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Abstract. The new intermetallic type-I clathrate NagZn,Ge4, was ob-
tained by direct reaction of the elements, and its crystal structure was
determined by means of single-crystal X-ray diffraction methods. The
structure is described in space group Pm3n (no.223) with a =

10.6982(1) A. A mixed Zn/Ge occupancy is found for one of the net-
work sites (6¢). NagZn,Gey, represents an air-stable electron-precise
Zintl phase with exclusively Na cations located in the cavities of a
polyanionic host network of four-connected Zn and Ge atoms.

Introduction

Clathrates owe their name to host frameworks featuring
cavities in which guests can be accommodated. Among the
representatives of host-guest systems with clathrate-type struc-
tures there are as different materials as gas hydrates,
clathrasils/zeolites or semiconducting/intermetallic clathrates.
The chemistry and properties of the latter have been high-
lighted recently.'# The most common clathrate host struc-
tures, namely those of type-1 (cP46) and type-II (cF136), are
built of four-connected networks. Generally, networks with
covalent bonds between tetrahedrally connected atoms are
native to the structural chemistry of the group 14 elements C,
Si, Ge, and Sn.

The suitability of empty clathrate networks as structures of
(metastable) allotropes of group 14 elements is substantiated
by the (almost) guest-free type-11 clathrates
Na,Si 36 (x < 1)I561 and [J,,Ge; 36/ ((J: vacant position). In
case of the so-called “intermetallic” or “semiconducting”
clathrates of Si, Ge and Sn, the cavities are occupied by elec-
tropositive alkali metal (A), alkaline earth metal (Ae), or rare
earth metal atoms. The phases are described as polar intermet-
allics or electron-precise Zintl compounds with cations in the
cages of a polyanionic framework structure. A formally
charge-balanced situation with a framework structure in accord
with the 8-N rule can be achieved either via vacancies or via
the partial substitution of group 14 (7t: tetrel element) atoms
by electron-poorer group 13 (7r: triel element) or late d-block
metal (7) atoms on network sites. Note that one vacancy is
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associated with four (3b-7¢") atoms on the neighboring posi-
tions (3b: three-bonded).

Among the type-I clathrates, for example, binary AgTz44[],
and AegTt4[ 4 as well as ternary AgTigTtsg and AegTr¢Tt3g
are thus electron-precise Zintl phases. The current interest in
such intermetallic clathrates is mainly due to the promising
thermoelectric properties of some representatives; e.g. for
BagGa,4Gesq considerably high ZT (Figure of merit) values
have been reported.'®~'!'l A conceptual approach to an under-
standing of the potential of the intermetallic clathrates as ther-
moelectric materials is provided by the PGEC (phonon-glass
and electron-crystal) concept.l'?! In addition some type-I clath-
rates such as KgAlgSizg with a quasi-direct bandgap of ca. 1 eV
are promising materials for solar energy conversion.[!?!

In this context, and in view of other four-connected network
structures found within the Sn-rich ternary Na-Zn-Sn
phases,!'*!3] we investigated the Ge-rich side of the Na-Zn-Ge
system. Already known type-I clathrates of Ge or Sn with al-
kali metal atoms as guests and group 12 element atoms (7 =
Zn, Cd, or Hg) on framework sites include KgZn,Geyq_,.!'®
AgZnSnye_, with A = K191 Rp,[19201 apnd  Cs,H19-21
CsgCd,Snyg_,.?H AgHg, Geye, with A = K and Rb,23 as well
as AgHg,Snye_, with A = K, Rb and Cs.[**! Generally, these
phases are described as electron-precise Zintl compounds with
the ideal composition AgT,T14,, except for the Hg-substituted
Ge clathrates, which are reported to have an (approximate)
composition of AgHgzGeys. In most type-I clathrates with Si
and Zn as the framework atoms, a mixed occupation of the
framework sites is observed at the crystallographic Wyckoff
site 6¢, whereas in KgZn; 5Sisn s and Rb; oZn5 ¢Sigs 412> an Si
vs. Zn substitution occurs also at the 24k site.

