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ABSTRACT:The novel ternary phasge@&As; was prepared by fusion of th& //
elements. It crystallizes in very thin, deeply bieck exhibiting metallic lusteg

The appearance is in accordance with its crystal structure that compHoRESE
unprecedented one-dimensional anionic substrﬁt@(@ef@)zs}, and it reects
its optical absorption properties. Both an experimertalidible spectrum and
density-functional theory (DFT)-based band structure calculations hint towgne
narrow-band-gap semiconductor. The band gap obtained from DFT USIgS
SCAN functional is approximately 1.4 eV, in excellent agreement with=t
experimental data. We present the synthesis, structure, electronic properties, and

bonding character of this n&mtl phase. Impedance spectroscopy reveals similar electronic and ionic conductivity of the
phase.

As

INTRODUCTION intermetalloid clustet¥;>*> which we have intensively
died over the past years regarding their synthesis and

ormation mechanisms andally, the chemical and physical

@operties of multimetallic particles. As many of the ternary

Multinary alloys are very promising materials, the properties
which can be subtly modd, hencé' ne-tuneti by the
choice of the (semi)metals used for their synthesis. Up

usage of one s-block and two p-block elements for t - .
formation of ternary compounds, the two p-block (semi)-e ements from groups 13, 14, and 15, respectively) are still

metals tend to form bimetallic anions that belong to the clad§known, most of the mentioned salts were formed in an
of Zintl anions. In recent timeZintl phases like M8ghb, explorative manner by permutation of the compositions of the

SKGaSh CaAlSh, CaAlLSh, or Yh,MnSh;, have attracted ternary mixtures to improve p_urities and yields._ We .could

attention as new thermoelectric materidlgs they possess recently shpw that the compositions of the underlymg mixtures

structural characteristics that are liaefor electron-crystal Often deviate from the actual target composition. The

phonon-glass properties that result in high thermoelectr@mpound [K(crypt-222)TIBig], for instance, is preferably

e ciencies. OtheZintl compounds like EuMnSh;, prepared from a sollq cpmpound_based on a 1D-anionic

EulnAs, MgB, BaSnSh, or SrSgSh, were reported to substructure, KIBi, which is th_e main component of an as- _

feature colossal magnetoresisjtélr?ce)r superconductiv- prepared tf-)rnary 5:2:4 sqlld m|xture;.fu5|ng of the elements in

ity. 1314 The dimensionality of the anionic substructures ir@ 2:1:1 ratio, however, yields the solid compogirigBi as

the respective solids varies from molecular (zero-dimension#]§ mMain produ_@ﬁ Similar observations were made for

and low-dimensional (one-dimensional, 1D) structures tglémental combinations A/Tt/Pn (Tt = tetrel = group 14

layered (two-dimensional, 2D) or extended (three-dimer€!@ment; Pn = pentel = group 15 element): for the preparation

sional, 3D) anionic networks. However, anisotropic structurflf the salts [K(crypt-222JT't,Pn], being isoelectronic to

features (1D, 2D), which may cause anisotropic physicBf(Crypt-222)}[TIBig], best results in terms of purity and

morphology of the single crystals. nominal composition,AtPn, with some exceptions, in which
Irrespective of the dimensionality of the underlying solicalternate stoichiometriesTAPn, or AE,E,'> work bettef’

state compound, many of these compounds have furthermare

been used in the recent past for the preparation of soluble sattsceived: July 16, 2019

of molecular binargintl anions:>?° The latter are of great Revised: September 23, 2019

interest as precursors for the targeted synthesis of ternayblished: September 24, 2019

ase diagrams of AlE (A = alkali metal, EE =
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To improve the knowledge about such ternary mixtures anehich can be scaled up easily, being only limited by the size of the
the chemical phases in them, we are currently expanding @gtpoule and the furnace. The phase purity of comdowss
work, especially focusing on Tr/Tt combinations (Tr = triel,con rmed by powder X-ray daction figure Sy With its K:Ge:As
group 13 element) that involve two p-block semimetals. = 2:3:3 composition, the new compolinisl closest to an equimolar

