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Abstract

Zintl phases form hydrides either by incorporating hydride anions (interstitial hy-
drides) or by covalent bonding of hydrogen to the polyanion (polyanionic hydrides),
which yields a variety of different compositions and bonding situations. Hydrides (deu-
terides) of SrGe, BaSi and BaSn were prepared by hydrogenation (deuteration) of the
CrB-type Zintl phases AeTt and characterized by laboratory X-ray, synchrotron and
neutron diffraction, NMR spectroscopy and quantum chemical calculations. SrGeD,, /3%
and BaSnD, /3% show condensed boat-like six-membered rings of Tt atoms, formed by
joining three of the zig-zag chains contained in the Zintl phase. These new polyanionic
motifs are terminated by covalently bound hydrogen atoms with d(Ge-D) = 1.521(9) A
and d(Sn-D) = 1.858(8) A. Additional hydride anions are located in Ae, tetrahedra,
thus both features of interstitial hydrides and of polyanionic hydrides are represented.
BaSiD, , retains the zig-zag Si-chain as in the parent Zintl phase, but in the hydride

(deuteride) it is terminated by hydrogen (deuterium) atoms, thus forming a linear

(SiD)-chain with d(Si-D) = 1.641(5) A.

Introduction

Zintl phases are polar intermetallic compounds of a group one or two metal and a group 13 to
16 element. According to the Zintl-Klemm concept!” the more electronegative element forms
polyanionic partial structures that resemble features of the formally isoelectronic element
structure, e.g., CrB-structure type Zintl phases AeTt, Ae = Ca-Ba, Tt = Si-Pb, form linear
*[Tt? | zig-zag chains like in chalcogens.

The reactions of hydrogen with Zintl phases have only recently started to be explored
systematically. According to Haussermann two general types of Zintl phase hydrides may
be distinguished: (i) interstitial hydrides, where ionic hydride (H ") is coordinated by the
cationic framework exclusively and (ii) polyanionic hydrides, where hydrogen binds cova-

lently to the Zintl polyanion.®



Gallium shows a rich chemistry of polyanionic hydrides that can be rationalized by
an extended Zintl concept, e.g., it forms neopentane-like (Ga[GaH,],)® ,° propane-like
(GasHg)® 1% or polyethylene-like ([GaH,] )™ structures®'!. The Zintl phases AeTr,, Ae
= Sr, Ba, Tr = Al, Ga react with hydrogen (deuterium) to form AeTr,H,, which show hy-
drogen (deuterium) puckered Tr honeycomb layers (6% nets).!** This can be rationalized
since (TrH) = has the same valence electron configuration as polysilicon hydride (SiH).

While Zintl phases containing group 13 elements show a strong trend in forming polyan-
ionic hydrides, the existence of such motifs for group 14 elements is still under discussion.
Covalent Si-H bonds could be shown for ASiH;, A = K-Cs, but the tetrahedral Siy " units of
the parent phases ASi are broken up and we find isolated SiH; -groups.!®™'8 The Zintl phase
Ba,Si, that shows distorted butterfly tetrahedral (Si®”),(Si ~),-polyanions behaves differ-
ently forming a interstitial hydride.'® The mixed compounds AeTrTt, Ae = Ca-Ba, Tr = Al,
Ga, (In), Tt = Si-Sn, that are electronically imbalanced Zintl phases, form electron precise
polyanionic hydrides Ae(TrH)Tt, where hydrogen only binds to the group 13 element.? 23

Most promising candidates for polyanionic hydrides of group 14 are the phases derived
from CrB-structure type Zintl phases. Early work by Ohba et al. claimed covalently bound
hydrogen in CaSiH, ; next to hydride filled tetrahedral Ca,-voids.?* This was denied by
Wu et al. relying on neutron vibrational spectroscopy as well as neutron diffraction data.?
Since then a couple of similar hydride (deuteride) phases were described, e.g., SrSiH, 4 and
BaSiH; ,,%%?" as well as NdGaH, ¢ and GdGaH_?°.

In this contribution we reinvestigate the barium compound and classify it as BaSiH, .. We
also show the existence of two new hydride phases SrGeH, /3% and BaSnH, 3% SrSn does not
show any reactivity towards hydrogen, while SrPb and BaPb decompose into SrH, + SrPb,
and BaH, + BasPb,. There are at least two additional hydrogen (deuterium) poor phases in
the SrGe-H, system, which will be discussed in a forthcoming paper3’. Therefore, as it is the
hydrogen (deuterium) richest compound, SrGeH, J3x will alternatively be called 7-SrGeHy. A

combination of diffraction methods (laboratory X-ray, synchrotron and neutron), solid-state



nuclear magnetic resonance spectroscopy as well as quantum chemical calculations strongly
suggest a covalent bond between Si/Ge/Sn and hydrogen (deuterium) and therefore show

the first examples for well established polyanionic hydrides of the tetrels.

Experimental Section

Synthesis

All manipulations were done in an argon filled glovebox. Oxygen and moisture content were
both monitored and kept below 1 ppm.

