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Hypervalence is a well established concept in chemistry,
referring to aggregates (molecules, ions, extended structures)
in which main group atoms—through their coordination with
ligands—attain an environment of electron pairs that exceeds
the number of four.!'! The phenomenon is typically associated
with sufficiently large central atoms (from periods 3 and
higher) and electronegative ligands, such as F, Cl, and O.
Bonding in hypervalent species is conveniently described by
the three-electron, four-center (3cd4e) model® and it is
commonly believed that a high polarity is essential for
stabilizing the hypervalent bond."!

The electronegativity of hydrogen is similar to p element
central atoms, and this is one of the reasons why hydrogen is
rarely observed as ligand in hypervalent species. With
phosphorus the neutral fluorophosphoranes PH,Fs_, (n=1,
2, 3)*3 and the 1-octahedral ion PHFs~ are known.[!
Furthermore, a range of pentacoordinated hydridosilicate
anions have been prepared and characterized, for example,
SiH,R;~ and SiH,OR;™."®l Such species have received
attention because of their significance as model systems,
intermediates or transition states in organosilicon reac-
tions.[1%

The only hypervalent all-hydrido species known so far is
the ion SiH;~ which was identified as a product of the gas
phase ion-molecule reaction Et;SiH,” + SiH, = SiHy~ +
Et;SiH by mass spectrometry.!"] This ion subsequently served
as prototype for various theoretical investigations into bond-
ing properties and the stability of hypervalent com-
pounds.">! Tt was found that SiH;™ is stable with respect to
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the loss of H™, but unstable with respect to decomposition
into SiH;~ and H,.'* ") Here we report on the thermodynami-
cally stable solids A,SiH; (A =K, Rb)—consisting of unique
hypervalent all-hydrido complexes SiHs —which were
obtained from high-pressure techniques.

Initially, a reaction 2KH + Si + 2H, — K,SiH; (1) was
pursued. Stoichiometric mixtures of KH and Si were pressed
into a pellet which was sandwiched between two pellets of
ammonia borane (BH;NHj;). The three-pellet arrangement
was then sealed in a NaCl container (inner diameter ID =
4 mm, length /=7.9 mm) and exposed to high-pressure, high-
temperature conditions in a multi-anvil device. At elevated
temperatures, ammonia borane irreversibly decomposes to
BN and 3H, and thus serves as hydrogen source for the
reaction.'"! Powder X-ray diffraction (PXRD) patterns of
samples exposed to temperatures between 450 and 650 °C and
pressures above 4 GPa revealed the formation of a face-
centered cubic phase (a ~7.84 A). However, the major part of
the recovered sample (estimated at 70 %) corresponded to
unreacted KH and Si. The new phase, later identified as
K,SiHg, could be distinguished visually as greenish-yellow
speckles or stripes embedded in the gray matrix of the starting
material mixture. The hydridosilicate is highly sensitive to
moisture. Despite numerous attempted reaction conditions
(temperature, pressure, dwelling time, amount of hydrogen
source, KH:Si ratio) yields for K,SiHg did not significantly
increase, not even when applying pressures approaching
10 GPa. As a next step the decomposition reaction 2KSi +
3H, — K,SiHy; + Si (2) was considered. Although this
reaction proceeded readily at pressures above 4 GPa it came
at the cost of significant amounts of KBH, as byproduct, the
boron obviously introduced by the hydrogen source BH;NH;.
Efforts to synthesize Rb,SiH, according to Equations (1) and
(2) showed similar results to K,SiH.

The lattice parameter a of cubic A,SiHg was refined to
7.8425(9) and 8.1572(4) A for A=K and Rb, respectively.
Bragg intensities fit the K,PtCl, structure type (space group
Fm3m) which is also adopted by A,SiF,. Accordingly, the
structure of A,SiHg corresponds to an anti-fluorite-type
arrangement of SiHs*~ octahedral units and alkali metal (A)
cations (inset Figure 1), which are coordinated by 12 H atoms
(i.e. by four tetrahedrally arranged faces from four different
octahedra). The Si and A-type atoms occupy the special
positions 4a (0,0,0) and 8c (1/4,1/4,1/4), respectively, while the
H position 24e (x,0,0) represents the sole flexible structural
parameter. This parameter cannot be reliably obtained from
the refinement of PXRD patterns.