In this report, we present and discuss our most recent res{JIfxture of elements in the temary system K/Ge/AsS(seeme )1
obtained in the system K/Ge/As. Controlled thermal treat- i
ment of an as-prepared solid of the nominal compositioncheéme 1. Diagram of the Ternary System KIGE/As

“K,GeAs™’ led to the crystallization of a solid with the

composition kKGeAs; (1). The unprecedented one-dimen- Gone. KeGohe,
sional anionic structure bis accompanied by an intriguing Ko Ko,
anisotropic, berlike morphology, which prompted us to K

investigate this new compound in detail. Indeed, the crystal
structure ofL may be viewed as the result of a dimensional
reduction from the related, known solid J4&€° the latter

is based on a 2D-anionic structure, which is cleaved intgpe cojored circles represent the compositions of the known ternary
strands by addition of another equivalent of reducmgorm)oundS 1GeAs?’ KGaAs,?® and KGeAs, (1; this work),
potassium. Both compounds are structurally related to thghich are named in the scheme in corresponding colors. For

binary phase Geﬁ@'so completeness, we also indicate (black circles) the compositions of the
known binary solids GeAs #nd GeAs?%*° as well as the
EXPERIMENTAL SECTION compositions  of the binagintl phases 166,%° KAs,* and
KaAsy.

Synthesis. All synthetic steps were performed under strict
exclusion of air and moisture in a dry Ar atmosphere using standard . . _
Schlenk or glovebox techniqueGea@s; (1) was prepared in a two- Powder X-ray Di raction. Powder X-ray diaction patterns df
step synthesis. Step 1: The elements are weighed in a 2K:Ge:2’ﬁe measured on a Stoe StadiMPaciometer system equipped
ratio, placed in a silica tube, molten, and heated up to yellow heatfrg}_ a Mythen 1 K silicon strip detector and a C( k= 1.54056 A)
means of an oxygen/methane torch until a homogeneous melt diation source. Crystalslofvere lled into a glass capillary (0.3

observed. This process takes around 15 mins. Care has to be taR4R diameter), which was then sealed air-tight with soft wax. The
ube was then mounted onto the goniometer head using wax

during the initial, highly exothermic reaction between K and Ge/Aég i
The mixture is allowed to slowly cool down by gradually reducing tH80rizontal setup) and rotated throughout the measurement.
Thermogravimetric Analysis and Di erential Scanning

mount of oxygen in thame. At room temperature, on in - .
amount of oxyge thame. At room temperature, one obtains a alorimetry. TGA/DSC measurements were performed with a

very hard solid exhibiting a metallic luster of a so-far unknow, . S . : .
s s - S etzsch STA 409 CD instrument in in aluminum oxide crucibles,
composition, which is then ground inta powder within an Ar with an argonow rate of 40 mL mi# and a heating rate of 1 K
inol

lled glovebox. The corresponding powder X-regction pattern

indicates the presence of a complex mixture of phases, yet contai @5 ‘ . .
neither compound nor any of the known binary or ternary solids, ingle-Crystal X-ray Di raction. Because of the tendencylof

132 2930 33 34 35 27 to de ber on touch, a suitable bundle of parallel oriebtrd was
GeAs,"™ GeAs, KiGey,~ KA~ KafAsy = KoGes, selected and cut on one side to obtain a short enough piece to be

pletely immersed into the X-ray beam. Splicing bietfseat the

gl ting point led to some spot separation in tre diraction

KGeAs,?® nor the elementsF{gures S5 and JS6Apparently, in
the absence of a tempering step, kinetic control of the reaction tal
place that allows for the formation of an unknown, metastable pha : . .

images. This ect was overcome by choosing acwntly large

A thermogravimetric analysis anceréintial scanning calorimetry tegration mask and integrating the slightly separated peaks as one.