BaSi was prepared from the elements (Si: ChemPur, 99.9999%; Ba rod: 99.3%) in an
electric arc furnace. A 5% barium excess was used to compensate the evaporation of alkaline
earth metal. Samples were remelted several times to improve homogeneity. SrGe was pre-
pared from the elements (Ge: ChemPur, 99.9999%; Sr: ChemPur, 99%, under oil, washed
in dry hexane) in welded niobium or tantalum jackets sealed in quartz ampules. The sample
was melted at 1560 K and annealed at 1370 K for 48 h. As tin and lead react with the
niobium or tantalum, for the other samples steel jackets were used. BaSn and SrSn were
prepared from the elements (Sn powder: ChemPur, 99+%; Ba, Sr: as above). They were
annealed at 1270 K for 48 h, then ground and annealed at 1270 K for 48 h again. BaPb
and SrPb were prepared from the elements (Pb powder: Alfa Aesar, 99.95%; Ba, Sr: as
above). They decompose peritectically and thus they were melted at 1270 K and quenched
in cold water. Subsequently, StPb was annealed at 970 K for 48 h and BaPb was annealed
at 1010 K for 48 h.

Hydrides (H,: Air Liquide, 99.9%) and deuterides (D,: Air Liquide, 99.8% isotope pu-
rity) of BaSi, SrGe and BaSn were prepared using an autoclave made from hydrogen resis-
tant Nicrofer® 5219Nb-alloy 718. Tab. 1 summarizes the hydrogenation conditions for the
syntheses. The corresponding deuterides were prepared under the same conditions as the

hydrides. The alkaline earth metal to tetrel ratio of the hydrides was confirmed by EDX.



Zint] phases as well as their hydrides are grey brittle powders. The hydrides easily cleave
(Fig. 1) as described by Armbruster for CaSiH,.?%*” While the hydride of BaSi decomposes
slowly in air, the hydrides of SrGe and BaSn rapidly react with moisture. The decomposition
products of the hydrides are powders that are amorphous to X-ray diffraction. In the case

of SrGe the color changes to yellow.

Figure 1: Scanning electron microscope (secondary electron detector) picture of BaSnD, 3k
The crystals are brittle and easily cleave to form plates.

Table 1: Hydrogenation conditions for Zintl phases AeTt, Ae = Sr, Ba; Tt = Si-Pb. Deu-
terides were prepared under the same conditions.

Sample H,-pressure/ temperature/ time/  hydride  molar content by EDX

bar K h Ae Tt
BaSi 90 450 24 BaSiH,,  51(3)% 48(3)% *
SrGe 50 470 10 SrGeH,,, — 47(2)% 53(2)% *
SrSn 50 720 10 no reaction
BaSn 50 470 10  BaSnH,,  51.5(7)% 48.5(7)% "
SrPb 50 550 2 decomposition to SrPbs + SrH,
BaPb 50 570 2 decomposition to BasPb, + BaH,
“TEM-EDX
*SEM-EDX



Characterization

Laboratory powder X-ray diffraction (PXRD) was used to monitor phase purity of
the precursor Zintl phases as well as hydride formation. Measurements were done on a Huber
G670 diffractometer in Guinier geometry and with copper K,; radiation. Flat samples were
prepared by grinding the moisture sensitive powders in an argon atmosphere, mixing with

grease, and putting the sample between two sheets of capton foil.

Powder neutron diffraction (PND) was performed at Institut Laue Langevin (ILL),
Grenoble, France at the high-intensity diffractometer D20.3! Measurements were done at
a take off angle of 120° and a wavelength of A = 1.86613(16) A or a take off angle of
90° and A = 2.41538(19) A. Wavelengths were calibrated using silicon-NIST640b as an
external standard. Samples were loaded in an argon filled glovebox with oxygen and moisture
content below 1 ppm each. Measurements were done in indium sealed vanadium containers

with 6 mm inner diameter at a temperature of 297(2) K.

Powder synchrotron diffraction (PSD) was done using the mail-in service of the Ad-
vanced Photon Source (APS), Argonne, USA. Measurements were performed at 11-BM
beamline at a wavelength A = 0.458997 A and 295 K. Samples were sealed in glass cap-

illaries of 0.3 mm inner diameter which were placed in 0.8 mm capton tubes.

t32:3%  was done using the TOPAS® software package3* for synchrotron

Rietveld refinemen
data. The Stephens model®® for anisotropic line broadening was used. FULLPROF 3637 soft-
ware package was used for neutron diffraction data.

Structure pictures were prepared by VESTA.?%39 Structural data were normalized using

STRUCTURE TIDY“? as implemented in VESTA.

Solid-State Nuclear Magnetic Resonance (SSNMR) measurements of powdered

samples sealed under argon atmosphere in glass tubes were carried out in static magnetic



fields of 9.4 T, 11.7 T, and 17.6 T with BRUKER AVANCE spectrometers. Both, a static
home-built and BRUKER 4 mm and 2.5 mm MAS probes were used. Static spectra were

recorded with a solid-echo sequence®4? (

7/2 pulse length 3 us, recycle delay 500 s). For
exciting free induction decays under MAS the pulse length was 5 us (recycle delay 500 s)
and the spinning frequencies were 1.5 kHz and 25 kHz at 11.7 T and 17.6 T, respectively.
For data analysis we used either BRUKER Topspin or ORIGINLab software. Measurements
were done on the *H nucleus of the Zintl phase deuterides SrGeD, /35 and BaSiDy .. Deuter-

ated water (D,0 = ?H,0) was used for setup optimization and referencing. Chemical shifts

are given on the d-scale in regard to TMS.

Energy dispersive X-ray spectroscopy (EDX) was done for chemical analysis of the
heavy atoms of the hydrides (deuterides). Either an EDX INCA SYSTEM from Oxford
Instruments mounted on a Zeiss LEO 1530 scanning electron microscope (SEM) with 20 kV
acceleration voltage and a working distance of 15 mm or an EDAX EDX system mounted

on a Philips STEM CM 200 ST transmission electron microscope (TEM) was used.