Figure 1 presents the Raman and IR spectrum of K,SiHj.
Raman bands are observed at 1739, 1343, and 1133 cm™!, and
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Figure 1. Raman (lower curve) and IR spectrum (upper curve) of
K,SiHg. Bands correspond to Si—H stretching and bending modes and
are assigned assuming SiH¢?~ entities with O, symmetry. The un-
assigned band at 1367 cm™' may be from an impurity or a result of
Fermi resonance. Inset shows an octahedral SiHs>~ entity (Si: medium
gray, H: light gray) and their arrangement in the cubic face-centered
K,SiHg structure (K: dark gray)

two major IR bands appear at 1560 and 1014 cm™'. An
octahedral ion SiH>~ will give rise to six internal fundamental
modes, three Si—H stretches with symmetry A;, (R), E, (R),
and Ty, (IR) and three Si—H bends with symmetry T, (R), Ty,
(IR), and T,, (ia). Activities are specified in parenthesis (IR =
IR-active, R = Raman-active, ia =inactive). This agrees with
the number of observed bands, and we assign the bands at
1739, 1560, and 1343 cm ™! as Si—H stretches and those at 1133
and 1014 cm ™" as Si—H bends. We note that the frequencies of
the stretching modes appear considerably decreased in
comparison with normal-valent tetrahedral silane SiH,
(¥1(A))=2186 cm™!, ¥5(T,)=2189 cm™!), while the bends
are at slightly higher frequencies (SiH,: V,(E)=972cm,
V,(T,) =913 cm™!)."1 On the other hand, for Ph;SiH,™ the IR
frequency of Si—H was observed at 1524 cm ™!, which would be
in reasonable agreement with the finding for SiH¢>~.[*! In
Ph;SiH,™ hydrogen takes the axial (3c4e bonded) positions in
the trigonal bipyramidal ligand environment.*

First-principles calculations have been employed to
analyze electronic structure, chemical bonding, and thermo-
dynamic stability of K,SiH,. The computational optimization
of the K,SiH; structure yielded a lattice parameter 7.852 A
(7.978 A when more realistically considering the effect of
zero-point energy (ZPE) to the equilibrium volume) which is
in close agreement with the experimental value. The H
positional parameter was obtained as x=0.2058 which
resulted in a Si—H distance of 1.62 A (not changed when
ZPE corrected). This distance compares favorably to R;SiH,~
where the two Si—H distances have been reported as 1.64 and
1.65 A* and to the axial distance in SiH;~ in its computed
equilibrium structure (1.61-1.64 A).>%]

The electronic band structure of K,SiHg is shown in
Figure 2a and compared to the archetypical hypervalent
system K,SiFs. The occupied bands for K,SiHg mirror the
molecular orbital energy levels of SiH,"". The highest lying e,-
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type band, which is nonbonding and primarily composed of H
states, shows a significant dispersion (about 1.5eV). The
calculated band gap has a size of about 2 eV and is indirect
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Figure 2. a) Band structures of K;SiH, (left) and K,SiF, (right). The
horizontal dotted line corresponds to the center of the bandgap. Inset
represents the molecular orbitals of the hypervalent bond in SiHg*".
Bands accounting for hypervalent bonding in K,SiF; are highlighted in
red. b) Contour maps of maximally localized Wannier functions asso-
ciated with a Si—H (left) and a Si—F bond (right) in K,SiH, and K,SiFg,
respectively. The broken white line separates positive from negative
values.

due to the dispersion behavior of the e, band. In contrast,
because of the electronegative F ligands, K,SiF; (a=
83044 A, dgr=1.72 A)' attains a wide band gap (with
a size of about 7 eV). The occupied bands are considerably
less dispersed compared to K,SiHg. The nonbonding e, band
is embedded between bands accounting for lone pair states,
and because of the altered nature of the highest occupied
band the band gap is direct.

The rather different nature of the hypervalent Si—H bond
compared to Si—F is highlighted by their maximally localized
Wannier functions (MLWFs), as shown in Figure 2b. Gen-
erally, the Wannier representation allows a real-space pre-
sentation of the electronic structure based on localized
orbitals.'” However, Wannier functions are constructed
from extended Bloch states and are non-unique. Marzari
and Vanderbilt developed a procedure to iteratively minimize
the spread of the Wannier functions so that they are well
localized about their centers, hence MLWFs.2! The calcula-
tion for K,SiHg yields six spatially separated and equivalent
MIWFs corresponding to Si—H bond orbitals. In addition to
Si—F bond orbitals, for K,SiF; MLWFs corresponding to lone
pairs around F are also obtained. Both Si—H and Si—F
MLWFs are centered at the electronegative atom; however
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their spread, that is, the measure of localization, is
rather different: 1.201 A for Si—H and 0.438 A2
for Si—F. This means that the Si—-F MLWF is
considerably more localized. As a matter of fact,
the spread for the Si—F MLWEF is essentially the
same as for the lone pair MLWF (0.436 A?), which
underlines the very high polarity of the Si—F bond.