(TGA/DSC) measurement of this mixture showed a steep decline iﬁge data for the X-ray structural analyses were collecfed at
mass and an exothermic reaction of this crude product setting in 0(2) K with Mo K -radiation (o« = 0.71073 A) on an area

around 750°C (Figure Sy} Step 2: The as-prepared powder is .
transferred into an open corundum crucible and placed in a silitgnfé?hcégrs s()éslfl%nljxs'l'tof?olrgDSSI—%I.EJQE-ZSCt)rll%%T;ﬁZ ‘;\f':i dsﬂ;/ef(lij IEy direct
tube. After evacuation of the tube, the temperatute gapicted in omatrix least-squares methods agginsth the SHELXL prograrh

;lsgouorg ?1; %?ﬁql;e(? ;2 ;zeai?r;‘ﬁ:jerxvétigtag :ggg;&;emggﬁgfre within the same program package. The crystal data and details of the
' gtructure solution and reement are collected Tiable 1

with a metallic luster, which grows on top of the corundum crucibl ;
upon slow cooling in the range between 750 antC5@gure ). Micro X-ray Fluorescence Spectroscopy (XRF). -XRF
During the tempering processs separated from excess Ge and Measurements were performed with a Bruker M4 Tornado
As owing to the temperature gradient within the tube furnace. Ge Jectrometer, eq“'pp?d with an Rh-target X-ray tube and a s.lllcon
rift detector. The emittediorescence photons were detected with

found at the formerly hottest part of the tube, followé&dlmng the o ; ;
temperature gradient. Excess As condenses at the coldest part offAcauisition time of 100 s. Quaion of the elements was
achieved through deconvolution of the spectra.

tube. In a typical laboratory setup, we obtained around 15 g of Electron Microscopy.Electron micrographs bfvere taken on a

Jeol JSM 7500F scanning electron microscope at 10 kV acceleration
voltage. Samples were prepared in an dlgdnglovebox by
droppingl suspended in toluene onto carblom-coated TEM grids
(Cu, 300 mesh). This special type of preparation was chosen to
reduce the background signal. Imaging was conducted by simulta-
neous signal acquisition from a secondary electron detector and a
backscattered electron detector. The superposition of signals from
both detectors provides information on morphological aspects in
green color (SE-detector) and material contrast in orange color (BE-
detector).

Ultrasonic Treatment. 1 (20 mg) was suspended in 10 mL of
Figure 1.Single crystals df grown on the walls of a corundum toluene and treated in an ultrasonic bath EMAG Emmi 60HC for up
crucible. to 200 min at maximum intensity setting.
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Table 1. Crystal Data and Details of the Single-Crystal
Structure Solution and Reement of 1

empirical formula

formula weight (g m%iﬂ
crystal color and shape
crystal dimensions (mm)
crystal system
space group
a(h)
b ()
c(A)
V(A
Zr calc (g Cn’§3)v
(Mo ) (mm°?)
absorption correction type
2 range )
index ranges
total number of rections
number of unique rections
(R
obs. reections [ > 2 (1)]
parameters

R [I >2 (I)]/ wR, (all data)

GooF (all data)
max peak/hole, (€53

LeAs (=2 KGeAs)
1041.46
black, thiers with a metallic luster
0.378.025%x 0.010
orthorhombic
Pnnm(no 58)
14.1466(7)
16.3002(10)
3.7489(2)
864.47(8)
2, 4.002
22.627
numerical
5.77560.99
S19 h 20,823 k 2354 | 5
7476
1505 (0.899)

1136
49
0.0526/0.1521
1.047
1.70/52.37

via the crystal orbital Hamilton population (COHP) methGdoss
electron population numbers and the resulting atomic charges
according to Mullikémmethod’ were also obtained from LOBSTER
analyses, as described in the litergttfre.

