experimental results,
while PBEsol without dispersion corrections is not always able to
reproduce the empirical findings. The results obtained using mostly
these two approaches were compared.
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