The different ionicities of K,SiHg and K,SiF, T
may be quantified through a Bader analysis which
partitions the total electron density distribution in
the unit cell into atomic regions, defined as
surfaces through which the gradient of the density
has zero flux.?!! By integrating the charge density
within a region associated to a nucleus the total
charge on an atom can be uniquely estimated. The
results are compiled in Table 1. KH and KF with
the NaCl structure are included as reference
systems. As expected, the charge transfer in KF
(+0.86) is considerably larger than in KH (£ 0.76),
manifesting the higher ionicity of the former.
Interestingly, F in K,SiF attains a very similar

o/em’!

Table 1: Atomic charges according to a Bader analysis.”'!

KH K +0.760 KF K +0.857
H ~0.760 F —0.857
K,SiH, K +0.809 K,SiFs K +0.912
Si +2.502 Si +3.251
H —0.687 F —0.846

charge to F in KF (—0.85) which in turn yields high positive
charges for Si and K (+3.25 and +0.91, respectively). This
indicates that highly electronegative F determines the ionicity
of K,SiFs. In contrast, the charge for H in K,SiHy is
considerably lower (—0.69) compared to H in KH, leading
to less positive charges on Si and K (+2.50 and +0.81,
respectively).

First-principles calculations of phonons (within the quasi-
harmonic approximation) provide the possibility to confirm
the assignment of experimentally determined vibrational
modes (Figure 1), investigate the dynamical stability of
compounds, and assess thermodynamic functions.” Fig-
ure 3 a (left) shows the calculated phonon dispersion relations
for K,SiHg at the computed (theoretical) ZPE volume. These
dispersion curves show the phonon frequencies along special
directions in the Brillouin zone (BZ); k points describe the
propagation direction and the modulation of displacements of
a phonon. Inelastic neutron scattering allows the experimen-
tal determination of phonon dispersions, the situation at the
zone center (I" point) is accessible by optical spectroscopy (IR
and Raman).

The mode with the highest frequencies has virtually no
dispersion and corresponds to the Raman-active total sym-
metric stretch A, at I. The calculated frequency at T’
(1739 cm™) is in excellent agreement with experiment
(1739 cm™!, cf. Figure 1). The next modes show dispersion
and relate to the IR-active T, mode, which is split at the "
point (LO-TO splitting), and the Raman-active E, mode. The
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Figure 3. Left: Calculated phonon dispersion curves for K,SiH, at the ZPE equilibri-
um volume. Gray circles mark the Raman-active modes, diamonds the LO-TO split
IR-active modes, and the black circle the inactive mode. The phonon dispersion of
the libration mode is indicated as gray lines. Right: Corresponding phonon
dispersion curve for Na,SiHg. Frequencies of the libration mode are imaginary.

T,, components have the frequencies 1580 cm™ (TO) and
1501 cm ™' (LO), and the E, mode has 1352 cm™". This is again
in perfect agreement with experiment (1560 and 1343 cm™!,
respectively). Modes associated with bends are located
around 1000 cm™', the Raman-active T,, mode is calculated
at 1069 cm™', the components of IR-active T;, are at
1067 cm™ (TO) and 959 cm™' (LO), and the inactive T,,
mode is at 930 cm~!. For the bends calculated frequencies
seem underestimated by about 6 % compared to experiment.

The internal modes (arising from the entities SiH¢>") are
clearly separated from the external (lattice) modes and
appear below 500 cm™'. Lowest in frequency are the acoustic
and the two optic translation modes T,, and T, (K™ vibrates
against SiH,>"). The libration (or torsion) mode is dispersed
around 300 cm'. Libration describes the rotation of octa-
hedral units against each other and involves only hydrogen
motion. The phonon dispersion of this mode is highlighted in
Figure 3 (left). The mode is inactive in optical spectroscopy
(T,,) but may be involved in a combination with the also
inactive T,, bend and thus give rise to Fermi resonance,”!
which could explain the feature in the IR spectrum at
1367 cm™' (Figure 1). Interestingly, libration appears to
determine dynamical stability of hydridosilicates A,SiHg.
Figure 3 (right) shows the phonon dispersion relation for
hypothetical Na,SiH,. At the theoretical equilibrium volume
phonon frequencies of the libration mode are imaginary
throughout most of the BZ, meaning that this mode is instable
and thus Na,SiH, with the K,PtCl; structure is not accessible.
The reason is probably that dynamical stability of hydrido-
silicates A,SiH, requires a sufficient separation of SiH*~
octahedra in the structure, which is not possible with smaller
alkali metals.

The application of high pressure for the synthesis of
K,SiH; may raise the suspicion that the compound represents
a metastable high-pressure phase. With knowledge of the
phonon density of states the vibrational contributions to
internal energy E (that includes ZPE), entropy S, and
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Helmholtz free energy F can be computed.’ In the
quasiharmonic approximation phonons are harmonic but
volume-dependent. The equilibrium volume of a system is
established by minimizing Fr,. The difference of the Gibbs
free energy for the formation reaction 2KH + Si + 2H, —
K,SiHg is AGy=G[K,SiHg] — 2Gn[KH] — Gp[Si] —
2Gp[H,] with Gy=H7)—TS 1. The temperature-depen-
dent contribution to the Gibbs free energy for a hydrogen
molecule was approximated by using values for H ), Sz, and
H,, from thermochemical tables.””!

