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Abstract: The Zintl phases Ks-«NaxSis (1 < x £ 2.2) and K;NaSis are
the first ternary phases in the K-Na-Si system and both contain
tetrahedral [Sis]*" clusters next to a charge-balancing number of K*
and Na" cations. All phases Ks-,NaSis (1 < x < 2.2) crystallize in a
new structure type with space group P2:/n, as determined via single
crystal X-ray diffraction of the parent phase KsNaSi,. Rietveld
refinement of X-ray diffraction data showed that the solid solutions
follow Vegard'’s rule. K;NaSis can only be synthesized by diffusion
controlled reaction of binary precursors and is isostructural to the
known A;ATg (A = Na — Cs, A’ = Li, Na, T = Si, Ge) phases. A
combination of solid-state NMR investigations and QM calculations
serves to show the anisotropic chemical bonding behavior of all
atoms in K;NaSis which is additionally compared to the related
phases A;NaSis (A = Rb, Cs).

Introduction

Most binary alkali metal silicides and germanides in the phase
systems A - T (A =Li—Cs; T = Si, Ge) are typical examples of
Zintl phases. These polar intermetallic compounds can be
described by a formal electron transfer from the electropositive
alkali metal to the more electronegative tetrel (T) atoms. The
resulting tetrel anions form substructures that can often be
rationalized using the octet or (8 — N) rule.

In lithium tetrelides, the Li cations can stabilize a large variety of
polyanions of the tetrel elements® due to a strong covalent
contribution to the Li-T bonds. Such polyanions include three-
dimensional substructures in the compounds LiT®! and two-
dimensional slabs of T atoms in Li;Ges, and LizNaSie.[*® Often,
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small anionic tetrel clusters are observed such as dumbbells in
Li;T4® and LisNaGe,™ and Friauf polyhedra [Li@LisGe7]'* in
Li;sNa;Gey; and Li;RbGeg.®! The latter two Zintl phases also
contain tetrahedral [Ge,]*” clusters. The Li-rich binary tetrelides
such as Lii7Ty, LissTs and Li;sT4 Seem to evade compositions
such as LisT allowing a salt-like and valence electron precise
situation. ™

In contrast, the alkali metals heavier than lithium only form less
alkali metal-rich silicides and germanides with binary AsT4 (A =
Na — Cs)*% peing the most alkali metal-rich phases. Aside
from clathrate-type phases™™ their anionic substructures
comprise only either tetrahedral [T4]*" or deltahedral [To]*
clusters or both. These clusters are separated and balanced by
an appropriate number of alkali metal cations, resulting in
various binary and ternary Zintl phases with differing structure
types. Binary phases include AsT4 (A = Na — Cs),!% A,Geg (A
=K — Cs)™ and A;,T17 (A = Na — K),* and the ternary phases
A;NaSis (A = Rb, Cs),’*¥® A;NaGes (A = K — Cs)to%
Cs:Na,Ge#! and KgRbeSii7?? have also been reported.
Additionally, the semiconductor Ba,Sis with slightly distorted
[Sig]* units®?! as well as the metallic Zintl phase BasSis
comprising butterfly-like [Sis]® anions®®® have been prepared.
Alkali metal silicides and germanides have been proven to be
suitable precursors for a broad range of new Si and Ge
materials. For example, thermal decomposition of NasSis under
vacuum yields the guest-free clathrate [24Siiz6*® Guest-free Ge
clathrates ,4Gei3s can be prepared by oxidation of NasGeg in
ionic liquids.*" Oxidation of Li;Ges, with protic solvents leads to
the topochemical formation of allo-Ge, a crystalline Ge
allotrope.™*28 Amorphous Si is obtained upon both oxidation of
LisNaSis with protic solvents and extraction of Li;sSis with liquid
ammonia.”®! Using surfactants, elemental nanostructures such
as hexagonal mesoporous Ge can be synthesized from K,Geg
and polymeric '.[Geg]* solutions.F? Polymethylmethacrylate
(PMMA) opals can function as templates for the synthesis of
inverse opal structured Ge from solutions of [Geg]*™ clusters.[*!
In addition, Zintl phases containing tetrahedral [Sis]*” and [Ge4]*”
anions have been shown to be efficient precursors for
nanocrystalline Si and Ge. Kauzlarich et al. have shown that
binary NasSis, K4Si, and NasGe, as well as ternary Rb;NaSis can
be reduced to Si and Ge nanoparticles upon reaction with TCl,
or NH4Br.*? Depending on the workup procedure, the particle
surfaces can be capped with different functional groups.®* In
addition, it was possible to monitor the synthesis of alkyl-capped
Si nanoparticles from Na,Sis and SiCl, via NMR spectrometry.**!
Furthermore, the binary compounds AsT4, A4Geg, and A12T17 are



frequently used as precursors for the preparation and
modification of Zintl clusters in solution.5%!

