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ABSTRACT

By a combination of x-ray diffraction, structural chemistry, and DFT calculations, the presence and location of anionic hydrogen in the two new, layered lanthanide
oxyhydrides, BazLnyOsHy (Ln = Yb, Lu) is inferred. Single crystals of the compounds have been synthesized from a molten barium flux with the addition of small
amounts of BaH,. These phases crystallize in space group I4/mmm (#139, Z = 2) with lattice parameters a = 4.3336(2) Aandc= 22.7197(6) 1°\, and a = 4.3291(1) A
and ¢ = 22.597(1) ;\, respectively. The BazLnyOsHy phases comprise two different structural moieties: a perovskite double layer of stoichiometry BapLnyOsH™ formed
by corner-connected LnOs tetragonal bi-pyramids with a terminating hydrogen anion, and a puckered rocksalt-type (BaH)™ layer that is stretched along the c-axis. DFT
calculations were used to arrive at hydrogen positions that minimize energy and are consistent with structural chemistry principles. Furthermore, the calculations
show that the valence band edge is dominated by oxygen 2p orbitals with hydrogen 1s states admixed. The conduction band is formed by barium 5d-orbitals and Lu
(Yb) 5d-orbitals. These are characteristics of materials with anionic H™. These new phases are isostructural with the BagLnOsCly (Ln = Gd-Lu) family of compounds
with the chlorine atom in the same apical position as the hydrogen atom. Steric effects limit the size of the lanthanide ion for BazLnyOsHa.

1. Introduction

Experimentally determining the presence of hydrogen in a crystal of
an inorganic compound is — in principle — not hard: it can be done with
both NMR and neutron diffraction. In the latter technique, the 'H nucleus
is a strong scatterer for neutrons, unlike in x-ray diffraction, making it
easier to detect hydrogen in compounds and also determine their atomic
positions. However, the inelastic scattering will be very high for
hydrogen nuclei, so that samples are often deuterated to reduce the in-
elastic scattering background. In the former technique, one can perform
solid-state 'H NMR using two identical holders: one with and one
without a sample. If there is a difference in spectrum, the presence of
hydrogen in the sample is confirmed (and does not stem from sample
holders, insulation around wires, etc.). The drawback to both techniques
is the need for a relatively large amount of sample (on the order of several
milligrams), more so for neutron diffraction than for solid state NMR. In a
structure where the hydrogen atoms occupy a distinct Wyckoff position,
their location can be determined by combining different methods and
solid state chemistry principles.

In this manuscript we show that one can determine the presence of

hydrogen in inorganic compounds by means of a combination of exper-
imental techniques. Starting with x-ray diffraction and its subsequent
structure analysis; a technique especially feasible if one does not have
large amounts of sample where only one sub-millimeter crystal is needed.
By carefully analyzing the results from a high-quality x-ray diffraction
collection and applying fundamental crystal chemical principles, bond
valence sums obtained from the experimentally determined structure,
comparisons to isostructural compounds, and guidance by DFT electronic
structure calculations, we show unambiguously the presence and the
location of hydrogen atoms in two new oxyhydrides: BagLnoOsHoy (Ln =
Yb, Lu). We stress that this analysis works best if the hydrogen is on a
distinct crystallographic position so that it is obvious that without the
presence of a hydrogen anion, local electroneutrality is violated.

The field of multi-anion materials — typically where one of the anions
is oxygen — is a rich area for functional materials with an incredibly wide
range of compounds and applications. The field broadly encompasses
oxypnictides, oxychalcogenides, oxyhalides, and oxyhydrides, and
several review articles covering various compounds and topics can be
found [1-9]. Of these, oxyhydrides is the group that has attracted most
attention recently [5,6,10-16]. It is also the smallest group: Kageyama
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et al. found in 2018 less than 50 oxyhydrides in the Inorganic Crystal
Structure Database, compared to, e.g., over 300 oxypnictides (second
smallest group) [6].

Oxyhydrides contain hydrogen as a distinct anion, the hydride H™, in
addition to the oxygen anion O%~, unlike hydroxides which have the
hydrogen closely bound to the oxygen to form (OH)™ anions. The hydride
anion has properties that make hydride-containing mixed-anions systems
interesting and fascinating to study: it is flexible in size and can therefore
adapt itself to different local environments; it can bond via covalent,
ionic, and metallic bonding depending on the electronegativity of the
bonding element; and it lacks p orbitals in its valence shell [6]. The hy-
dride anion is expected to occupy a space similar to fluorine [17] and
chlorine, and potentially isostructural phases related to fluorides and
chlorides may exist.