The result is shown in Figure 4 and decomposed into AH
and T AS terms. The enthalpy difference AH 7 is negative and
its values are slightly decreasing with increasing temperature.

T T T T T
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Figure 4. Temperature-dependent energy differences between [2KH +
Si + 2H,] and K,SiHe. AG, TAS, and AH denote the difference in
Gibbs free energy, in entropy contribution, and in enthalpy, respec-
tively. The calculated decomposition temperature of K,SiHg is marked
with an arrow.

Thus the formation reaction is exothermic. The TAS term is
always negative and follows largely that of a hydrogen
molecule, TAS[H,].* At about 200 K TAS equals AH.
At higher temperatures K,SiH, is unstable with respect to
KH, Si, and H, and will decompose if not prevented for
kinetic reasons. The stability of Rb,SiHj is calculated slightly
higher, at 260 K. The significance of pressure for the synthesis
of A,SiH, (A=K, Rb) is two-fold. Firstly, with pressure the
decomposition temperature will shift to higher values, thus
enabling the application of elevated temperature for syn-
thesis. Secondly, at pressures above 1 GPa the activity of
molecular hydrogen increases sharply, which favors hydrido-
silicate formation.?"!

In conclusion, we have shown that high-pressure synthesis
affords elusive all-hydrido hypervalent species, namely octa-
hedral complexes SiHg*~ in the crystalline hydridosilicates
A,SiH; (A =K, Rb). The compounds seem weakly stable with
respect to decomposition into AH, Si, and H,. Stability
increases with increasing size of A, which is equivalent with
a larger separation of SiHg>~ entities. For lighter alkali metals
(e.g. Na) A,SiHg is dynamically unstable. With H as a ligand
the hypervalent bond attains a peculiar, relatively weakly
polar, character. As a consequence, occupied nonbonding
molecular orbitals accompanying the hypervalent bond are
high in energy, which results in a small HOMO-LUMO
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(band) gap compared to traditional hypervalent systems with
electronegative ligands. Compared to normal valent silanes
the Si—H bond length in SiH¢ appears considerably
enlarged, by about 0.15 A. Accordingly, Si—H stretching

frequencies are drastically reduced, by about 400-500 cm™!,

reflecting the weakness of a hypervalent Si—H bond.

Experimental Section and Methods

In a typical synthesis 50-70 mg of a mixture of AH/Si or ASi were
sealed in a NaCl capsule together with ammonia borane as a hydrogen
source (20 mg, Si:H ratio at least 1:10). The capsules were compressed
in a multi-anvil device?” to a pressure between 4 and 9 GPa and
subsequently heated to a temperature between 400 and 700°C at
a rate of 1-2°Cmin~'. Depending on the applied pressure ammonia
borane decomposes between 200 and 320°C to BN and H,.['" After
equilibrating samples at their target temperature for 1 h, the temper-
ature was quenched and the pressure released at a rate of
approximately 0.5 GPah~!. The preparation of sample capsules and
their recovery after high pressure, high temperature treatment was
performed in an Ar filled glove box. The procedure of multi-anvil
gigapascal hydrogenation using ammonia borane as internal hydro-
gen source has been described in detail in Ref. [28].

Products were analyzed by powder X-ray diffraction (PXRD),
Raman and IR spectroscopy. Samples were ground, loaded into
0.3 mm capillaries, and measured on a Bruker D8 Advance diffrac-
tometer (Cug, radiation). Lattice parameters were obtained from
Rietveld refinement as well as least-squares refinement of the
measured and indexed lines.”** Raman spectra were recorded on
capillary sealed samples that were also used for PXRD. A custom
built system was employed using a frequency-doubled YAG laser at
532nm as excitation source and a liquid nitrogen cooled CCD
detector. IR spectroscopy was carried out on a Bruker IFS 66v/
s instrument. KBr pellets were prepared in a glove box and
transferred in a closed container to the spectrometer.

Calculations were performed in the framework of the frozen core
all-electron Projected Augmented Wave (PAW) method,*! as imple-
mented in the program VASP? and the plane wave Abinit codel™!
employing the GGA-PBE as the exchange correlation.® Si, H, and F
pseudopotentials were obtained from the fhi98PP package.*™ For K
and Rb the pseudopotentials according to Goedecker, Teter, and
Hutter were used.?!

The Supporting Information contains further details on the
synthesis procedure, the analysis of products (including Rb,SiHg), and
the computational procedure.
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