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An Unprecedented Fully H-Substituted Phosphate Hydride

Sr5(PO,);H Expanding the Apatite Family

Alexander Mutschke,'? Thomas Wylezich,!? Clemens Ritter,[®! Antti J. Karttunen,! and

Nathalie Kunkel*!

Abstract: The apatite family is a mineral class that also con-  terated sample Sr5(PO,)sD, as well "H MAS solid state NMR com-

tains the biologically very important hydroxyapatite. Here, we  bined with quantum chemical calculations, vibrational spectro-

are reporting on the synthesis and characterization of a fully scopy and elemental analysis. The present work expands the

hydride-substituted strontium apatite, which could be obtained  apatite family from the known halide and hydroxide apatites to

via mechanochemical synthesis and subsequent annealing the fully hydride-anion-substituted variant and is expected to

treatment. The full substitution by hydride anions is proven by  open up a new field of materials containing coexistent phos-
\various methods, such as neutron powder diffraction of a deu-  phate and hydride anions. Y,

Replacement and combinations of different anions is known
to be a very useful tool in inorganic solid-state materials de-
sign.l'31 In recent times, especially the search for new mixed-
anionic hydrides has become an important research field. For
instance, interesting ion conduction and superconducting prop-
erties were found in oxide hydrides,*>! and optical properties
could be tuned by the combination of hydride with oxides,
fluorides!” or even using the newly discovered anion combina-
tion of hydride and silicate.”® In the present work, we report on
an unprecedented fully hydride substituted phosphate hydride
Sr5(PO,)sH crystallizing in the known structure of the corre-
sponding fluoride apatite.™ While the naturally occurring min-
eral apatite usually contains halide or hydroxide anions,
AE5(PO,)sX with AE = Ca?*, Sr?*, Ba?* and X = CI, OH~, F-, the
corresponding fully substituted hydride compounds were not
known so far. Recently, Hosono et al. had reported on a phos-
phate containing hydride anions,''® however, in their study the
authors found a mixture of hydride and hydroxide anions in the
channel sites of the calcium apatite under investigation (esti-
mated maximum hydride occupancy on the corresponding
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channel lattice site 0.06). Furthermore, the compound they had
obtained showed a green color after UV excitation, which the
authors explained by electrons on the X~ site. Herein, we show
that the coexistence of hydride and phosphate without the
presence of further anions such as hydroxide or fluoride can be
realized in the apatite structure. The full substitution by hydride
anions is shown by neutron powder diffraction of a deuterated
sample Sr5(PO,4);D, as well as "H MAS solid state NMR combined
with quantum chemical calculations, vibrational spectroscopy
and elemental analysis.

The hydride apatite Sr5(PO,4)sH [Srs(PO,4)3D] was prepared by
high-energy ball milling of dried Sr3(PO,), with excess of SrH,
(SrD,) and subsequent annealing at 500 °C for several days un-
der inert conditions. Srs(PO,4)sH crystallizes hexagonally, similar
to its fluoride and hydroxide analogues, in space group P6s/m
(Figure 1). Two unique strontium sites exist. Sr1 is coordinated
by 9 O% anions forming a distorted tricapped trigonal prism
(blue); Sr2 comprises of a pentagonal bipyramid with 6 0%~ and
one H™ in its coordination sphere (teal polyhedron, Figure 1c).
The crystallographic details can be found in the Table S1 of the
Supporting Information.

Due to the low scattering factor of hydride for X-rays and
the high incoherent scattering cross section for 'H for neutrons,
neutron powder diffraction data of a deuterated sample were
recorded. Figure 2 shows the Rietveld refinement of the struc-
ture of Sr5(PO,4)sD measured at the high resolution diffractome-
ter D2B at the Institute Laue-Langevin, Grenoble. In order to
differentiate between Sr5(PO4);D and a possible hydroxide
apatite Srs(PO,4);0D, simultaneous refinement of neutron and
X-ray diffraction data was performed. As starting models, the
structural models of the fluoride and hydroxide analogues were
used and cell parameters, atomic positions and shape parame-
ters were refined. As can be expected from the fluoride hydride
analogy,!""! the structures of the hydride and its corresponding
fluoride are isotypic. Comparison of the residual values for

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The crystal structure of Srs(PO,)sF/H. Oxygen atoms are depicted in
red, strontium in blue, phosphorus in pink and fluoride/hydride in green. The
Sr2 site is surrounded by 6 0>~ and one F/H" (teal polyhedra). The Sr1 site
(blue polyhedra) has a coordination of 9 02~ anions. Red tetrahedra show
[PO,]3 units. (a) View along c-axis. While Sr2 polyhedra (teal) are connected
via corners, the Sr1 polyhedra (blue) are connected via faces. (b) View along
the b-axis. Anions X~ are in a channel along the c-axis. (c) Sr1 (blue poly-

hedron) and Sr2 (teal polyhedron) with a hydride/fluoride anion in its coordi-
nation sphere.