The early oxyhydrides, LaOH in 1982 [18], and Ba3AlO4H and
Bay1X20sHao 24 (X = Ge, Si, Ga, In, T1) in 1998 [19,20], were grown in a
hydrogen atmosphere. Already in 1991, however, Schwarz reported flux
growth of LnyLiHO3 (Ln = rare earth metals) [21] using the alkali halide
flux LiCl. This was, however, largely ignored. In 2002, the first oxy-
hydride compound was grown with a different method: growth of
LaSrCoO4 followed by reduction with CaHy to produce LaSrCoOsHg 7
[13]. It was not until recently that flux growth was revisited: (La,
Nd),LiHO3 were grown again with a LiCl flux [22-24], and LayLiHO3
[25] and LaSrLiH204 [26] were grown from a LiH self-flux.

The field has grown and many more oxyhydrides have been discov-
ered with both transition metals and rare-earth metals: a few examples
are layered perovskites Bay(Sc,Y)HOs [27,28] and LnyLiHO3 [29];
layered strontium vanadium oxy-hydrides SrVOsH, SroVOsH, and
Sr3Vo0sH; [30,31]; Ruddlesden-Popper structures LaSrsNiRuO4Hy4 [32,
33], LaSr3CoRuO4H4 [34], and Laz xSty 1 yLiHj x4 03, (0 <x<1,0
<y < 2)[10]; perovskites AETiO3_,H, (AE = alkaline earth metals) [35,
36]; and fluorites LnOH [37-40].

In both the Lap Sty 1 yLiH1x + O3, structures [10] and the
LnyLiHOg3 structures [29], the H™ ions occupy the equatorial sites of the
LiT octahedra, while in the LaSr3(Ni,Co)RuO4H4 structures, the H™ ions
occupy the equatorial sites of the mixed Ni/Ru or Co/Ru octahedra
[32-34]. In the strontium vanadium oxy-hydrides phases, on the other
hand, the H™ ions occupy the apical sites of the Vv3* octahedra [30,31]. In
the Bay(Sc,Y)HOs structures, the H™ ions occupy one apical site in the
(Sc,Y)-centered octahedra, although BasScHO3 experiences partial anion
ordering [27] while BapYHO3; has complete anion order [28]. The
AETiO3_,H, structures, on the other hand, show no preferential hydrogen
positions but rather a random distribution of 0%~ and H™ at the single
anion site [35,36]. This is attributed to the absence of layering in the
structure of these compounds [36]. In the LnOH phases, the lanthanide
cation is 8-fold coordinated, forming edge-sharing cubes with four oxy-
gen and four hydrogen anions [37,38]. For Ln = La-Nd, two types of
cubes exist; ones where oxygen and hydrogen are each arranged in
planes, and ones where oxygen and hydrogen are arranged tetrahedrally,
while for Ln = Sm-Fr, all anionic sites are disordered. In the case of
Ba3AlO4H, AlOy4 tetrahedra are present, while the barium is coordinated
by six oxygen and two hydrogen atoms [19]. Hydrogen is expected to be
part of the Ba coordination polyhedron, while aluminum is bonded to
oxygen exclusively. Specifically, H™ with its lower charge but similar size
to 0%~ preferentially coordinates the larger lower valence cation. It is
also important to note that hydrogen has a much lower electronegativity
than fluorine, a fact that explains its chemical flexibility and improved
stability versus the oxyhydride. This further points to the fact that oxy-
hydrides are more difficult to form under excess O, such as in the for-
mation of minerals.

We report on the self-flux growth of two new barium-lanthanide
oxyhydride phases BasYbyOsH; and BagLupOsHgp. Our continuous
exploration of lanthanide oxide phases grown in metallic barium flux
[41-43] resulted here in transparent crystals with apparent stoichiom-
etry of BasLnyOs, but in very small yields. Based on the observed trans-
parency of the crystals, charge balance is expected but is impossible to
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satisfy stoichiometrically for both phases since lutetium can only exist in
the trivalent state, whereas ytterbium can exist in both divalent and
trivalent states. Initial crystallographic studies confirmed the apparent
stoichiometry, but the structures violated local electroneutrality. This led
us to hypothesize that BaH,, present as impurity in the barium metal used
for the flux, may have contributed hydrogen to this phase, giving a
charge compensated stoichiometry of BagLnyOsHy; with anionic
hydrogen on a distinct Wyckoff position. Adding BaH; to the flux
immediately increased the yield and reproducibility of the crystal
growth, confirming the hydrogen inclusion in this phase, and implying
synthesis of a new oxyhydride phase. We proceeded to investigate the
stability range of this structure by attempting synthesis with different
lanthanides. The crystal structure is formed from perovskite double py-
ramidal layers (BaaLnyOsH)™ and (BaH) " layers, structurally identical to
Ba3LnyOsCly [43], a BagBipOsla-type structure [44]. To our knowledge,
this is the first example of a lanthanide oxyhydride system with this
structure-type. Of all existing oxyhalides in this structure-type, none
contain lanthanides [45-52], except our previously reported BagL-
ny0sCly structures [43].