Quantum Chemical Calculations were done using the QUANTUM ESPRESSO pack-
age.*3# Calculations were performed in the DFT framework applying the generalized gradi-
ent approximation (GGA) and the functional from Perdew-Burke-Ernzerhof (PBE).*> The
projector augmented wave method (PAW)*6 was used and base sets were obtained from the
PSlibrary.%” The plane wave kinetical energy cutoff was tested on convergence and set to
60 ry. Marzari-Vanderbilt cold smearing® was used with 0.005 ry for structure relaxations.
Density of states (DOS) calculations were done on relaxed structures using the tetrahedron
method.*? Partial density of states (pDOS) were calculated using Gaussian smearing since
the tetrahedron method is not implemented.

Hydrogen free Zintl phases were constructed without applying a superstructure. All
hydride structures were set in a three-fold superstructure regarding to the parent Zintl phase.

An idealized hydrogen content neglecting any nonstoichiometry effect as obtained by neutron



diffraction was used. Structures as well as lattice parameters were relaxed without applying
any symmetry restraints but all unit cell angles were constraint to 90°. Density of states

(DOS) calculations were done on the relaxed structures. After structure relaxation a pseudo-

50-52 53-56

symmetry search using the PSEUDO module of Bilbao Crystallographic Server
was done. Structural data of the structure relaxations can be found in the supplementary
information (Tab. S2, Tab. S4). They are given in the high symmetry setting as obtained
from the pseudo-symmetry search. For hydrides the k-space was sampled over a 4 x 4
x 12 mesh for structural relaxations and a 8 x 8 x 24 mesh for an electronic structure
calculation on the final structures. Structure relaxation of the hydrogen free Zintl phases
were done on a 12 x 4 x 12 mesh. The grids were produced according to the Monkhorst-Pack

scheme.?”

Results

The Zintl phases BaSi, SrGe, as well as AeTt, Ae = Sr, Ba and Tt = Sn, Pb, were attempted
to hydrogenate or deuterate (Tab. 1). BaSi forms a hydride (deuteride) phase as described
in the literature.?” In the following a structure model for this phase will be presented. SrGe
and BaSn form new hydride (deuteride) phases that are structurally closely related to the
CaSiH, 5 structure type?!. SrSn shows no reactivity towards hydrogen, while SrPb and BaPb

decompose under formation of SrH, and SrPb, or BaH, and BasPb;, respectively.

Crystal structures of BaSiD,_ , SrGeD,,, and BaSnD

/3-

The PXRD patterns of the hydrides (deuterides) BaSiD

4/3-x

SrGeD

933 and BaSnD, , can

4/3-x
be indexed in the orthorhombic crystal system. BaSi was hydrogenated by Armbruster et.
al. before.?2" They could index the powder pattern but did not present a structure solution

due to poor crystallinity. We reinvestigated BaSiD,_, and extended the scheme to SrGeD, J3x

and BaSnD, 3% The corresponding Zintl phases, AeTt, Ae = alkaline earth metal, Tt =



tetrel element, crystallize in the orthorhombic CrB-structure type and the Tt-polyanion can
be described with the Zintl concept as infinite linear Tt?~-chains.

The hydride (deuteride) phases can be described in a metrically distorted cell of the
parent structure. Thus, in the following, all structures are discussed with regard
to the corresponding Zintl phases. For the sake of simplicity all space groups
are set with the same axes system as the Zintl phase, e.g., Tt-zig-zag chains run
along the crystallographic ¢ axis. Standard settings are given in brackets. (For
the cell transformation see Tab. 4)

Synchrotron and neutron diffraction data suggest space group type Pbnm (No. 62, Pnma)
for BaSiD

SrGeD and BaSnD, 3 For the latter two the crystallographic a axis is

2% 4/3-x
tripled with respect to the Zintl phase. The crystal structures of all three compounds could
be solved and refined from powder data (Fig. 2). For details of the structure determination
and synchrotron powder patterns (Fig. S1 and Fig. S2) please see the supplementary
information.

In general the structures of these Zintl phase hydrides show features of interstitial as
well as polyanionic hydrides. There is one Ae,-tetrahedral void per alkaline-earth metal. In
addition, voids between the Tt-chains may be occupied as well resulting in a Tt-H bond,
which is confirmed by calculations and fits the SSNMR data well. In the following, two
distinct structure types resulting from different occupation of such voids will be described

in detail.

Table 2: Structural parameters of BaSiD, _, x = 0.13(2) in space group type Pbnm (No 62,
Pnma) from Rietveld refinement on powder neutron diffraction data. Debye-Waller factors
for Ba and Si are fixed to reasonable values.

BaSiD,_, x = 0.13(2)
Pbnm (No. 62), a = 4.4732(8) A, b = 15.622(2) A, ¢ = 4.1112(7) A

Atom  Wyckoff X y z  Biso/A? SOF
Bal 4e 0.0060(20)  0.3496(5) 1/4 0.3 1
Si1 dc 0.01044(20) 0.0448(8) 1/4 0.7 1
D1 dc 0.5100(20) 0.2566(4) 1/4 3.1(3)  0.948(12)
D2 dc 0.3773(11)  0.0442(6) 1/4 2.4(3) 0.914(12)
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Figure 2: Rietveld refinement of the crystal structures of BaSiD, ., x = 0.13(2), SrGeD, /30
x = 0.139(3) and BaSnD,, ., x = 0.055(2) using powder neutron diffraction data. (*)
excluded due to detector failure. BaSiD,_: R, = 3.02%, Ry, = 4.12%, Rprage = 6.29%, GoF
= 2.35; SrGeD, ; : R, = 4.13%, Ryp = 5.59%, Riag = 4.46%, GoF = 4.63. BaSnD
R, = 3.58%, Rup = 4.62%, Rprags = 5.63%, GoF = 2.06.