Another type-I clathrate with 7t = Ge and T = Zn (besides
KsZn,Geyq ' mentioned above) is BagZngGess.[?°! Na
atoms in guest positions are less frequent but are found in
RbeNa,Geyy go, CsgNa,Zny,Gey, and Csg 4oNa; 0GagGesg,?”)
as well as in NagTr,Geyq_, with Tr = Al and Ga.?8! Notably, a
binary AgGe,q ,[], phase with A = Na has not been reported,
and Na is generally considered not to fit well in the larger
cages of a Ge type-l clathrate host framework.['! The
existence of clathrates KgLi,Geyy ully 3,4 with the lower
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homologue Li has been reported; however, Li does not occupy
positions within the polyhedral cages but substitutes Ge in the
host framework.?*-3!1 Recently ~various polycrystalline
K,Bag_,Zn,Geys_, clathrates were investigated in which Zn
was observed to mix with Ge only at one specific Ge atom
site. In this context the band structure of hypothetical electron-
precise NagZn,Ge,, was calculated and found to be a semicon-
ductor with a bandgap of ca. 0.5 eV.[*?! Herein we present now
the type-I clathrate NagZn,Ge,,, which exclusively contains
the alkali metal Na as guest atoms.

Experimental Section

Synthesis: For the synthesis of the title compound, all materials were
handled in argon atmosphere using an argon-filled glove box and other
standard inert gas techniques. Ge pieces (99.999 %, ChemPur) and Zn
granules (Merck) were used as received, Na was purified by liquating.
The samples were sealed in niobium or tantalum ampoules, these am-
poules were placed in silica tubes which were then evacuated, sealed,
and inserted in a vertical resistance tube furnace.

NagZn,Ge,, was first obtained by direct reaction of the elements in a
Na:Zn:Ge ratio of 2:1:5. 0.078 g of Na, 0.110 g of Zn and 0.612 g of
Ge were sealed in a tantalum ampoule, heated to 650 °C and kept at
this temperature for two days. Then the furnace was turned off, and
the sample was removed from the furnace after it had cooled to room

Single Crystal X-ray Diffraction and Crystal Structure Determi-
nation: Block-shaped, dark-silver, lustrous crystals of NagZn,Ge,,
were selected under a microscope and in ambient atmosphere. A suit-
able single crystal was fixed on a glass fiber and mounted on the
goniometer head of a BRUKER APEX II diffractometer system
(KAPPA goniometer, APEX II CCD detector). Single crystal XRD
data were collected at 293 K using Mo-K,, radiation (4 = 0.71073 A,
graphite monochromator, rotating anode source). The BRUKER
SAINT software was used for data processing, including an absorption
correction with SADABS. XPREPP# was used for space group deter-
mination, SHELXS3>:3¢! for structure solution (Direct Methods) and
SHELXLI3738] for structure refinement (full-matrix least-squares on
F,?). The structure was solved in space group Pm3n (no. 223). Selected
crystallographic data and refinement details are given in Table 1,
Table 2, and Table 3. Refinement cycles with a free variable for the
occupancy parameter of the Nal (2a) and Na2 (6d) sites, showed that
both positions are fully occupied. A mixed Zn/Ge occupancy was
tested in separate refinement cycles for all three network sites (6¢, 16i
and 24k), showing that Zn only occupies the 6c site. A free refinement
of the occupancy parameters for Zn and Ge on this site (with the sum
fixed to 1) led to an occupancy parameter of 0.31(5) for Ge, which is
close to the ideal Zn:Ge ratio of 2/3:1/3 for the 6¢ site and corresponds
to the Zintl phase composition NagZn,Gey,. In the final refinement

Table 1. Selected crystallographic, data collection, and refinement data
for NagZn,Gey,.

. NagZn,Gey»

temperature. Powder XRD analysis of the product showed the presence
of the type-I clathrate NagZn,Ge,, and of 0-Ge, accompanied by some ~ Formula weight, M / g'mol™! 3494.18
unindexed reflections. The latter were not observed in the powder Space group Pm3n (no. 223)
XRD pattern of a sa.mple. tbat was exp9§ed to air and are thus attr.ibutt.ed %ni ¢ cell parameter, a /A }0. 6982(1)
to at least one unidentified air-sensitive phase. NagZn,Gey, is air- Unit cell volume, V /A3 1224.4(1)
stable. After the characterization of NagZn,Gey, by means of single  (glculated density, peae /grem™ 4739
crystal XRD structure analysis, the title phase was also synthesized — Absorption coefficient (Mo-K,,), 27.30
using stoichiometric amounts of the elements. However, in this case  yx /mm™!
no phase-pure samples were obtained. For example, the reaction of  F(000) 1552
0.053 g of Na, 0.075 g of Zn and 0.873 g of Ge using a temperature ~ Crystal color, shape Dark-silver lustrous, block
program analogous to that described above but with isothermal dwell- ~ Lemperature, T /K 293
ing for six days, led to NagZn,Ge,, as the main phase, beside small Wavelengzh (Mo-K,), 2 1A 0.71073
amo.uflt o‘f elemental gfermanium (Supporting Information). The air- ]?ir?irtli%leg/in dices %1659 ;0 h3 154(1) 5
sensitive impurity mentioned above may also occur. 15=k=15