2. Material and methods
2.1. Synthesis

Single crystals of BaglnyOsHy (Ln = Yb, Lu) were prepared from a
barium metal flux: 1 mmol of Lny;O3 powders, 0.25 mmol of BaO powder,
and 0.5 mmol of BaHs powder were combined with 20 mmol of Ba metal
pieces. The materials were loaded and sealed in stainless steel crucibles
using a TIG welder under inert (argon) atmosphere in a glovebox. The
steel crucibles were then sealed in quartz ampoules under vacuum. The
samples were heated to 1000 °C in 10 h, solvated for 20 h, and slowly
cooled to 820 °C in 200 h. At 820 °C - nearly 100 °C above the solidi-
fication temperature of barium (727 °C) to ensure that the flux remained
liquid - the ampoules were removed from the furnace, inverted, and
centrifuged to separate the flux from the crystals. The steel crucibles were
cut open and the crystals were harvested under an inert atmosphere. The
crystals are highly susceptible to ambient conditions, decomposing
rapidly upon exposure to air and moisture. Sample integrity is main-
tained by handling and storing of the samples in an inert atmosphere.

2.2. X-ray diffraction and structural refinement

Single crystal X-ray diffraction data were collected using an Oxford-
Diffraction  Xcalibur-2 CCD  diffractometer ~ with  graphite-
monochromated Mo Ka radiation. The crystals were mounted in cry-
oloops under Paratone-N oil and cooled to 180-200 K with an Oxford-
Diffraction Cryojet using a cold N gas stream. Data was collected
using o scans with 1° frame widths to a resolution of 0.4 A, equivalent to
20 ~ 124° when possible. Indexing and absorption correction of re-
flections were carried out using the Rigaku Oxford Diffraction CrysA-
lisPro software [53]. Subsequent calculations used the X-ray structure
refinement and analysis software CRYSTALS [54], employing Superflip
[55] to solve the crystal structure. The data quality allowed for an un-
constrained full matrix refinement against F> for the non-hydrogen
atoms. The hydrogen atom was ultimately manually placed based on
the structural analysis from the bond valence sum calculations and the
theoretical calculations (see below) and was constrained to ride on the
lanthanide atom. Anisotropic thermal displacement parameters were
used for all non-hydrogen atoms while isotropic thermal displacement
parameters were used for hydrogen. Crystallographic Information Files
(CIFs) have been deposited with the Cambridge Crystallographic Data
Centre (CCDC) (BagYb2OsHo: CSD 2064988; BasLuyOsHs: CSD 2064987)
[56]. Elemental analysis via energy dispersive spectroscopy (EDS) was
performed using a Zeiss 1540EsB scanning electron microscope equipped
with an EDAX Apollo XPP SDD Detector.
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2.3. Electronic structure calculations

Electronic structure calculations were performed using the linearized
augmented plane-wave (LAPW) method [57] as implemented in the
WIEN2K code [58]. We studied BazLuyOsHj as it has a full f shell,
simplifying the calculation. The experimental lattice parameters were
fixed but the atomic positions were relaxed with the standard Perdew,
Burke and Ernzerhof (PBE) generalized gradient approximation (GGA)
functional through total energy minimization [59]. The LAPW sphere
radii were 2.4 bohr for Ba and Lu, 1.5 bohr for O and H. A basis set
plane-wave cutoff parameter R, Kmax = 7 was used. This yields a high
effective RKpax for the metal atoms due to their larger sphere radii
compared with O and H. Additionally, local orbitals were used for the
semicore states. A k-point grid of 8 x 8 x 8 was used for the total energy
calculations and a denser k-mesh of 17 x 17 x 17 was employed for the
calculations of density of states (DOS). Spin-orbit coupling was included
for all the calculations except structure relaxations. An effective Coulomb
potential U = 8 eV was used for the Lu 4f states. This removes them from
the vicinity of the band edges, and instead narrow spin orbit-split Lu f
states occur at approximately 5 eV binding energy relative to the valence
band maximum.

Calculations with hydrogen in different positions served to validate
the optimal hydrogen location in the structure, and three structure
models with different hydrogen positions were investigated. The ener-
getically most favorable structure was subsequently used for electronic
structure calculations.

3. Results and discussion
3.1. Synthesis

In addition to producing flat, plate-like Bas(Yb,Lu)2OsHy crystals, our
synthesis method also produced needle-shaped single crystals of Ba(Y-
b,Lu)204, a family of compounds we reported on in 2004 and which were
synthesized by adding LnpyO3 powders to Ba flux [42]. In the current
reactions, BaLnyO4 crystals were produced in much greater yield than
BasLnyOsHa. In fact, BaLnyO4 crystals will always be produced in these
reactions and always at greater yields than BagLnyOsH since they do not
rely on the impurity or addition of BaH,. The yield ratio of BaLnyO4 to
BasLnyOsHy was roughly 10:1 after we purposely added BaHo.

The starting ratios were based on our previous trial growths of
BasLnyOsCly [43]. We observed there that if we increased the amount of
BaO, we obtained more BasLnyO4. Since the goal here is to produce
BasLnyOsHy rather than BasLnyO4, we kept the amount of BaO small.