The combined application of nuclear magnetic resonance (NMR)
spectroscopy and quantum chemical (QM) calculations allows
the chemical bonding in intermetallic phases and the anisotropy
of charge distribution to be investigated and rationalized.F"%
Anisotropy is accessible via the so-called quadrupole coupling,
i.e., the interaction of the electric field gradient (EFG) with the
nuclear quadrupole moment.®”’ Some of us have recently
applied this approach to gain insights into the chemical bonding
of the Zintl phases A4Sis (A = Na — Cs) and A;NaSis (A = Rb, Cs),
which all contain tetrahedral [Sis* clusters. %! |n solid
solutions Rb;NaSis-xGex the presence of mixed (Sis-xGex)*
clusters could be proven using these techniques.®

In order to broaden the selection of possible precursors for Zintl
ions in solutions and the synthesis of novel materials we have
been searching for new alkali metal tetrelides by mixing different
alkali metal cations. As seen in the various ternary phases,
employing cations of different sizes such as Na and K can
stabilize different structure types and polyanions. Herein, we
present the synthesis of two new Zintl phases in the Ks—xNaySis
system comprising tetrahedral [Sis]*" clusters: the solid solution
Ks-xNaxSis (1 < x £ 2.2) and K;NaSis have been structurally
characterized by X-ray diffraction (XRD). Furthermore, solid-
state NMR and QM calculations were utilized to gain insights
into the chemical bonding of K;NaSis in a comparative study with
A7NaSi3 (A = CS, Rb)

Results and Discussion

The K4xNaySis System

Figure 1 shows the different phases identified in the K4-xNaxSis
system as part of this study. Prior to this work only the binary
phases KiSis (P 23n)™ and NasSis (C2/c)*¥ were known,
KsNaSis and KssNagsSis, crystallizing with space group P2i/n
and Pa3, respectively being identified for the first time. K4Sia,
KssNagsSis and NasSiy, are stoichiometrically exact phases,
whereas solid solutions such as KsNaSi, exist in the range of 1 <
X < 2.2. The four phases crystallize in four different structure
types and space groups. KssNagsSis is isostructural to the
known phases A;NaSis (A = Rb, Cs),'>*® K;LiGeg,*® A;NaGes
(A =K —Cs),*? and A;LiSis (A = K — Cs)*"*® and will therefore
be denoted as K;NaSig from now on.

_ 0 1 2 3 4
x in K,_Na,Si, } ‘ } } {

0 05 12x<22 4
sum formula K, Si, K;.Na,.Si, K, ,NaSi, Na,Si,
space group P43n Pa3 P2./n C2ic

crystal system cubic cubic monoclinic monoclinic
z 8 8 4 4
reference [11] this work this work [39]
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Figure 1. Zintl phases in the K4-xNa,Si, system and their structure types. Grey
blocks symbolize single-phase regions and shaded areas are two-phase
regions.

Synthesis of KzNaSi,

In an initial experiment aimed at the synthesis of “KsNaSiy” the
novel ternary Zintl phase Ks;NaSis was obtained in addition to
unreacted Si. Nearly phase-pure KsNaSis can be synthesized
from the binary precursors KsSis and NasSis according to
equation (1) or from a stoichiometric mixture of the pure
elements at 600 °C in sealed Nb ampoules. The latter synthesis
method vyielded single crystals suitable for X-ray structure
analysis.

3 K4Sis + NaySis = 4 KsNaSia (l)

K3NaSi, crystallizes in the monoclinic space group P2i/n (Table
1) in a new structure type comprising three K, one Na, and four
Si positions (all Wyckoff position 4e, Figure 2a). The Si atoms
form a slightly distorted [Sis]*” tetrahedron with typical Si
distances (2.38-2.46 A) and angles (58.6-61.6°). Its
coordination sphere (Figure 2b) consists of three face-capping
n°-K ligands, two n>-Na and n?-K ligands each and eight terminal
ligands (seven K and one Na). The corresponding K-Si and Na-
Si distances of 3.30-3.86 A and 2.98-3.11 A, respectively (s.
Table S2), are comparable to those in K4Sis and Na,Sis. 2
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Figure 2. a) Projection of the unit cell of K3NaSi, onto the bc-plane; b)
coordination sphere of [Si4]4‘ tetrahedra. Anisotropic displacement parameters
are shown with 90 % probability at 100 K.