4/3-x*
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BaSiD, .: BaSiD, ., x=0.13(2) has the highest hydrogen (deuterium) content within the
AeTt-H system and represents a new structure type. The deuterium content is much lower
than the literature value of BaSiH, ,.?0*" The structure may be described in space group
type Pbnm (No. 62, Pnma) and does not show any superstructure with regard to the parent
Zintl phase. There are two deuterium positions. The deuterium site in the tetrahedral Ba,-
void is refined to 95% occupation (Tab. 2, D1). Crystal chemical consideration suggest an
additional deuterium atom that binds to the Si-chain and forms a {°[(SiH) | moiety. This
additional site (Tab. 2, D2) was refined to 91% occupation.

The Si-Si chain shows a bond length (DFT calculated values in brackets) of 2.489(10)
A [2.483 A] and an Si-Si-Si angle of 111.4(4)° [112.0°]. The silicon-hydrogen (deuterium)
distance is 1.641(5) A [1.573 A]. The H(D)-Si-Si angle is 92.0(3)° [93.1°]. Fig. 3 shows the

polyanionic partial structure as well as different projections of the crystal structure.

SrGeD4/3_x and BaSnD We describe the compounds SereD4/3_X with x = 0.139(3)

4/3-x*
and BaSnD, , ~ with x = 0.055(2). They show a three-fold superstructure with regard to
the Zintl phase and are isotypic to the CaSiH, 5 structure type?!. The structures may be
described in space group type Pbnm (No. 62, Pnma). Structural data are summarized in
Tab. 3.

The tetrahedral Ae,-voids are fully occupied with deuterium. The tetrel chains are
tilted with respect to the Zintl phase and three of them are connected by an additional
Tt-Tt bond (DFT in brackets) with d(Ge2-Ge3) = 2.743(6) A [2.695 A] and d(Sn2-Sn3)
— 3.085(8) A [3.052 A] (Fig. 3). In zig-zag chain direction (¢ direction regarding Pbnm
setting) the bonds are d(Gel-Ge2) = 2.551(5) A [2.556 A] or d(Sn1-Sn2) = 2.893(7) A [2.922
A] (hydrogen terminated chain) and d(Ge3-Ge3) = 2.547(4) A [2.577 A] or d(Sn3-Sn3) =
2.965(6) A [2.941 A] (middle chain). Thus, the tetrel atoms form condensed six rings in boat

configuration (see Fig. 3). There are two condensed boats running in an infinite chain in

crystallographic ¢ direction, which are hydrogen (deuterium) terminated (D4 site) forming a

11



Table 3: Structural parameters of SrGeD4/3_X, x = 0.139(3), Pbnm (No 62, Pnma) and
BaSnD, , ., x = 0.055(2), Pbnm (No 62, Pnma) as obtained by Rietveld refinement using
powder neutron diffraction data. Debye-Waller factors were constraint for equal elements.
For deuterium occupying tetrahedral voids the site occupancy factor refined to 1.0 within 1
e.s.u., thus, occupation was fixed to 1 during the last refinement cycle.

SrGeD, 5, x = 0.139(3)
Pbnm (No. 62), a = 11.9113(9) A, b = 15.2692(11) A, ¢ = 4.0600(2) A
Atom Wyckoff X y z  Biso/A? SOF
Srl 4e 0.3414(6) 0.3152(4) 1/4 0.35(9) 1
Sr2 4e¢ 0.6480(6) 0.3397(3) 1/4  0.35 1
Sr3 4e 0.0122(4) 0.3655(4) 1/4  0.35 1
Gel 4e¢ 0.3125(3) 0.0469(4) 1/4 0.66(7) 1
Ce2 4e 0.7409(3) 0.0403(4) 1/4  0.66 1
Ge3 4e 0.5287(4) 0.5451(3) 1/4  0.66 1
D1 4c¢ 0.5040(5) 0.2240(4) 1/4 1.21(10) 1
D2 4e 0.1570(6) 0.2546(4) 1/4  1.21 1
D3 de 0.8382(6) 0.2765(4) 1/4  1.21 1
D4 4e 0.4397(7) 0.0380(8) 1/4  1.21 0.592(8)
BaSnD, ;. x = 0.055(2)
Pbnm (No. 62), a = 12.9169(7) A, b = 16.3097(10) A, ¢ = 4.5554(2) A
Atom Wyckoff X y z  Biso/A? SOF
Bal 4e 0.3461(7) 0.3075(4) 1/4 0.94(13) 1
Ba2 4c¢ 0.6520(7) 0.3323(4) 1/4  0.94 1
Ba3 4e 0.0156(6) 0.3697(5) 1/4  0.94 1
Snl 4c¢ 0.3026(4) 0.0527(5) 1/4 1.02(11) 1
Sn2 4e 0.7308(4) 0.0533(5) 1/4  1.02 1
Sn3 de 0.5303(5) 0.5530(4) 1/4  1.02 1
D1 4e 0.5014(7) 0.2208(3) 1/4 1.92(11) 1
D2 4c¢ 0.1581(6) 0.2531(4) 1/4  1.92 1
D3 4e 0.8410(6) 0.2787(4) 1/4  1.92 1
D4 4e¢ 0.4447(5) 0.0357(5) 1/4  1.92 0.834(6)