The single crystals of BagLnyOsHy were transparent, with layered,
plate-like morphology (see Fig. 1), although thicker crystals tend to
appear opaque. The crystals are expected to be colorless, however, mid
gap states will produce colors, pink for Yb and red for Lu. This is
consistent with the results of DFT calculations below, which show a band
gap above the visible region, even with the PBE functional which typi-
cally underestimates band gaps.

The initial synthesis was conducted with LnyO3 powders, BaO pow-
der, and Ba metal pieces, and resulted in very small yields of the trans-
parent flat crystals in addition to the greater yields of rods of BaLnyOg.
EDS was performed on multiple crystals and showed the compounds
having Ba:Ln:O molar ratios of 30:20:50 to within a few percent, thus
confirming an apparent stoichiometry of BazLnyOs. The observed trans-
parency further suggests charge-balanced compounds. While ytterbium
can exist in a divalent oxidation state and thus render Ba3Yb,Os a
possible compound, lutetium only exists in the trivalent oxidation state,
making BagLupOs an impossible stoichiometry. Since the x-ray diffrac-
tion results (see below) tell us that the two compounds are isostructural,
with commensurate lattice contraction when changing from Yb to Lu, it is
reasonable to assume that BagYb,Os did not form since BagLuyOs cannot
form. This led us to hypothesize that BaH,, present in the barium metal
used as flux, has contributed hydrogen to this phase, giving a charge-
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Fig. 1. Image of a crystal of BagYb,OsH; showing a tetragonal platelet habit
(Nikon, differential interference contrast).

compensated stoichiometry of Ba3LnyOsHz (hydrogen cannot be detec-
ted with EDS) with Ln®*. In fact, we have previously surmised that as-
received Ba metal contains small amounts of hydrogen, likely from the
reduction step in barium refining [60]. Deliberately adding BaHj to the
flux in the current reactions immediately increased the yield, albeit still
small, and the reproducibility of the crystal growth, confirming the
hydrogen inclusion in this phase.

3.2. Structure and location of hydrogen

Initially, the crystal structure determinations converged rapidly and
gave good residual for both structures even though it was obvious that
BasLu;0s would not be a viable structure due to the non-existent Lu?*
ion and the need for charge-balance. The apparent BagLnyOs structure
crystallized in space group I4/mmm and is illustrated in Fig. 2. Notice the
“void” between the Bal layers. The lattice parameters are a = 4.3336(2)
A and ¢ = 22.720(1) A for BazYb,Os and a = 4.3291(1) A and ¢ =
22.597(1) A for BasLuyOs, following the expected lanthanide lattice
contraction.

Employing the Bond Valence Sum (BVS) model [61,62] — a model
relating bond lengths to oxidation states and based exclusively on
experimentally obtained structural information and Pauling's rules [63] —
we obtained BVSs for the apparent structures. The values are summarized
in Table 1.

In the Ln = Lu case, we had to use the tabulated ideal bond length for
Lu®*- O since no Lu?* values exist [64]. In the Ln = Yb case, when using
the tabulated value for Yb>"— O, we obtained a BVS of 3.0875 which
clearly indicates that the Yb cation is trivalent or otherwise experience
improbable overbonding if it is indeed divalent. Using the tabulated
value for Yb>*— O, we obtained 2.8936, just slightly under the ideal value
of 3. The BVS for the two Ba atoms, on the other hand, are improbably
underbonded. In the case of Bal — as can be seen by the “void” in Fig. 1 —
this indicates that there is something missing in the vicinity of that atom.
Ba2, on the other hand, is coordinated by twelve oxygen atoms and
should not be that severely underbonded. In this case, a disorder of the
02 atom that is pancaked between two Ln atoms will remedy the Ba2
BVS. More on this further.

Upon further work on the refinement, difference Fourier maps indi-
cated the presence of a small electron density between the barium layers.
Refining an oxygen occupancy at this position, however, consistently
gave approximately one to two electrons integrated. In addition to the
results from the BVS calculations, local charge neutrality would require a
negative charge in between the barium layers.
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Fig. 2. Unit cell of the apparent structures BazLnyOs. Ln = blue atoms, Ba =
green atoms, O = red atoms.

Table 1
Bond valence sums for the apparent structures BazLnyOs.
BazYb,0s5 BazLu,Os
With Yb3* With Yb?* With Lu®*
Ln 2.8936 3.0875 2.9945
Bal 1.3042 1.3042 1.3042
Ba2 1.1837 1.1837 1.2253

With the collective knowledge that:

i) crystal transparency indicates charge-balanced structures,
ii) these two structures are isostructural with commensurate
lanthanide lattice contraction,
iii) BagLupOs cannot exist since the Lu ion cannot be divalent, leading
to the unlikeness of us synthesizing Ba3Yb,Os,
iv) BVS analysis indicates trivalent lanthanide ions,
v) BVS analysis shows severely underbonded Ba atoms, requiring
something else in the vicinity of the Ba atoms,
vi) local charge neutrality requires a negative charge in between the
Ba layers,
vii) difference Fourier maps indicate electron density of one to two
electrons between the layers, and
viii) addition of BaHj to the reactions improved the yield,

it is therefore experimentally shown that hydrogen indeed is included
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in these phases, rendering the charge-balanced structures BagLnyOsHa
(Ln = Yb, Lu).