Table 1. Crystal structure data for KzNaSij.

KsNaSiy
Formula KsNaSi,
M;, g mol™ 252.65

Cryst. size, mm?® 0.31x 0.20 x 0.14

Crystal shape block
Crystal system monoclinic

Space group P2,/n (No. 14)

a A 6.6791(5)

b, A 13.685(1)

c, A 10.7427(9)

B,° 100.667(4)

v, A2 965.0(1)

z 4

Deaica, g €M™ 1.739

p(MoK,), cm™ 1.868

F(000), e 496

Orange, ° 2.44-31.62

hkl range 18, £16, +12
Refl. measured 22693

Refl. unique 1753

Rint 0.0526

Param. refined 73

Restraints 0
R(FYWR(F)E [1 > 20(1)] 0.0346 / 0.0920
R(FYWR(F?)® (all reflections)  0.0395 / 0.0961
GoF (FA)"! 1.244

Apsin (Maximin), e A~ 0.443/-0.448

#IR(E) = IIFgl = [Foll / S[Fol, WRIF®) = [Yw(Fs’ = £ / SWIEYT2, w = [0°(Fo")
+(0. 0318P) +3.4316] ' mit P = (Fo? + 2F%) / 3; ) GoF = [SW(Fo? = FA)? / (Nobs
_nparam)]

Solid solutions K4-xNaySis (1 S x < 2.2)

Further experiments in the K-Na-Si system revealed that
K3NaSi, is not a stoichiometrically exact phase but rather a solid
solution K4-xNa,Sis with 1 < x < 2.2 in which the K cations can be
partially substituted by more Na.*”

The solid solution range was obtained from Rietveld analysis
(Table S4) of powder X-ray diffraction patterns that were
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obtained from a series of products from the synthesis route by
mixing binary phases (equation 2). Rietveld refined diffraction
patterns of Ks—xNaySis with 1 < x < 2.2 are shown in Figure S2-S5
in the Supporting Information.

(4 = X) K4Sis + X NasSis> 4 KaNaSis x=1,15,2,25  (2)

Whereas higher Na contents in the initial reaction mixture lead to
the appearance of NasSis as a side phase, reaction mixtures
with Na contents of x <1 contain the new ternary phase K;NaSis
which will be discussed in a later section.

In accordance with Vegard’s rule® the unit cell volume of the
solid solutions Ks-xNasSis in P2:/n decreases approximately
linearly with increasing Na content (Figure 3a). As expected,
these unit cell volumes are between those of K.Sis and
KssNagsSis on one side and NasSis on the other. The cell
parameters a, b and c for the monoclinic solid solutions (1 < x <
2.2) also change linearly but not uniformly (Figure 3b): while a
decreases slightly, a significant decrease of b and an increase of
¢ occurs with increasing Na amounts.
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Figure 3. a) Cell volumes of all K4«Na,Si, phases normalized to Z = 4; b)
Vegard plots'! illustrating the linear change of cell parameters in space group
P2,/n with increasing Na content in solid solutions KsxNa,Sis (1 < x < 2.2;
alkali metal ratios x from Rietveld refinement).Vertical error bars are too small
to visible.

These different changes in cell parameters appear reasonable
when taking into account the non-random substitution behavior
of Na in the P21/n solid solutions (Table 2): The crystallographic



positions K1 and Na4 are exclusively occupied by K and Na,
respectively. K2 and K3 can however be substituted by Na, but
substitution of K3 is clearly preferred up to full Na occupancy. In
contrast, K2 is only partially substituted by Na with a maximum

Table 2. Site occupancy factors (s. o. f.) of the four alkali metal positions
K/Nal-K/Na4 in solid solutions Ks4Na,Sis in space group P2;/n (x from
Rietveld refinement).