. . . -15=il=14
Powder X-ray Diffraction: For powder XRD analysis the samples Reflections / unique 12469 / 395
were finely ground, optionally diluted with diamond powder, and se- Completeness /% 100
aled in glass capillaries in an argon-filled glove box. To test their air R R, 0.009, 0.030
stability the samples were exposed to air and measured in transmission  Data / restraints / parameters 39571717
mode. Powder XRD data were collected with a STOE STADI P pow-  Extinction coefficient 0.0020(1)
der diffractometer equipped with an imaging plate and a linear position ~ Residual map / e A~ +0.691 and -0.621
sensitive detector (IP-PSD, and L-PSD) using Cu-K,,; radiation [1 = Goodness-of-fit on F? 1.29
1.54060 A, curved Ge (111) monochromator]. The STOE WINXPOW ~ Ris WRz [/ > 2 a(D)] 0.011 /°0.025

133] . R;., wR, (all data) 0.011 / 0.025
program package'>>! was used for phase analysis.
Table 2. Atomic coordinates and equivalent isotropic displacement parameters for NagZn,Geys.

Naan4Ge42

Atom Wyck. Occ. X y z Upq 1A2®
Zn/Gel 6¢ 2/3:1/3 ® 1/4 0 12 0.0114(1)
Ge2 16i 0.18299(1) X X 0.01002(8)
Ge3 24k 0 0.30920(2) 0.11683(2) 0.01049(8)
Nal 2a 0 0 0 0.0348(9)
Na2 6d 1/4 12 0 0.142(3)

a) Ueq is defined as one third of the trace of the orthogonalized Uj; tensor. b) Occupancy factors fixed in final refinement steps, see Experimental

Section.
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Table 3. Anisotropic displacement parameters (U;; /A?) for NagZn,Ge,,.

NagZn,Gey,
Atom Un Uy, Us; Ups Uis Uz
Zn/Gel 0.0129(2) 0.0106(1) U, 0 0 0
Ge2 0.01002(8) Uy, Uy, —-0.00049(5) Uss Un;s
Ge3 0.0108(1) 0.0111(1) 0.0096(1) -0.00057(7) 0 0
Nal 0.0348(9) Uy, Uy, 0 0 0
Na2 0.098(5) 0.163(4) U, 0 0 0

steps the ratio was thus fixed to this ideal value. The same Zn:Ge ratio
was determined from the single crystal XRD structure analysis using
crystals of NagZn,Ge,, obtained from reactions of the elements in dif-
ferent ratios.

Further details of the crystal structure investigations may be obtained

EDX Measurements: EDX analyses of single crystals of NagZn,Ge,,
(unit cell determined by single crystal XRD previous to EDX analysis)
were carried out using a JEOL 5900LV scanning electron microscope
equipped with an OXFORD INSTRUMENTS INCA energy dispersive
X-ray microanalysis system. The qualitative analysis showed the pres-
ence of Na, Zn and Ge, and the absence of other elements heavier than

from the Cambridge Crystallographic Data Centre, CCDC, 12 Union Na (Supporting Information).

Road, Cambridge CB21EZ, UK (Fax: +44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk) on quoting the depository number CSD-
1953129 for NagZn,Gey,.

Supporting Information (see footnote on the first page of this article):
Figure of powder X-ray diffractogram of “NagZn,Ge,,” sample; Table
with result of the EDX analysis of NagZn,Ge,, single crystal.

b)

b @ Na2

b b
a c a ,c
Figure 1. Crystal structure of the intermetallic type-I clathrate NagZn,Ge,,. (a) Space-filling arrangement of tetrakaidecahedra (dark gray) and
pentagonal dodecahedra (light gray). (b) A15-style arrangement of the guest sites. The connecting lines between the positions Na2 indicate the

rod packing that describes the alignment of the columns of the tetrakaidecahedra which share hexagonal faces. (c) Separate drawing of the
arrangement of tetrakaidecahedra. (d) Separate drawing of the bcc-like array of pentagonal dodecahedra.
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Results and Discussion