We did consider the possibility of these being so-called electrides [65,
66]: ionic compounds where some electrons are not bound to an atom
and could therefore be considered as “anions”. In this case, the electrons
would be located in between the barium ions. This case, however, is
unlikely since electrides based on alkaline earth metals [67,68] (and
alkali metals [69,70]) require high pressures.

Having confirmed that these structures must include hydrogen, the
question then arises: where is the hydrogen located to satisfy local charge
neutrality? Although the difference Fourier maps indicate a position, the
presence of cations with large electron counts are expected to obscure the
hydrogen position. Here, we can be guided by similarities with other
structures (both oxyhydrides and oxyhalides), BVS analyses based on
placing a hydrogen in distinct crystallographic sites in our x-ray
diffraction-obtained structures, and ultimately DFT calculations.

The location of hydride ions in several different oxyhydrides was
discussed in the Introduction. For many of the structures containing
anion-coordinated octahedra, the H™ ions can occupy all or some of the
equatorial sites of the octahedra [10,29,32-34], both apical sites [30,31],
or one apical site [27,28]. And while some structures exhibit complete
anion ordering, others show partial ordering, while some display random
distribution of 0>~ and H™ ata single anion site [35,36]. In one structure,
LnyLiHO3 [29], a Frenkel defect was considered: an equatorial hydride
ion shifts to a position that was tetrahedrally coordinated. Of all these
oxyhydrides, Sr3V,OsH3 has similar layering and structural motifs as our
proposed compounds BasLny,OsHy but crystallizes in the orthorhombic
space group Immm [30,31]. The H™ ion in Sr3V,0sH; is located at both
apical sites of the vanadium octahedron and in the same plane as Sr,
forming planar SrHj layers.

We now look at other oxyhalides of similar composition to our
compounds, and particularly alkaline earth metal oxyhalides: AM>05X>
(A = alkaline earth metals; M = transition, post-transition, or rare earth
metals; and X = halides). Here, we find that CasFe;OsCly [47],
SI‘3F€205C12 [46,47], SrgFezosBrz [47], SI'3C0205C12 [49,50], Ba31-
n205F2 [45], Ba3In205C12 [71], BaganOSBrZ [52], Ba3T1205C12 [48], and
Ba3LnyOsCly (Ln = Gd-Lu) [43] are all of the BagBizOsla-type structure
[44]. They all have the halide ion in one of the apical sites of the M
octahedra while the other apical position is taken by an O~ ion shared
between two octahedra. The equatorial positions are all taken by oxygen.
Unlike Sr3V,0sHj,, however, the halide ion in these structures is not
planar with the alkaline earth metal; it is instead puckered, creating
puckered AX> layers.

With these structures in mind, we have placed the hydride ion in four
different configurations in the Bal layer, illustrated in Fig. 3. No
configuration was considered where the hydride would replace an oxy-
gen ion or a configuration with random distribution of 0>~ and H™ at the
anionic sites to maintain the non-hydrogen stoichiometry of BasLnyOs.
Nor was a configuration considered where the hydride was placed within
the BayLnyOs layers since this would violate local charge neutrality.

In configurations 1-3, the hydride is in the apical position of the Ln-
octahedra. In configuration 1, it is planar with Bal (similar to the oxy-
hydride Sr3V,OsH; [30,31]) in configuration 2, it is placed exactly in

Fig. 3. Four different configurations with H (pink) in the vicinity of Bal
(green). Blue atoms = Ln and red atoms = O.
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between Ln and Bal (similar to the puckered layers in the BagBizOsla--
type structures [44]), and in configuration 3, it is placed at z = 1/4 so that
we obtain an H-plane. In configuration 4, the hydride was placed in a
tetrahedral position coordinated by four Ba-atoms (still at z = 1/4),
similar to the Frenkel defect disorder considered in LnyLiHO3 [29]. We
calculated the BVS for Ln and Bal for these configurations. Ba2 is not
affected by these hydride locations. The results are summarized in
Table 2.

Clearly, configuration 1 is not stable: the BVS for Ln are too high,
arising from the short Ln-H bond (less than 1.9 Z\). Likewise, configu-
ration 3 is unphysical: the BVS for Bal are over 5, arising from the short
Bal-H bonds (less than 1.8 A). Configurations 2 and 4, on the other hand,
are viable options. In configuration 2, Bal in both structures is slightly
underbonded (within 0.1) while Lu is slightly overbonded (Yb is near
perfect). In configuration 4, Bal in both structures is overbonded (by
more than 0.2) while Yb is slightly underbonded (Lu is near perfect).
Overall, configuration 2 is slightly better overall than configuration 4.