X in K4-xNa,Sig 1.13(2) 1.60(4) 2.0(1) 2.20(7)
s.0.f. K1 1 1 1 1

s.o.f. Nal 0 0 0 0

s.0.f. K2 1 0.85(2) 0.87(6) 0.78(4)
s.o.f. Na2 0 0.15 0.13 0.22
s.0.f. K3 0.87(2) 0.55(2) 0.09(5) 0.02(3)
s.o.f. Na3 0.13 0.45 0.91 0.98
s.o.f. K4 0 0 0 0

s.o.f. Na4 1 1 1 1
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been described as red and transparent.™® K;NaSis crystallizes in
the cubic space group Pa3 with a = 12.6563(7) A which is
similar to the cell parameters of cubic K4Sis (a = 12.62 A, P2
3n).1Y Although the cell parameters of the two cubic phases are
so close to each other, they can be clearly distinguished by
Rietveld refinement (Figure S6). The Zintl phase comprises
tetrahedral [Sis]*” units which are connected to dimers via n*
capping Na cations (Figure 4a,b). n*-Coordination of the
tetrahedron yields a KsNaSis heterocubane in which each Si
atom is further coordinated by three terminal K atoms (Figure
4c).

Table 3. Crystallographic data of K;NaSis obtained from powder diffraction
data via Rietveld refinement, adapted from K-LiSig."

Na content of 0.22(4) on this position.

This substitution behavior can be rationalized by a closer
inspection of the coordination spheres around the different alkali
metal sites in KsNaSi, (Figure S1). The first coordination spheres
contain 5-7 Si atoms with interatomic distances of up to
3.856(2) A (all A-Si distances are given in Table S2). A second
coordination sphere is clearly separated with A-Si distances
starting from 4.034(2) A. As a measure for the available space of
the different alkali metal sites, we used average A-Si distances.
Whereas atom K1 has the largest average distance of 3.603(1)
A to Si atoms, the K2 and K3 sites are significantly smaller with
average K-Si distances of 3.475(1) A and 3.468(1) A,
respectively. The average Na4-Si distance of 3.050(2) A is again
much smaller as it is expected for the smaller alkali metal cation.
Therefore, the largest alkali metal site K1 can only stabilize K
atoms, whereas K/Na mixing can occur on the smaller K2 and
K3 sites. Concurrently, the average A-Si distances for K2 and
K3 decrease significantly with increasing Na content (Table S3).

Synthesis of K;NaSig

Experiments aimed at the synthesis of Na-poor phases
Ks-xNa,Sis with x < 1 always yielded mixtures of KsNaSis and K-
richer side phases. However, the identity of the side product
phases depends on the method of synthesis. While all high-
temperature syntheses and those starting from the elements
simply yielded binary K4Sis4, a different side phase was obtained
via the binary reactants route. Using Rietveld refinement this
side phase could be identified as K;NaSis. Purer samples were
obtained in a reaction from a stoichiometric mixture of the binary
reactants KsSi, and NasSis (equation 3) as described for
Rb;NaSis and Cs;NaSig,***%“? allowing reliable characterization
by Rietveld refinement (Tables 3 and S4).

7 K4Sis + NasSis = 4 K7NaSig (3)
As mentioned earlier, K;NaSig is isostructural to the known

A7A'Tg phases. Its bright red color is typical for the silicides
A7A’Sig which, in contrast to the black A;A’Geg phases, have

K7NaSig®
T/ K 293 K
M, / g mol™ 521.4
Powder color Grey
Crystal system Cubic

Space group Pa3 (No. 205)

Lattice parameters

alA 12.6563(7)
VA3 2027.3(2)
z 4

Peaie, | g cm™ 1.7082
y/mm™’ 18.308
Orange/° 5.00-89.76
R[> 30(l)] 0.0307

WR [I > 30(1)] 0.0317

R (all) 0.0364
WR (all) 0.0324
Goodness of fit 1.38

(@l Sample contains 29.2(5) % K,Sis. Slight traces of K4—«Na,Sis (x = 1) could
not be quantified.

The Si-Si distances in the slightly distorted tetrahedra are in the
range of 2.38-2.48 A with the longest bonds surrounding the
triangular face capped by Na. The Na-Si distance of 2.919(5) A
is in the same range as those in A;NaSis (A = Rb, Cs).!>® K1-
Si distances are also typical and in the range of 3.36-3.69 A,
whereas K2 is very distant from its six neighboring Si atoms at
3.905(4) A. Previous studies have shown that the alkali metal
cation in this large cavity can be substituted by larger alkali
metals, resulting in the quaternary AAgA”Ts aristotype. One
such quaternary example is CsKeNaSig® which is closely
related to the phase described here. The substitution of the K2
position by the larger Cs atom also seems to stabilize the



quaternary phase. Attempts to synthesize K;NaSig directly from
the elements only yielded mixtures of K4Sis and KsNaSis. Thus,
K7NaSig is only accessible from binary starting materials in a
diffusion-controlled solid state reaction, whereas CsKgNaSis is
readily available from a stoichiometric melt of the constituent
elements.