Srs5(PO4)sD and a possible hydroxide Sr5(PO4);0OD favor the
model containing exclusively deuteride on the Wyckoff site 2e.
As a consequence of the similar ionic radii of hydride and fluor-
ide, the cell parameters derived from X-ray analysis are very
close for X = H, D and F. The strontium to deuterium distance
is 2.40 A, which is in the range of known metal hydrides.['213!
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Figure 2. Rietveld refinement of neutron powder diffraction data measured
at the D2B diffractometer at ILL Grenoble on Sr5(PO,);D. Bragg markers from
top to bottom: Sr5(PO,4)3D (85 wt.-%), SrO (6 wt.-%), Sr3(PO,), (9 wt.-%).
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To further confirm this assumption, "H MAS solid state NMR
was carried out. Sr5(PO,4)sH shows a chemical shift of 5.48 ppm
(see Figure 3), which is comparable with other solid state hy-
drides as LiSr,Si04D (3.7 ppm), a/f MgH, (ranging from 4.6
to 0.9 ppm)'*13! or metal-organic hydride compounds (ranging
from 9.9 to 0.5 ppm).['®17]
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Figure 3. "H MAS solid state NMR of Sr5(PO,4)sH in a 4 mm ZrO, rotor meas-
ured on a Bruker AV300. Red curve shows the chemical shift of the blank
rotor, which can also be observed in the measurement of the apatite hydride
(black curve). Srs(PO4)sH shows a chemical shift of 5.48 ppm.

Quantum chemical calculations of the solid state '"H NMR
shifts at the DFT-PBE/USPP level of theory!'® yielded a shift of
5.4 ppm at the experimental geometry of the hydride apatite
and 5.3 ppm at the geometry optimized at the same level.
These calculated values are in very good agreement with our
experimental value of 5.48 ppm. Furthermore, we compared
the 'H MAS solid state NMR spectra of hydroxide Sr5(PO,);O0H
with that of our hydride apatite samples in order to confirm the
absence of hydroxide anions. In Srs(PO4);OH, the "H atom of the
OH™-group exhibits a chemical shift of -0.40 ppm (see Figure
S4 Sl), which is in the typical range of chemical shifts found for
hydroxyl groups in the apatite structurel'®?% and significantly
differs from the values found for the hydride apatite.

Ultimately, we confirmed the absence of OH™ in Srs5(PO,)sH
with FTIR spectroscopy, which allows to unambiguously distin-
guish possible signals of hydroxyl groups. In Figure 4, Figure S3,
and Table 1 a comparison of the vibrational spectra of
Sr5(PO,4)sH and Srs(PO4)s0H is shown.

In the range between 1100 and 950 cm™' and at approxi-
mately 580 cm™' the vibrations of the phosphate host appear
(03, v1 and v4) for both the hydroxide and the hydride apatite.
At approximately 970 cm™" a new broad vibration can be no-
ticed in the hydride apatite. This vibration corresponds to a
Sr-H stretching mode according to quantum chemical calcula-
tions (see Figure S5 and Table S3 in SI). In good agreement with
neutron diffraction and solid state MAS NMR data, no hydroxyl
vibration can be found in the FTIR spectra of the hydride apatite
Sr5(PO,4)sH. The characteristic vibration band of the hydroxyl
group found in the hydroxide apatite!?" at 535 cm™' and the
stretching band at 3597 cm™ (see Figure S3 Sl) are absent in
the hydride sample. To the best of our knowledge, these results
confirm the successful synthesis of a pure hydride phosphate
for the first time.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. FTIR spectrum of Sr5(PO,)sH and Srs(PO4)3OH. The missing libration
vibration (OH) at 535 cm™" and the stretching vibration at 3597 cm™' (OH)
(see supporting info Figure S4) in the hydride apatite unambiguously confirm
the absence of hydroxide in Sr5(PO,)sH. The vibrations v,, vs and v, originate
from the phosphate groups. In Srs(PO,4)sH the vibration marked with the star
results from the Sr-H stretching mode.