NagZn,Gey, adds to the group of intermetallic ternary
AgT, Tty . type-I clathrates (space group Pm3n, no. 223) of the
tetrel elements (77) Ge and Sn with group 12 element atoms
(T) in the framework and alkali metal atoms (A) as guests (Fig-
ure la). As such, the title phase shows a host framework struc-
ture of tetrahedrally four-bonded atoms on 6¢ (Zn/Gel), 16i
(Ge2) and 24k (Ge3) sites, which contains two types of cavi-
ties. The corresponding two guest sites (2a and 6d) in the cen-
ter of the cages are arranged in an A15 (Cr;Si) type structure
(cf. Figure 1b). The coordination polyhedra of the Na cages
are pentagonal dodecahedra and tetrakaidecahedra for Nal (on
2a) and Na2 (on 6d), respectively. The 20 vertices of a pentag-
onal dodecahedron (with twelve pentagonal faces) comprise
eight Ge2 (16i) and twelve Ge3 (24k) positions, and a 24-
vertex tetrakaidecahedron with twelve pentagonal and two
hexagonal faces is built of four Zn/Gel (6¢), eight Ge2 (16i)
and twelve Ge3 (24k) positions (see Figure 2).

Figure 2. Representation of a section of the crystal structure of
NagZn,Gey,. Displacement ellipsoids are drawn at a 70 % probability
level.

The type-I clathrate structure can be described as a space-
filling arrangement of these polyhedra as shown in Figure la.
Separate drawings of the arrangement of the tetrakaidecahedra
and pentagonal dodecahedra are depicted in Figure 1c and d,
respectively. Columns of tetrakaidecahedra are aligned in a rod
packing manner as schematically shown in Figure 1b (connect-
ing lines between Na2 positions), and the pentagonal dodeca-
hedra take the remaining space, thereby forming a bcc (body

Table 4. Interatomic distances for NagZn,Ge,,.

centered cubic) like array, see Figure 1d and b (Nal positions).
A tetrakaidecahedron shares its two hexagonal faces with adja-
cent tetrakaidecahedra of the same column, eight pentagonal
faces with other tetrakaidecahedra of columns that run perpen-
dicularly, and four pentagonal faces with pentagonal dodecahe-
dra.

The displacement parameters for the network atoms of
NagZn,Ge,, are small (see Table 3 and Figure 2), as it is gen-
erally observed for intermetallic clathrates and typical for rigid
frameworks of covalently bonded atoms. By contrast, large
displacement parameters for the Na atoms are found, espe-
cially for Na2 (on 64d) in the larger cages (see also Table 3 and
Figure 2). The displacement parameters of the guest atoms in
intermetallic clathrates are associated with their “rattling” in
the cages, and the differences between the parameters for the
atoms in the 20- and 24-vertex cages is also a common feature
of the type-I clathrates. For NagZn,Ge,, the ratio of
Ueq(Na2):U.q(Nal) is approx. 4.1, comparable, for example, to
the situation of the K atoms in KgHg,Sn,,.[>*! In the clathrate
NagSiye with its smaller Si-cages the displacement parameters
of the guest Na atoms are already significantly larger than
those of the Si atoms of the host framework.3"!

Therefore it is not surprising that for the title compound
NagZn,Gey, with its larger cages the ADP values of the Na
guest atoms are so large. In the series of AgT,Tt4s . phases
with the same T and 7t but different A atoms, the structures
with the larger alkali metals generally show smaller displace-
ment parameters of the A atoms and also smaller differences
between the parameters for A1 and A2.123->*1 Another charac-
teristic feature concerning the displacement parameters is the
symmetry-constrained isotropic behavior of Nal (2a) in the
pentagonal dodecahedra, which is in contrast to the pro-
nounced anisotropy found for Na2 (6d) in the tetrakaide-
cahedra, and relates to the different shapes of the polyhedra
(cf. Figure2 and Na-Ge and Na—Zn/Ge interatomic
distances given in Table4). For NagZn,Gey, the ratio
U,,(Na2):U;;(Na2) is approx. 1.7 and thus again similar to the
corresponding ratio for related phases.?324