Figure 4. a) Projection of the unit cell of K;NaSig onto the bc-plane; b

K2 ¢

[Na(Sis),]"" unit with two clusters linearly coordinating Na; c) coordination
sphere of [Si4]4‘ tetrahedra. Isotropic displacement parameters are shown with
70 % probability at 293 K. K atoms are shown in grey, Na atoms in white, and
Si atoms in black.
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Solid-state NMR and QM calculations on K;NaSig

In agreement with the Rietveld refinement, solid-state NMR
investigations on a K;NaSig sample show that this phase is the
majority phase comprising one Na and two Si signals at 91.0, -
369.7, and -357.2 ppm from the respective crystallographic Nal,
Sil, and Si2 positions (Figures 4 and 5, Tables 4 and 5). While
second order quadrupole coupling results in broad Na NMR
MAS and static signal line shapes, comparably high-resolution
2si NMR signals are visible for the anions (Figure 5). Additional
signals and line shape features are due to minority phases of
K3NaSis, NasSis, KsSis, and Na metal (Figure 5, Figures S7—
S9).1 The assignment of the *Na metal signal is
straightforward due to the Knight shifted resonance from the
metal at 1120 ppm (Figure S7, Table 5). An unambiguous
assignment of all other impurity signals is possible through fits of
the NMR line shapes under consideration of NMR coupling
parameters derived from QM calculations as starting values
(Figure 5, Tables 4 and 5), in which the calculations are based
on both the known crystal structures for the binary precursor
phases as well as the ones for KsNaSi, and K;NaSis (Table 1,
Tables 3-5, Experimental Section). The parameters derived
from NMR and calculations show a reasonable agreement within
the experimental error and support the application of NMR
spectroscopy in combination with theory to gain insights into the
materials on the local atomic scale even for these multi-phase
samples.

Interestingly, no *Si NMR signals of Na,Sis (Sil and Si2) and
KsNaSis (Sil-Si4) are detected in the measurements although
these minority phases are visible in *Na NMR (Figure 5).
Presumably, this is due to the very low amount of these phases
within the investigated K;NaSis sample, which is furthermore in
agreement with the 7:1 ratio for the binary precursor phases
(Equation 3). Calculations show that the KzNaSi, 2°Si shifts span
a range of —366.4 to —316.9 ppm for Si1l-Si4 and lie in the same
frequency range of the K,;Sis and K;NaSis signals, suggesting
that our inability to detect the KsNaSi, resonances is either a
signal-to-noise ratio or possibly a relaxation issue, rather than
our inability to locate the resonance due to the choice of an
inappropriate frequency offset.

We now focus on a discussion of the NMR parameters for
K;NaSis, which all have been derived by the combined
application of solid-state NMR experiment and QM calculations,
enabling a discussion of chemical bonding within the series
A;NaSig with A = K, Rb,*® and Cs™® (Table S7). With increasing
alkali metal atomic number an increase of the 2°Si shift is seen
for Sil and Si2 with the same trend of &s(Si2) > dso(Sil) for all
three phases (Table S7, Figure S10). This tendency is in
agreement with the order of the signal shifts in AsSis (A = Na, K,
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Rb, and Cs).”® The chemical shift anisotropy (CSA, &aniso)
values for Sil and Si2 in K;NaSig are identical with the ones for
Rb7NaSig in which the Sil is smaller and Si2 is larger than for
Cs;NaSig (Table S7, Figure S10). The asymmetry parameters
for both Si environments and all three phases are in agreement
with the site symmetry and thus zero for Sil and unequal to zero
for Si2 (Table S8).
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Figure 5. (a) ®Na MAS, (b) *Na static, and (c) **Si MAS NMR spectra of
K7NaSis. MAS speeds of 14 kHz have been applied; rotational sidebands are
marked by asterisks. Experimental data in thick gray, the line shape fit and its
contributions in black lines. Signal contributions from different phases are
highlighted and labelled in the figure.