12



1°[D-(Ge)e-D] moiety. This D4 site is not fully occupied with SOF = 59% (SrGeD, , ) and
83% (BaSnD, ;). The angles in chain connecting direction are 105.54(13)° [100.3 °] (Gel-
Ge2-Ge3) and 104.76(16)° [106.6°] (Ge2-Ge3-Ge3) and 101.8(3)° [96.3°] (D4-Gel-Ge2) or
08.52(14)° [99.5°] (Snl-Sn2-Sn3) and 105.41(16)° [105.6°] (Sn2-Sn3-Sn3) and 93.3(2)° [94.0
°] (D4-Sn1-Sn2). In chain direction the angles are 107.9(3)° [103.8 °] (Gel-Ge2-Gel) and
105.68(18) ° [102.5°] (Ge3-Ge3-Ge3) and for the corresponding BaSnD, ,, . compound angles
are 103.9(3)° [102.4 °] (Sn1-Sn2-Snl) and 100.37(18) ° [101.6°] (Sn3-Sn3-Sn3). Fig. 3 shows
the polyanionic partial structure as well as different projections of the crystal structure

including the labeling of the polyanion.
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Figure 3: Different projections of the polyanion as well as the crystal structure of (a,b)
BaSiD,, and (c) AeTtD,, (SrGeD,, and BaSnD,, ). (b) shows the [100] view of
BaSiD, , to emphasize on the tetrahedral voids and the zig-zag chains. This projection
looks similar for both structure types. Large spheres: Alkaline earth metal (Ae); medium
spheres: Tetrel element (Tt); small spheres: Hydrogen/deuterium (H/D).

(a)

(b)

Density of States (DOS)

All presented compounds are non-stoichiometric Zintl phase hydrides. For DFT calculations
an idealized composition of AeTtH , n = 4/3 (SrGeH,, BaSnH ), 2 (BaSiH,) was used.

Then they can formally be considered to be comprised of ions Ae®* + H ™ + (n-1)(TtH) = +

13



Table 4: Lattice parameters of the Zintl phases BaSi, SrGe, BaSn and their corresponding
deuterides. The unit cell volume is normalized to formula units (fu).

Compound X = Sper. Super- Lattice parameter V/fu / A3
str.® a = a/A b/ A c/ A
silicides
BaSi®® Cmem 5.0430(8) 11.933(2)  4.1395(8) 62.3
BaSi Cmem 5.0342(2) 11.9171(3)  4.1335(2) 62.0
BaSi P Cmem 4.953 11.961 4.085 60.5
BaSiH, , Pbnm, © 3a 13.43(8) 15.73(15) 4.13(3) 72.7
BaSiD,, 4 Cmem none 4.48485(5)  15.66599(18) 4.12256(3) 72.4
BaSiD,__ © 0.13(2)  Pbnm ©  none 4.4732(8) 15.622(2)  4.1112(7) 71.8
BaSiD, P none 4.3996 15.332 4.1156 69.3
germanides
SrGe™? Cmcem 4.820(5) 11.39(1) 4.167(2) 57.0
SrGe Cmem 4.82389(6)  11.37955(11) 4.17265(4) 57.3
SrGe P Cmem 4.756 11.325 4.143 55.8
SrGeD, )y d Pbnm, © 3a 11.84848(12)  15.3938(2)  4.06561(4) 61.8
SrGeD, 5 ¢ 0.139(3)  Pbnm © 3a 11.9113(9)  15.2692(11)  4.0600(2) 61.5
SrGeD, ,, © 3a 11.624 15.152 4.046 59.4
stannides
BaSn®’ Cmem 5.316(5) 12.55(1) 4.657(2) 7.7
BaSn Cmem 5.3168(2) 12.5037(5)  4.6534(2) 77.3
BaSn P Cmem 5.263 12.537 4.644 76.6
BaSnD, ;¢ 0.055(2)  Pbnm ¢ 3a 12.9169(7)  16.3097(10)  4.5554(2) 80.0
BaSnD, , ® 3a 12.814 16.034 4.5564 78.0

?a refers to the basis structure of the parent Zintl phase.
PDFT; for calculated structures an ideal occupation was assumed.
“nonstandard setting, standard setting is Pnma with '’ = b, b/ = c and ¢’ = a.

dsynchrotron diffraction
“neutron diffraction

fstructure relaxation using a = 3a; From a pseudo symmetry search a smaller cell was obtained.
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(2-n)Tt . DOS calculations were preformed on these idealized structures without vacancies
in the hydrogen partial structure. The Zintl like view is supported by the DOS. SrGeH, /3
and BaSnH, /3 show a small band gap while BaSiH, is a poor metal with a pseudo-gap at
the Fermi level (Fig. 4). Partial-DOS for SrGeH, , and BaSiH, are shown in Fig. 5 for
selected atoms and orbitals. The s-band of hydrogen atoms in tetrahedral Ae,-voids shows
only a low dispersion and lies below the Fermi level indicating a hydridic species. In contrast,
the hydrogen which terminates atoms of the Si(Ge)-chain mix with Si(Ge)-bands and also
shows a fraction above the Fermi level. The structure of SrGeH, /3 shows Ge-atoms that bind
only to three other Ge-atoms and Ge-atoms that bind to both, hydrogen and germanium.
The main direction for the interaction with hydrogen is the crystallographic a axis. Thus,
the py derived bands of the hydrogen terminated Ge-atoms are lowered while the py and p,
components as well as all components of the other germanium atoms form bands at higher
energies above and below the Fermi level. Since all Si-atoms of BaSiH, are terminated by
hydrogen in a direction all Si-py derived bands are lowered. Only the Si-p, and -p, derived

bands show electron density at the Fermi level.