A method to evaluate the stability of a phase is based on DFT calcu-
lations, where ground state energies of different structural models can be
compared. To shed some light on these two structures (configurations 2
and 4), these were evaluated by DFT. The hydrogen was placed in posi-
tion (1/2, 1/2, 0.3) for configuration 2 and in position (0, 1/2, 1/4) for
configuration 4. We also did consider a structure where the hydride was
placed within the BayLnyOs layers but this proved to be se energetically
unfavorable and violate local charge neutrality. The structures were
optimized, and the relative energies of the optimized structures were
calculated to be 0 eV for configuration 2 and 0.87 eV for configuration 4
(and 6.44 eV for the structure with a hydrogen within the BagLnyOs
layers).

It is obvious that the structure in configuration 2 — with the hydride
ion in one of the apical positions of the Ln-centered octahedra - is the
more stable one. We therefore consider this structure to be the correct
structure of BazLnyOsHy. This is also isostructural to all the other oxy-
halides of this structure-type with the halide ions in the same apical
position [45-52].

As a further check, an unconstrained refinement of the hydrogen
position was carried out. For such a refinement to be successful, it is
crucial that the low angle intensities are well determined, and that the
anisotropic displacement parameters (ADPs) are well known. Therefore,
care was taken to measure a data set with a high number of redundant
reflections and extend the angular range (up to 20 = 133°). The latter
serves to give well defined atomic positions and ADPs of the heavy atoms.
As the form factor of hydrogen contributes to the low angle intensities, an
absorption correction based on the measured crystal shape is crucial, and
refinement of the secondary extinction coefficient needs to be carried
out. With only the Ba, Lu and O positions occupied and fully refined, a
difference Fourier map indicated additional electron density consistent
with configuration 2. Placing an oxygen atom in this position and
refining the occupancy parameter results in a value consistent with a
hydrogen atom. This configuration 2 allowed for a constrained refine-
ment of the z parameter (fixing the isotropic displacement parameter of
hydrogen) that improved the residual agreement factor only by a small
amount, indicating that the small form factor of hydrogen is barely
affecting the overall agreement. This is not unexpected, since the ratio of
number of hydrogen electrons to the overall electron count is of the order
of 0.006, thus impressing the need for high redundancy data. The site

Table 2
Bond valence sums for Ln and Bal from the four configurations depicted in Fig. 3.
Ba3Yb,OsH, BasLu,0sH,
Yb Bal Lu Bal
Configuration 1 3.7887 1.7502 3.9242 1.7545
Configuration 2 3.0000 1.9298 3.1045 1.9427
Configuration 3 2.9022 5.2988 3.0036 5.3531
Configuration 4 2.9003 2.2187 3.0016 2.2312
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occupancy of each of the three anionic sites (01, 02, and H) was checked
separately for any indication of mixed-sites, as observed in, e.g.,
BayScHO3 [27]. The site occupancy factor for both O1 and O2 increased
slightly, to approximately 1.01, rather than decreasing as would be ex-
pected for possible hydrogen admixture. The site occupancy factor for the
hydride site decreased to approximately 0.90, rather than increasing and
therefore indicating a possible oxygen admixture. We thus conclude that
the anions are fully ordered in BagLn,OsHs, and the site occupancy fac-
tors were fixed to 1.0. The crystallographic details are summarized in
Table 3 and the atomic positions as a result of the refinements are
summarized in Table 4. The structure is shown in Fig. 4 along with local
atomic environments of Lu and Yb. Fig. 5 shows the local atomic envi-
ronments of Bal and Ba2. Table 5 shows the BVS for these structures.

The structure of BagLnyOsHy is then closely related to the
Ruddlesden-Popper (RP) type phase (ABO3),(AO), with n = 2. These
consist of double layers of ABOs perovskite intercalated by single layers
of AO rock salt. One can consider BagLnyOsH; to be an n = 2 RP phase,
albeit with two different anions. BagLnaOsHp is most closely related to
the isostructural series of compounds Ba3Lny,OsCly (Ln = Gd-Lu), with
the same BagLnyOs perovskite double layer, but with hydrogen in place of
chlorine. Similar to BaCly in BagLnyOsCly, the BaH; layer in BagLnyOsHa
between the perovskite layers is of puckered rock salt type. This struc-
tural analogy with halides is strongly suggestive of ionic bonding
involving H™ anions. The structural motifs present may therefore be
written as BaganosHlf + BaH!". Furthermore, the hydrogen atoms
ensure local charge neutrality.