The isotropic **Na shift continuously decreases from K;NaSis to
Rb;NaSig and Csz;NaSis. On the other hand, the CSA values for
Na are identical, the asymmetry parameters of zero indicating no
difference in the anisotropies for the chemical shift in all three
compounds (Table S7, Figure S10). The Na atoms in A;NaSis (A
= K, Rb, and Cs) possess a negative value of the EFG’s main
component Vzz which reveals a prolate charge distribution
around the nuclei with the largest principal axis along the three-
fold axis.

The |Vzz| values slightly decrease within the series of A = K, Rb,
and Cs, which indicates a less pronounced anisotropy of charge
distribution around the Na atoms with increasing atomic number
and radius of the alkali metal ion (Table S7, Figure S10).
Interestingly, this finding is opposite to the slight increase of the
interatomic Na—Si2 distance of 2.92(1), 2.94(1), and 2.97(1) A
for A = K, Rb,*® and Cs,® respectively. This indicates that the
dimeric linear [Na(Sis)2]”~ arrangement in A;NaSis is quite rigid
with respect to the alkali metal (Figure 4b). Further support is
given by the minor changes of the alkali metal bonding situation
(see below). Furthermore, a similar structural motif has been
observed in the isotypic A;NaGes compounds 92



The difference between the Al and A2 isotropic shifts is 81, 177,
and 308 ppm for A = K, Rb, and Cs, respectively, and shows a
continuous increase. The CSA for Al (s # 0) decreases while
the values slightly increase for A2 (ns = 0). More significant
differences are visible by comparing the sign and value of Vzz as
a measure of the anisotropy of charge distribution, which is
oblate for Al (nq # 0) and prolate for A2 (g = 0). The [Vz|
values increase for both environments with increasing alkali
metal radius,

in which |Vzz|(Al) > |Vzz|(A2). The [Vz|(Al)/|Vz|(A2) ratios of
2.9, 2.5, and 2.5 for A = K, Rb, and Cs, respectively, indicate
similar bonding situations for the alkali metals in A;NaSis (A = K,
Rb, and Cs). Nevertheless, the significant difference and
increase in the absolute values of |Vz| for both sites while
comparing K, Rb, and Cs obviously reveals larger anisotropies
of charge distribution with increasing alkali metal atomic number
and radii. This is in agreement with the higher polarizability of
the cations.

Table 5. ®Na NMR coupling parameters derived by NMR signal line
shape analysis (exp.) and QM calculations (calc.). The sign of Cq is
provided by the calculations only. Minority and majority phases are
indicated by Min. and Maj., respectively.

Atom éso 5aniso CQ

/ppm / ppm s / MHz T

K-NaSig (Maj.)

exp. 91.0 -150.0 0 5.80 0
Na

calc. 91.7 -167.6 0 -5.60 0
NasSis (Min.)

exp. 52.3 31.0 0.60 1.26 0.93
Nal

calc.® 62.3 31.0 0.60 1.26 0.93

exp. 26.7 -31.0 0.86 1.90 0.26
Na2

calc.® 43.9 -31.0 0.86 2.38 0.26
K3NaSi, (Min.)

exp. 29.7 -55.0 05 4.00 05
Na

calc. 40.0 -51.4 0.49 3.65 0.78
Na metal (Min.)
Na exp.4 1120 e - - -

Conclusions

During the search for suitable precursors for Zintl ions in solution
and nanoparticular material via the mixed cation approach, we
have discovered two new Zintl phases containing silicide
tetrahedra [Sis]*". KsNaSis crystallizes in a new structure type
comprising isolated tetrahedra and forms solid solutions
Ks-xNaxSis with 1 < x < 2.2 which obey Vegard’s rule. K7;NaSis is
isostructural to AsNaSis (A = Rb, Cs) and can only be
synthesized by a diffusion controlled reaction of the binary
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starting materials. A combined application of solid-state NMR
investigations and QM calculations reveals anisotropic chemical
bonding for all the atoms in A;NaSis with A = K, Rb, and Cs.
With increasing atomic numbers and polarizability of the alkali
metal the anisotropies of charge distribution significantly
increase. A comparably slight decrease is found for the Na
atoms. This indicates that the dimeric linear [Na(Si)]” structural
motif in AsNaSis is a quite rigid atomic arrangement. Hence,