Solid-state nuclear magnetic resonance (SSNMR)

In Fig. 6 we show the static (a) 2H NMR spectra of BaSiD, _ (left) and StGeD, . (right),
together with their simulations (b), and low-spinning MAS (c) spectra. For both materials,
we observe a narrow line in addition to a broad spectrum. Note that for ?H (spin-1 nucleus)
there is no central transition. Thus, the narrow lines for BaSiD, , (SrGeD, ;) of 1.3 kHz
(3.9 kHz) widths point to nuclear sites with nearly cubic local charge symmetry, i.e., vanishing
electric field gradient (EFG). On the other hand, broad powder patterns must originate from
2H nuclei with very different local charge symmetry, which causes a substantial EFG. All
widths are found to be independent of the magnetic field in frequency units (data not shown),
which points to quadrupolar linewidths for the broad powder pattern, which is also borne out

in the slow-spinning MAS spectra (6(c)). The quadrupole frequencies that characterize the
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Figure 4: Total density of states (DOS) of hydrides of BaSn, SrGe and BaSi

found isotropic EFGs are 51(1) kHz and 39(1) kHz for BaSiD, , and SrGeD, ; _, respectively.

Careful evaluations of the relative intensities within each sample revealed ratios of 1:1
(BaSiD,_,) and about 3:1 (SrGeD, , ), for narrow vs. broad spectra. This means, as one can
already guess from Fig. 6, that there are three times as many 2H nuclei occupying the sites
of higher charge symmetry in SrGeD, 3% compared to the crystallographic site that shows a
substantial EFG, while for BaSiD, . the number of nuclei in both type of sites is similar.

The field independent width of the narrow line in BaSiD, _ (1.3 kHz) is in agreement with
what one expects from homonuclear dipole-dipole coupling between ?H nuclei (derived from
the crystal structure). The much broader line in SrGeD, J3x (3.9 kHz), however, is probably
caused by a very weak quadrupole coupling (or indirect nuclear coupling), and the subject
to further investigation.

Substantial line narrowing under fast MAS (17.6 T, 25 kHz spin rate, not shown) gives
isotropic shifts for the nuclei with strong quadrupole coupling of about = 0 ppm, while

the narrow lines are clearly displaced at 6 = 11(1) ppm with regard to TMS.
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Figure 6: (a) Static solid-echo ?H NMR spectra of BaSiD, _ (left) and SrGeD, 5 (right)
obtained at 9.4 T. (b) Simulated first order quadrupole powder pattern that fits the broad
component of the static spectra in (a). (c) Slow MAS spectra (1.5 kHz) at 11.4 T are
in agreement with the assumed powder pattern from quadrupole interaction. The intense
central line is cut out for better visualization.

Spin lattice relaxation times on the order of 10? s with slight differences among the
various resonance lines (at most a factor of two) may be typical for insulating compounds,

but a definite assignment of the involved mechanisms is still under investigation.

Discussion

This paper describes two new compounds SrGeD, , ., x = 0.139(3) and BaSnD4/3_X, x = 0.055(2)
in the CaSiH, ;-structure type and it assigns a new structure type to BaSiD, ., x = 0.13(2).
According to the classification of Haussermann® these phases show features of interstitial
hydrides due to filled tetrahedral Ae,-voids (Ae = Sr, Ba) as well as features of polyanionic
hydrides due to short Tt-D (Tt = Si-Sn) distances which according to bond lengths are all
in the region of covalent interaction.

The polyanionic partial structure is strongly geometrically constraint since it lies between

ionically dominated sheets of edge connected HAe,-tetrahedra. Therefore a- and c-directions
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are rigidly coupled to the size of the tetrahedra. A hypothetical AeTtH, Ae = alkaline
earth metal, Tt = group 14 element, can be formulated according to the Zintl concept as
Ae*"H Tt . Thus, for the group 14 element (Tt ) we can expect sheets in between the
salt like tetrahedral layers similar to the structure of black phosphorus or grey arsenic. Each
Tt atom is then covalently bound to three other Tt atoms and the bonds can be suspected to
have single bond character. Indeed we find a structure motif of condensed boat configurations
in contrast to the armchair configuration in black phosphorus. Due to the rigidity of the salt
like layers a totally condensed AeTtH-structure was not obtained yet. To comply with the
predetermined required space additional Tt—H(D) bonds are formed (Fig. 3).

In SrGeD, Jax and BaSnD, /35 WO thirds of the tetrel atoms form an additional Tt-Tt
bond compared to the hydrogen (deuterium) free Zintl phase. With this additional bond
tetrel atoms form condensed six-rings in boat configuration. In crystallographic a-direction
two boats are condensed, while an infinite chain of these double row of boats runs along
crystallographic ¢ axis. The last third of the tetrel atoms is hydrogen (deuterium) terminated
and therefore separates the condensed boats spatially (Fig. 3). Both compounds are non-
stoichiometric and furthermore for SrGeD, /3 16 Was shown that x changes slightly over
time.3 The tetrahedral Sr,- or Ba,-voids are fully occupied (Tab. 3, D1-D3), but the boat
terminating site (Tab. 3, D4) is not fully occupied and thus some germanium/tin atoms are
undersaturated. Assuming ideal composition (x = 0) the Zintl concept can be applied giving
Ae?™H (Tt *)2/3((TtH) ’)1/3.