The Ln* ions are octahedrally coordinated by five O-atoms and one
H-atom further away, with O2 in the apical position between two Ln-
atoms and the H-atom in the opposite apical position. The octahedron is
distorted with the Ln-atom displaced along the c-axis off the plane formed
by the Ol-atoms and towards the O2 atom (see Fig. 4). The atomic
environment of Bal is a nine-fold coordinated monocapped square
antiprismatic polyhedron with four Ol-atoms and five H-atoms, while
that of Ba2 (located in the perovskite layer) is a 12-fold coordinated
cuboctahedron of oxygens (eight Ol-atoms and four O2-atoms, typical
for the A position in perovskite ABOs (see Fig. 5). The intercalated slab
contains two staggered sheets of BaH with both Ba and H five-
coordinated to the other type, similar to the BaCl coordination found
in the BagLnyOsCly series of compounds. The BaH layers separate the
perovskite slabs, effectively creating a layered system where the intra-
layer Ln-Ln distance via the O2-atom is approximately 4.178 Aln=1u)
and 4.202 A (Ln = Yb), while the distance between the O1-formed
equatorial planes is approximately 6.580 A (In = Lu) and 6.584 A (In
= Yb).

The oxygen atom O2 between the Ln ions shows large anisotropic
displacement parameters in the ab-plane, giving it a pancake-like shape,
due to the short Ln-O2 bond. This was also observed in BasLn;OsCl; and

Table 3
Single crystal x-ray diffraction data and collection parameters for BazLnyOsHy
(Ln = Yb, Lu), collected at 180 K and 200 K, respectively.

BazYb,OsH,

BasLu,OsH,

Molecular weight (g/mol)

Space group

ald

cA)

V4

V(A%

Peale (g/cm®)

u (mm ™)

Data collection range
Crystal size (mm®)
Reflections collected
Independent reflections
Parameters refined
R1, WRy
Goodness-of-fit on F

840.11 g/mol
I4/mmm (#139)
4.3336(2)
22.720(1)

2

426.67(2)

6.539

35.303

3.59° < 0 < 66.22°
0.047 x 0.233 x 0.363
9354

1183

18

0.0579, 0.0647
0.9999

843.97 g/mol
I4/mmm (#139)
4.3291(1)
22.597(1)

2

423.50(1)

6.618

36.795

3.61° < 0 < 66.59°
0.010 x 0.072 x 0.084
22864

1178

18

0.0381, 0.0602
1.0000
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Table 4
Atomic positions of BazLn,OsH, (Ln = Yb, Lu). The ideal oxygen O2 position has
been used (see discussion in the main text).

Atom Site x y z (Ln = Yb, Lu) Ueq (10* A%

Ln 4e Vs Vs 0.40753(2), 0.40756(2) 68(2), 44(1)

Bal 4e 0 0 0.32564(3), 0.32583(2) 89(2), 64(2)

Ba2 2b 0 0 Yo, Vo 130(4), 109(2)
01 8g 0 2 0.3949(4), 0.3956(3) 252(60), 176(30)
02 2a Ya Ya Yy Yo 359(80), 448(90)
H 4e s s 0.3080, 0.2994 200, 200 (Uiso)

discussed at length [43]: the O2 is displaced from the ideal position.
Splitting the O2 atom into four positions did not improve the overall fit to
the data, and therefore, the ideal position was retained for the structural
figures, although a displacement away from the ideal position increases
the Ln-O2 distance while decreasing the Ba2-02 distance, rendering the
bond distances more reasonable. Refinements with the O2 atom moved
from the ideal position along the [110] direction were stable, indicating a
displacement of O2 in the ab-plane of about 0.25 Aand0.22 A forLn=Lu
and Yb, respectively. As no superstructure reflections were observed,
random or dynamic disorder of oxygen O2 away from the higher sym-
metry position is therefore assumed. This displacement was of similar
magnitude in the BagLnyOsCly series. As seen in Table 1, the BVS indi-
cated severe underbonding of Ba2 in both structures (Ba2 is not affected
by the presence of hydrogen in the structure). Reevaluating the BVSs
following the same procedure as for the BazLnyOsCl; series, viz. using the
disordered O2 position, the BVSs of Ba2 improved drastically, increasing
from improbable 1.1837 and 1.2253 to reasonable 1.7613 and 1.9439 for
the Yb- and Lu-analogs, respectively. These values are similar to the BVSs

(@) o2
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observed in Ba3Yb,OsCly and BasLusOsCly [43]. The results are sum-
marized in Table 5. The slight overbonding of the Ln BVS is not un-
common and was also observed for the chloride analogs Ba3Yb;05Cly and
Ba3Lu205C12 [43].

Unlike the BagLnyOsCly series, however, the O1 oxygen atoms in
BasLnyOsHy also have large anisotropic displacement parameters; these
are cigar-shaped along the c-axis and more pronounced for the Yb-analog
than for the Lu-analog (see Fig. 4). This, along with the lower Ba2 BVS
with displaced O2 in the Yb-analog when compared to the Lu-analog, —
1.7613 vs 1.9439 - hints at the stability limit already at Yb in the
lanthanide series for these oxyhydrides. In fact, comparing BagLnyOsH,
to BagLnyOsCly, it is apparent that the anion size constrains the formation
of possible phases. The larger Cl anion stabilizes the structure for larger
Lnions, producing a range from Lu up to Gd. In contrast, for BagLnyOsHa,
we observed phase formation for the small lanthanide elements Yb and
Lu only. All attempts to synthesize isostructural systems with lanthanides
larger than Yb were unsuccessful. We therefore conclude that steric ef-
fects limit the size of the lanthanide ion for BagLn,OsHs. Small lantha-
nides are clearly preferred; while this structure has been observed with
Gd and smaller lanthanides for the monovalent X = Cl and with Yb and
smaller for monovalent X = H, BagYbyOsTe, with a distorted CsCl-type
interlayer instead of the BaH layers and with a divalent X = Te, was
only found for Yb [41]. This is expected, since perovskite BaLnO3 with
lanthanides on the B-site are stable for the smaller lanthanides. While the
larger Ba—Cl bonding distance can help stabilizing BagGd;OsCly, the
considerably shorter Ba-H bonding distance is only sufficient for
Bangzost.