Table 4. °Si NMR coupling parameters derived by NMR signal line furth
shape analysis (exp.) and QM calculations (calc.). Minority and er
majority phases are indicated by Min. and Maj., respectively. studi
&SO 6&”\50
Atom /ppm /ppm s Int. es
] ] on
KsNaSig (Maj.) simil
exp. -360.7 150.0 0.00 1.0 ar
Si1 mate
calc. -353.6 160.1 0.00 1 rials,
e.g.
exp. -357.2 150.0 0.00 3.4 th
si2 )
calc. -343.9 161.8 0.26 3 Isoty
pic
K4Sis (Min.) Ge
com
exp. -348.0 150.0 0.00 1.0
si1 poun
calc.® -339.0 149.3 0.00 1 ds,
are
exp. -324.2 153.0 0.00 2.4 envis
Si2 .
calc.” -313.4 152.9 0.06 3 lone
d.
K3NaSi, (Min.)
Sil calc. -366.4 157.3 0.10 1
Exp
Si2 calc. -333.9 176.8 0.11 1 eri
4 me
Si3 calc. -316.9 133.1 0.21 1
ntal
Si4 calc. -325.5 142.0 0.22 1 Sec
tion

All steps of synthesis and sample preparation were performed inside an
Ar-filled glovebox (MBraun, H,O level < 0.1 ppm, O, level < 0.1 ppm). Li
rods (99 %, Rockwood-Li), Na pieces (99 %, Chempur) and K (98%,
Merck) pieces were freed from oxidic layers before use. Ge (99.999 %,
Evochem) and Si pieces (99.99 %) were ground to powder before use.

Synthesis of K4Si4, NasSis

K4Si, and NasSis were synthesized from stoichiometric amounts of the
elements with a total mass of 2 g in tantalum ampules. The ampules
were sealed and placed inside silica reaction containers which were then
evacuated. The reaction mixtures were heated up to 500 °C at 5 °C min™%.
After one hour of pre-dwelling the ampules were further heated to 600 °C
at 5 °C min™ at which temperature dwelling was allowed for 30 h,
followed by cooling at 5 °C min™™.

K4-xNaxSis (1Sx<2.2)

Solid solutions K4-xNaySi, were synthesized from stoichiometric amounts
(x =1, 1.5, 2, 2.5) of K4Sis and NasSis with a total mass of 200—250 mg.
The starting materials were thoroughly mixed by grinding in an agate
mortar and subsequently pressed into pellets (diameter 6 mm). The



pellets were then sealed inside tantalum ampules which were treated as
described above. The reaction mixture was heated to 450 °C at 5 °C
min™* and dwelled for 7 days. Finally, the samples were cooled to room
temperature at 0.1 °C min~%. Alternatively, KsNaSi, was prepared directly
from stoichiometric amounts of the elements with a total mass of 500 g in
tantalum ampoules using the same heating sequence as for K4Sis and
Na4Si4.

K7NaSi8

K7NaSis was synthesized from stoichiometric amounts of K;Sis and
NasSis with a total mass of 500 mg. The starting materials were
thoroughly mixed by grinding in an agate mortar and subsequently
pressed into pellets (diameter 6 mm). The pellets were then sealed inside
tantalum ampules which were treated as described above. The reaction
mixture was heated to 450 °C at 5 °C min™* and dwelled for 7 days.
Finally, the samples were cooled to room temperature at 0.1 °C min™™.

X-ray structure determination

Crystals of K3NaSi, were sealed in 0.3 mm glass capillaries. Intensity
data were collected at 100(2) K using a Bruker AXS X-ray diffractometer
equipped with a CCD detector (APEX Il, k-CCD), a rotating anode FR591
with Mo K, radiation (A = 0.71073 A), and a MONTEL optic
monochromator. Data collection was controlled with the Bruker APEX
software package.”” Integration, data reduction, and multi-scan
absorption correction were performed with the SAINT“®! and SADABS*”
packages. The structure was solved with direct methods (SHELXS-2014)
and refined with full-matrix least squares on F? (SHELXL_2014).1
Details of the single-crystal data collection and refinement are given in
Table 1. Further details of the crystal structure investigation may be
obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html) on quoting
the deposition number CSD-431197.

Powder X-ray diffraction analysis

All PXRD patterns recorded using a Stoe STADI P diffractometer
equipped with a Ge(111) monochromator for Cu K, radiation (A =
1.54056 A) and a Dectris MYTHEN DCS 1K solid-state detector.
Samples were prepared by grinding in an agate mortar and then filled
into 0.3 mm glass capillaries inside the glovebox which were then sealed.
All measured diffraction patterns were angle-corrected with an external a-
Si standard.