BaSiD, , shows a new structure type where the polyanion forms zig-zag $°[(SiH) ~| chains.

They are isoelectronic to a poly-phosphane (PH),, which is claimed to be a non-volatile

yellow solid,® but proof of its existence is still elusive.®%? BaSiD, _ is a non-stoichiometric
compound as well with 95% of the tetrahedral Ba, voids occupied as well as 91% of the
silicon atoms terminated by hydrogen (deuterium). In the ideal composition it could be

considered as Ba?"H ~(SiH) ~.

All phases show an undersaturation at the Tt-polyanionic backbone, which needs expla-
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nation. This non-stoichiometry effect can be rationalized in two ways. First there could
be additional Tt-Tt bonds and therefore more extended polyanions, which derive from the
current model by further condensation along the crystallographic a direction. In case such
larger units would be statistically distributed within the crystal structure, this might result
in reduced deuterium occupation as observed in the structure refinements. As an alterna-
tive explanation m-bonding in the polyanion may play a role. From DFT calculations of
AeSi (Ae = Ca-Ba)561 as well as an experimental charge density study on CaSi® it is well
known that poor metallic behavior is caused by m-bonding due to Si(p)-Ae(d)-overlap and
therefore depopulated 7*-bands. An oxidation by depopulating 7*-bands would result in
shortened Tt-Tt bonds within the chains. Experimental data unfortunately do not allow a
clear distinction between those two models. In any case Tt-D distances might be affected
hereby.

From a structure refinement of neutron diffraction data the Ge-D distance is 1.521(9) A,
which is in the same region as for molecular GeD, at low temperatures, while the Sn-D
distance of 1.858(8) A is 8% larger than in molecular SnD, at low temperature.% Quantum
chemical structure relaxation on the idealized compositions shows good agreement for Sn-D
with 1.867 A, but assumes a larger distance for Ge-D with 1.667 A. The non-stoichiometry
should have a larger effect on the calculation of SrGeD, /3. SINCE X I8 larger in this case. The
Si-D bond length in BaSiD,_, which was determined as 1.641(5) A, is elongated compared
to similar covalently bound Si-D groups like 1.54 A for B3-KSiD; at low temperature,'” but
a comparable bond length was determined for a hypervalent Sngi moiety.%” Quantum
chemical calculations suggest a 4% shorter Si-D distance, but were done on an idealized
composition.

Partial density of states (pDOS) which was calculated for both structure types (i.e. for
BaSiH, and SrGeH, /30 Fig. 5) shows a strong difference between the hydrogen located in a
tetrahedral alkaline earth void and the hydrogen binding to the tetrel chain. The tetrahedral

site shows a sharp band with negligible contribution of electronic states of other atoms. The
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pDOS of hydrogen bound to tetrel is highly dispersive and mixes with tetrel states mainly
arising from the py-orbitals pointing to the hydrogen atom. Thus a bonding interaction is
assumed here.

The Ge-Ge distances change over time due to a small deuterium release which is explained
in detail in a forthcoming paper.3® While synchrotron powder diffraction was done on a
freshly prepared sample neutron diffraction was done after 70 days. The Ge-Ge bonds of the
zig-zag chains as predetermined by the hydrogen (deuterium) free Zintl phase are shortened.
Synchrotron diffraction results fit DFT calculated distances (given in square brackets) well
with d(Gel-Ge2) = 2.5720(16) A [2.556 A] for the hydrogen (deuterium) terminated chain
and d(Ge3-Ge3) = 2.5681(13) A [2.577 A] for the middle chain. Neutron diffraction shows
a further contraction for the terminal chain with 2.511(5) A. Therefore the bonds in chain
direction are much shorter than in the hydrogen (deuterium) free Zintl phase with 2.6462(16)
A [2.613 A]. As discussed above this shortening might be caused by depopulating 7*-bands,
i. e. oxidation of the Zintl polyanion. Comparing the DF'T derived values for the Zintl phase
and its hydride confirms this trend (see Tab. S5). The chain connecting bond running in a-
direction is strongly elongated (d(Ge2-Ge3) = 2.743(6) A) compared to the other bonds. The
same trend is obtained for BaSnD, , (Tab. S5). The Si-Si chain does not show a significant
difference to the hydrogen (deuterium) free Zintl phase. DFT calculated distances on a fully
hydrogen terminated Si-chain confirms this. For details see Tab. S5.