It is interesting to note that the density of states at the valence band
edge (see Fig. 6) mostly comprises oxygen 2p orbitals and hydrogen 1s

02

Fig. 4. (a) Unit cell of BazLn,OsH,, along with the octahedrally coordinated local atomic environments of (b) Yb and (c) Lu displaying anisotropic displacement

ellipsoids with 95% probability (isotropic for hydrogen).
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ae

Fig. 5. Atomic environment of Bal for (a) BazYb,OsH, and (b) BazLu,OsHo, and of Ba2 for (c) Ba3Yb,OsH; and (d) BagLuyOsH,. The “bonds™ are drawn to highlight
the atomic environments of nine-fold coordinated monocapped square antiprismatic polyhedron for Bal and 12-fold coordinated cuboctahedron for Ba2.

Table 5

Bond valence sums for BazLnyOsH, using both the ideal and the displaced 02
position. The BVS of Bal is not affected by the position of O2 and the BVS of Ba2
is not affected by the position of H.

BazYb,OsHy BazLuyOsHa

Ideal O2 position Displaced 02 Ideal O2 position Displaced 02

Ln 3.1973 3.1555 3.1797 3.1231
Bal 1.7954 1.7954 1.8488 1.8488
Ba2 1.1837 1.7613 1.2253 1.9439

orbitals, in contrast with BasLuyOsCly where the Cl™ anion was not
prominent at the valence band edge [43]. This is surprising since the
electronegativities of oxygen (3.44) and chlorine (3.16) are closer to each
other than those of oxygen and hydrogen (2.2) [6,72]. In the Laz xSty |
yLiH1_x 4 yO3_y oxyhydrides [10], the valence band edges for the different
compounds are dominated by oxygen and hydrogen, while the hydrogen
contribution is negligible in LaSrCoO3Hy 7 [13,73] and LaSrsNiRuO4H4
[32]. The conduction band is formed by barium 5d-orbitals and Lu 5d-or-
bitals. Anions have spatially extended orbitals and each of the five oxy-
gens has three occupied p orbitals, while each of the two hydrogens has a
single s orbital. Both of these factors lead to a lower apparent H weight in
the density of states, which nonetheless is well characterized as corre-
sponding to anionic H, similar to anionic H in other compounds [74]. The
position of the H 1s states at the top of the valence band in conjunction
with its expected chemical flexibility and the observed reactivity of the
phases suggests that it may be possible to remove some hydrogen to
produce an H deficient material. If so, a Fermi level in the primarily O
derived valence band might result. This would be interesting from the
point of view of transport and might result in metallic conduction and
even superconductivity.

4. Conclusion

Two new oxyhydride phases, BagYbsOsHy and BagLupOsHp, were

synthesized from molten barium flux with the addition of small amounts
of BaH,. These phases form layered structures isostructural to
BasBizOsly, with a double perovskite layer containing the lanthanide Ln
on the perovskite B site. Similar to BazLnyOsCl, with puckered BaCl
layers, the BaH layers that separate the perovskite layers are also puck-
ered. With barium having a high affinity for hydrogen, a layer type phase
is expected, where hydrogen is preferentially located in the vicinity of
barium, and oxygen around lanthanides. This begs the question if a
corresponding oxyfluoride, with stoichiometry BagLnyOsF, is possible.
The stronger electronegativity of fluorine, however, is expected to
change the orbitals at the valence band edge, and may reduce the overall
stability. This likely prevented the fluoride analogs of this structure to
form despite attempts to synthesize them.

The combination of refinements of data collected via x-ray diffrac-
tion, bond valence sum calculations based on the obtained structures,
comparisons with other oxyhydrides and oxyhalides, and DFT calcula-
tions, the unique position occupied by the anionic hydrogen was
unambiguously identified for BasLnyOsHy (Ln = Yb, Lu), and a con-
strained refinement of the crystallographic data proved stable. We
believe that in cases where neutron and NMR/ESR experiments are not
feasible, this approach can serve as an alternate way of identifying
anionic hydrogen positions in charge compensated systems with distinct
anion positions. To our knowledge, this is one of the first studies that uses
the combination of structure/synthesis methods and DFT to locate
anionic hydrogen in an inorganic compound.
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