The interatomic distances in the Zn—Ge network are in the
narrow range from 2.481(1) to 2.500(1) A, that is only slightly
longer than the interatomic distance in o-Ge (2.445 10\) or the
sum of covalent radii for Zn and Ge (2.42 A; according to
reference!*°l). With the exception of the bond angle Zn/Gel—
Ge3-Ge3 of 124.9° in the six-membered rings (hexagonal
faces of the tetrakaidecahedra), all other bond angles in the

Atoms Mult. Distance /A Atoms Mult. Distance /A
Zn/Gel -Ge3 4X 2.4893(2) Nal -Ge2 8% 3.3908(3)
—Na2 4X 3.7824(1) -Ge3 12X 3.5361(2)
Ge2 -Ge2 1X 2.4833(5) Na2 —Zn/Gel 4% 3.7824(1)
-Ge3 3% 2.4812(1) -Ge2 8% 3.9810(1)
—Nal 1X 3.3909(3) -Ge3 8% 3.5891(1)
—Na2 3% 3.9810(1) -Ge3 4% 4.1479(2)
Ge3 -Ge3 1X 2.4996(4)
—Nal 1X 3.5361(2)
—Na2 2X 3.5892(1)
Z. Anorg. Allg. Chem. 2020, 1-7 www.zaac.wiley-vch.de 4 © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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framework are between 104.2° and 111.1° and thus close to
the ideal tetrahedral angle of 109.5°.

As for related intermetallic clathrates, the exact composition
of the title phase is also an issue to be discussed. In the struc-
ture refinement on the basis of single crystal XRD data, a
mixed Zn/Ge occupancy was found only for the 6¢ network
site. The free refinement of the occupancy parameters for Zn
and Ge on this site (with the sum fixed to 1) led to a Zn:Ge
ratio close to 2/3:1/3 resulting in the Zintl phase composition
NagZn,Gey,. Despite the similar number of electrons of Ge
and Zn the refinements show significant differences, but as a
matter of fact, the discussion of mixed site occupancy is dis-
putable in structures with atoms that have almost the same
atomic number like Zn and Ge. The description of the title
phase as NagZn,Ge,, with Na cations and a polyanionic net-
work of formally isoelectronic (4b-Zn?>") and (4b-Ge®) atoms
(4b: four-bonded) is in accord with previous findings for re-
lated phases (cf. Introduction). The AgT,Tt4_, type-1 clathrates
(space group Pm3n, no. 223) with group 12 element atoms
show a mixed 7/Tt occupancy exclusively on the 6¢ site, and
with the exception of the A-Hg—Ge clathrates they are all de-
scribed as electron-precise Zintl compounds with formula
AgTyTtys.

In this context, one may discuss different ways to reach elec-
tron-precise compositions for these ternary phases. Provided
that the two guest sites are fully occupied by alkali metal
atoms (which is generally found to be the case and can be
determined reliably on the basis of XRD data), there is exactly
one value for x that corresponds to an electron-precise Zintl
phase AgT Tt4s_, with full occupancy of all framework sites (x
= 4 for group 12 elements 7 = Zn, Cd, Hg). However, there is
also the possibility that there are both 7 atoms and vacancies
besides the 7t atoms in the framework giving the formula
AgT, Tty [, which opens another way to reach a charge-
balanced situation which even includes the possibility of a
homogeneity range. (Note that in case of the binary AgTt
phases the vacancies also occur at the site 6¢.) With group 12
element atoms all compositions AgT,Tt46 . ,[], that meet the
condition 2x+4y = 8 (or x = 4-2y) qualify as Zintl phases with
formally eight A* cations, x (4b-T%") and yX4 (3b-Tt) [since
there are four (3b-7¢") per vacancy]. The occurrence of a phase
width has been studied, for example for BagZn,Ge,q . ,[], and
related phases.[2641]

Conclusions

NagZn,Gey, is another example of an intermetallic ternary
AgT, Tt type-1 clathrate and can be described as an electron-
precise Zintl phase with Na cations in the voids of a poly-
anionic host framework of four-bonded Zn and Ge atoms. This
phase thus shows that a Ge-based type-I clathrate framework
with encaged A atoms can also be realized with the light alkali
metal Na. The only other known Ge-based type-I clathrates
with Na atoms as guests are the Nag7r,Geyq . phases with
Tr = Al and Ga,® and thus, NagZn,Ge,, also evidences the
close relation between the structural chemistry of alkali metal-

zinc-tetrelides and that of related alkali metal-trielide-tetrel-
ides.
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