The Si-Si-Si angle is 111.4°, while Ge-Ge-Ge and Sn-Sn-Sn angles are systematically
smaller in the region of 103.37(8)°-107.9(3)° and 98.52(14)°-105.41(16)°, respectively (Tab.
S5). They fit DFT derived angles well and are larger than the angles in black phosphorus
(102.09(8)° and 96.64(4)°%8) or grey arsenic (96.64(6)°%?) which resemble condensed armchair
six-rings. The D-Ge-Ge angle is 101.8(3)° and therefore widened compared to the DFT
derived value (96.3°), which might be caused by the non-stoichiometry effect again. The
D-Sn-Sn and D-Si-Si angles fit to the DFT value (Tab. S6). These angles are smaller than

the corresponding Tt-Tt-Tt angles.
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Solid state NMR was performed on the *H nucleus of BaSiD, , and SrGeD, /3 10 order
to avoid contamination from spurious 'H signals. Based on the structure of the materials it
appears unambiguous to assign the different crystallographic sites to our two NMR signals in
Fig. 6. The narrow lines represent ?H in the tetrahedral voids that have nearly cubic charge
symmetry. Whereas, the broad signals are caused by *H nuclei attached to Si/Ge atoms.
The latter sites are expected to show a substantial axially symmetric quadrupole splitting
if chemically bound to Si/Ge (o-bond). Further experimental proof for this scenario comes
from the NMR intensities. For SrGeD, 30 due to the tilting and the interconnected Ge
chains (Fig. 3), the number of ?H atoms enclosed by the Sr, tetrahedral voids exceeds that
of the Ge chain sites by a factor of about 3. On the other hand, for BaSiD, , we expect
nearly equal numbers of nuclei in either position. More independent confirmation of the
assignment comes from the fact that both sites are expected to be rather similar in both
materials, and that is what we find from NMR shifts and quadrupole splittings. Thus, there
can be no doubt with regard to the site assignment.

Obviously, the vanishing quadrupole splitting is expected for the 2H sites within tetrahe-
dra for symmetry reasons. The different quadrupole splittings (51(1) and 39(1) kHz) for the
polyanionic sites fit an expected general trend that o-bonds involving silicon are stronger
than in the case of germanium.

While the width of the narrow line for BaSiD,__ is in good agreement with nuclear dipole-
dipole coupling, for SrGeD, 3% significant additional broadening is present. Since it is field
independent, a likely candidate is a weak quadrupole coupling. Indeed, the tetrahedral voids
spanned by Sr atoms are much less regular compared to those made up by Ba in BaSiD, .
The resulting distortion is prone to result in a non-vanishing EFG that could explain the
observed width.

The chemical shifts are very similar for both materials with a about 6 = 0 ppm for the
polyanionic site and about 6 = +11 ppm for the tetrahedral site referenced to TMS. The

perhaps surprisingly large positive shift for hydrogen in the tetrahedral voids is not unusual
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since the ?H chemical shift in BaD, was reported to be about § = +9 ppm.”™!

Since the nuclear relaxation is rather long and similar in both systems substantial con-
tributions from itinerant carriers are not likely. Furthermore, paramagnetic impurities such
as Fu, which are common in strontium and barium, might easily explain the observed relax-

ation.

Conclusion

In this contribution we show the existence of two new phases SrGeD, J3x and BaSnD, 3
Since there are two additional hydrogen (deuterium) poor phases in the SrGe-H, system
(as shown in a forthcoming paper®’) SrGeD, /5 Will be called 7-SrGeD, as well. We also
reinvestigated the compound BaSiD,_,.

The existence of polyanionic hydrides (deuterides) of group 14 elements was questioned.
While Ohba et al.?* assume a short Si-H distance of 1.58 A and thus a covalent bond in
CaSiH, ; from synchrotron diffraction as well as DFT calculations, Wu et al.? found a much
longer distance d(Si-D) = 1.82 A from powder neutron diffraction. They support their view
by neutron vibrational spectroscopy.

We now could show the existence of new polymeric main-group element-hydrogen struc-
tures with the group 14 elements Si, Ge and Sn. We prepared the deuteride phases SrGeD,, /3%
and BaSnD, J3x that resemble the structure which was proposed by Ohba et al.?* for CaSiH, ,.
The polyanionic structures show similarities to the elemental structures of black phosphorus
or grey arsenic, but, while these elements consist of condensed armchair six-rings, the new
structures show a condensed boat motif. It is topologically related to the boron partial struc-
ture of OsB,™ which is cut by the terminating hydrogen (deuterium) atoms. In addition
some of the germanium and tin atoms are terminated by deuterium. The bonding length of
d(Ge-D) = 1.521(9) A [1.667 A] and d(Sn-D) = 1.858(8) A [1.867 A] (DFT calculations in

brackets) are clearly in a region of covalent bonding.
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In the structure of BaSiD, , the zig-zag Si*  chain as in the parent Zintl phase BaSi is re-
tained. However it is terminated by hydrogen (deuterium) (except for the non-stoichiometry)
forming a linear (SiH) ~-chain as we would expect from a poly-phosphane. The distance d(Si-
D) = 1.641(5) A as obtained from neutron diffraction (DFT: d = 1.573 A) is larger than the
value proposed for CaSiH, ; by Ohba et al.?* but much shorter than the value Wu et al.?
determined by neutron diffraction for CaSiD ,.

We also applied solid-state NMR to BaSiD, , and SrGeD, 3% and could distinguish and
assign two chemically different sites. The quadrupolar interaction of the 2H nuclei bound to
Si/Ge atoms fits into the picture of a covalent bond. Therefore we can show the first well

confirmed polyanionic hydrides of group 14 elements.
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diffraction as well as calculated by DFT structure relaxations (Tab. S1-S4). A list of Tt-Tt
distances and Tt-Tt-Tt angles (Tab. S5). A list of Tt-D distances and Tt-Tt-D angles
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The hydrogenation of the Zintl phases BaSi, SrGe and BaSn leads to the
formation of polyanionic hydride partial structures with covalent Tt-H
(Tt = Si, Ge, Sn) bonds.
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