Table 1. Vibrational analysis of the hydroxyl and the hydride apatite. The
characteristic vibrations of hydroxyl groups are not present in Srs(PO,4)sH.

vib. Stretching  Stretching
oH ~* B vib. (OH)  vib. (M=H)
Srs(PO,);0H 535 559, 948 1007, 3597 -
571, 1027,
589 1072
Sr5(PO4)sH - 559, 948 1012, - 970
571, 1027,
589 1085

In summary, we report on the novel phosphate hydride
Sr5(PO,4)3H, which represents, to the best of our knowledge, the
first hydride phosphate containing solely hydride and phosphate
anions as well as the first fully hydride substituted apatite. These
results were confirmed by several independent methods, such a
neutron powder diffraction, solid state "H MAS NMR, quantum
chemical calculations, vibrational spectroscopy and elemental
analysis. As a consequence, the family of the naturally occurring
mineral apatite with the sum formula AE5(PO4)3X with AE =
Ca?*, Sr**, Ba* and X = CI, OH-, F~ can now be extended to
fully substituted hydride apatites. This finding can be expected
to open up a new field of materials containing coexistent phos-
phate and hydride anions, which had, so far, not been known.
For instance, hydride phosphates could serve as host materials
for optical applications as already suggested for other mixed-
anionic hydrides, e.g. temperature sensing!®®22 or possibly as
catalysts like the corresponding fluorides.!?!

Experimental Section

Synthesis of Sr5(PO,4)sH: A mixture of Sr3(PO,), and SrH, (100 %
excess) is reacted mechanochemically in a Fritsch Pulverisette 7 Pre-
mium Line and a ZrO, grinding bow! with 10 ZrO, balls (10 mm
diameter) at a speed of 650 rpm for 60 cycles under argon atmos-
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are synthesized via SrD, and follow the same procedure as for the
hydride.

X-ray diffraction data were collected on a Stoe StadiP diffractome-
ter with transmission geometry, Cu-K; radiation and a solid state
detector (Mythen 1K). The samples are placed between two Kapton
foils and grease in flat sample holders.

Neutron diffraction experiments were conducted on the high-res-
olution two-axis diffractometer D2B at the Institute Laue-Langevin,
Grenoble with a wavelength of 1.594 A. Samples were enclosed
air-tight in 8 mm vanadium cylinders. Joint Rietveld refinement of
X-ray and neutron diffraction data was carried out using the FullProf
program package.l** Cell parameters, profile and shape parameters
as well as asymmetry functions have been refined. For the structural
data in Table S1, the ideal composition Srs(PO,4);D has been as-
sumed.

Further details on the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository number CSD
1940200.

TH MAS solid state NMR was carried out on a 300 MHz Bruker
AV300 solid state NMR in 4 mm ZrO, rotors and a spinning speed
of 8 kHz.

Quantum chemical calculations: The solid-state 'H NMR shifts
were calculated with the DFT-PBE method using the
CASTEP program package and the GIPAW formalism as imple-
mented in CASTEP-NMR. The IR spectrum of Srs5(PO,)sH was calcu-
lated at the DFT-PBEO/TZVP level of theory with the CRYSTAL pro-
gram package. Full computational details are given in the SI.

FT-IR spectra were recorded on a Spectrum Two (UATR TWO, Perkin
Elmer) spectrometer with a diamond sensor. To avoid water and
oxygen contamination the device is operated inside an argon filled
glovebox. Measurements are taken between 4000 and 500 cm™
with a spectral resolution of 1 cm™.

Elemental analysis has been conducted on a Vario El microanaly-
zer and hydrogen content was found to be 0.14 wt.-%, which is in
agreement with the calculated value.

Supporting Information (see footnote on the first page of this
article): Structural data, IR spectra, quantum chemical calculations.

Acknowledgments

The authors thank Dr. G. Raudaschl-Sieber for 'TH NMR solid
state measurements, J. Sicklinger for FTIR measurements, U.
Ammari for elemental analysis, and T. F. Fassler for hosting our
group. The authors would also like to acknowledge ILL for beam
time allocation under the experiment code EASY-399. Data are
available from ILL at DOI:10.5291/ILL-DATA.EASY-399. This re-
search received funding from the Deutsche Forschungsgemein-
schaft DFG (KU 3427/4-1) and the Fonds der Chemischen Indus-
trie (Li 197/02). A. J. K. thanks Academy of Finland for funding
(grant no. 324973) and CSC, the Finnish IT Center for Science,
for computational resources.

phere. One cycle consists of 2 min of milling time and 3 min pauses ~Keywords: Mixed anionic compounds - Strontium -

to reduce heating of the sample. To improve crystallinity the milled Hydrides - Apatites - Mechanochemical synthesis - Neutron
sample is pressed to a pellet and heated in an evacuated glass = diffraction

ampoule to 500 °C for 10 days. Deuterated samples of Sr5(PO,4)sD
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