Rietveld refinement
Rietveld refinements were performed using Jana2006.1“" The crystal

structures of KsNaSi, and K-LiSig*” were used as initial structural models.

All cell parameters and atom positions as well as site occupancies for
mixed positions were refined with the sum of mixed site occupancies set
to 1. Isotropic displacement parameters were refined whenever possible.

Solid-state NMR spectroscopy

Static and magic angle spinning (MAS) NMR experiments were
performed on a powder sample of K;NaSis as well as a K4Si, reference
sample with a Bruker Avance Il console on a 11.7 T magnet. The
respective resonance frequencies of *°Si and *Na are 99.3 and 132.3
MHz, respectively. The signals were acquired using a Bruker 4.0 mm
triple resonance probehead with 4.0 mm ZrO; rotors at MAS frequencies
of 7.5, 12.5, and 14.0 kHz. The ?°Si and ®Na NMR shifts are referenced
to TMS and NaCl, respectively.®® A one-pulse sequence with hard
pulses of 1.30 us duration, approximately corresponding to 30° pulses,
and a recycle delay of 170 s was used for the °Si NMR measurements.
Na NMR signals were acquired with hard pulses of 1.40 us duration
and a recycle delay of 10 s in MAS frequency synchronized Hahn-echo
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pulse sequences and by applying an interpulse delay of 60 us for static
measurements, respectively. All sample handling was done in an MBraun
Argon glovebox with O, and H,O levels < 0.1 ppm to prevent the
samples from reacting with moisture and/or air. The powder samples
were mixed with vacuum-dried GeO, in a 4:1 ratio and pressed into the
ZrO; rotor. The mixture was topped with a thin layer of pure GeO, as well
as a Teflon tape seal before closing the rotor with the cap. NMR raw data
handling and signal line shape analysis was done using Bruker Topspin
(version 2.1) and its implemented SOLA program. We refer to &so =
(Sxx+Svy+72)13, Faniso = (S22-8s0) @Nd 775 = (Svy=xx)/ Saniso fOT the isotropic
chemical shift, the chemical shift anisotropy and the asymmetry
parameter of the chemical shielding, respectively."®The order of the
principal axes of the shielding tensor is defined by |5zz-8so| = |xx-Giso| =
|Svv-8iso|l resulting in 0 £ 75 < 1. The quadrupole coupling constant is
defined as Cq = (Vzz-e-:Q)/h with Vz; as the main component of the
electric field gradient (EFG), the elementary charge e, the quadrupole
moments Q (5.85, 13.35, and -0.343 fm? for *K, ®Rb, and '*Cs,
respectively)®™® as well as Planck’s constant h.'®%7 The asymmetry
parameter of the quadrupole coupling is defined as 7 = (Vyy — Vxx)/Vzz
with [Vzz} 2 [Vxx| 2 [Vyy| and 0 < 7g < 1.15%1 Asymmetry parameters of
n =0 and n# 0 correspond to axial and non-axial symmetry for the atom
under investigation, respectively. Symmetry constraints for the NMR
coupling parameters/lineshape due to the site symmetries of the atoms in
AsNaSig (A = K, Rb, and Cs) are summarized in Table S8.

QM calculations

QM calculations of NMR parameters®™ were performed in the gauge-
including projector augmented wave method (GIPAW) implemented in
the periodic density functional theory (DFT) code CASTEP®Z. The
gradient-corrected PBE exchange—correlation functional®® was used for
all calculations. Core electrons were described with Vanderbilt ultrasoft
pseudopotentials generated “on-the-fly” in CASTEP 8.0. Chemical shift
and quadrupole tensor calculations were performed for each compound
with a plane wave basis set truncation energy of 800 eV. The Brillouin
zone was sampled with a Monkhorst-Pack grid® with k-point sampling
finer than 27 - 0.02 A~ Convergence of the basis set energy and k-point
sampling were examined and confirmed. In the discussion of
experimentally derived and calculated NMR coupling parameters we
refer to a good agreement, which can be achieved within the ranges of
+ 10 ppm for &s, and Saniso, * 0.1 MHz for Cq and # 0.1-10% Vm 2 for Vz,
respectively, as has recently been discussed for Zintl phases.™®
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