Impedance Spectroscopy.The entire sample preparation was
carried out inside an Alted glovebox (MBraun,® 1 ppm, HO <
1 ppm). The as-preparegd3&As; (1) was ground in an agate mortar
and then pressed into pellets with a diameter of 6 mm by applying a
pressure of 276 MPa at a temperature dfQ@@r approximately 60
min. This was done by a heatable hydraulic press (P/O/Weber,
Remshalden, Germany) with polished stainless steel dies. The
thickness of the pellets ranged between 0.5 and 1 mm and was
determined by a micrometer caliper (Mitutoyo, Neuss, Germany).
Platinum electrodes were coated on both faces of the pellets using a
sputter coater (108auto, Cressington, Watford, England). To promote
good contact between the grains, the pellets were annealédat 200
for 24 h within an evacuated silica glass tube. The heating rate was 50
°C, whereas the cooling was not rate-controlled. For the impedance
measurements, the pellets were mounted in a home-built, air-tight
sample cell in a two-electrode arrangement. Alternating current (AC)
impedance data were collected using an Alpha-AK impedance
analyzer (Novocontrol, Montabaur, Germany) over a frequency
range of 1 MH&0.1 Hz with an applied root-mean-square AC
voltage of 50 mV. The measurements were carried out at
temperatures between 0 and 220 the sample temperature was
controlled by the Novocontrol Quatro Cryosystem. The maximum
temperature variation tolerated during the impedance measurements
wast0.1 K. For the tting of the obtained spectra, the impedance
analysis software RelaxIS (RHD Instruments, Darmstadt, Germany)

UVSvisible Spectroscopy. UVSvisible spectra were recorded Was used.
with a Varian Cary 5000 dual-beam spectrometer equipped with a
Praying Mantis sample holder from Harrik. Thesdireection of

powdered samples was analyzed. Thisedreectance data was
converted to an absorption spectrum by plottihgllg{sd versus
energy (eVy® Note that excessively vigorous grounding of the sing
crystals seems to lead to thermal decomposition of the compou
thereby leading to arbitrary spectra. Thus, the crystals were gro

RESULTS AND DISCUSSION

Synthesis, Crystal Structure, and Crystal Fiber
Separation. Compoundl is obtained in very good yield

L’ﬁjpproximately 80% based on Ge) and phase purity, as shown

\ X-ray powder diaction Eigure S) It crystallizes in the

nely, yet carefully, to produce reproducible spectra with a sha@sthorhombic space grolnnm(a = 14.1466(7) Ap =
onset of absorption at the band-gap energy.
Computational Methodology. Quantum-chemical calculations structure renement and crystal data, Sekle ). As reported
based on density-functional theory (DFT) were performed utilizingreviously for similar ca: 24, is insoluble, even in highly
the Vienna ab initio simulation package (version 5#)n all

calculations, the projector-augmented wave (BAWhethod was
employed for basis set representation, with the energetsetuito
500 eV. For the initial structural optimization and calculation of th
electronic properties, the generalized gradient approximation (GG

16.3002(10) A, and = 3.7489(2) A; for details of the

polar solvents such as 1,2-diaminoethane and liquid ammonia.

In this regardl is not likely to act as a direct precursor to the

aforementioned binary molecular anions, at least not via
actions in solutions.

functional in the parametrization of Perdew, Burke, and Effizerhof Figure Zillustrates the crystal structureloflhe anionic

was chosen to account for electronic exchange and corredatian e - Substructure, formafy{(GesAs)*}, is based on a complex
Brillouin zone integration was performed usirghBloetrahedron ~ secondary building unit that is linked into one-dimensional
method® for a -centered&-mesh with dimensions ok x 14 to strands extending along the crystallograplagis. This

ensure energetic convergence. The valence electrogizations  building unit comprises two identical heteroatomic 9-atom
of the individual species as given in the atomic potéesialere  cages, in which one As and two Ge atoms of a six-membered
4s3(P for K, 484p for Ge, and 44p’ for As; a comparative GeAs, = As(Ge),As ring are bonded to a cappingSsunit.
calculation considering the 3d orbitals for Ge and As did not Sho‘f’his cage represents a noradamantane-like architecture, which

any signicant, observable exts in relation to electronic structure . . . )
and bonding. The electronic convergence criterion was &gtto was described previously also for organogermanium chalcoge

105 eV in relation to the total energy, whereas for structuralide clusterS™* This underlines the applicability of the
optimization, the interatomic forces were minimized to less than RSeudelement or isolobal concept even in such complicated
meV AL All calculations were performed without spin polarizationcases, with Ge replacing C, As oréplacing CH, and As

Standard DFT functionals are prone to signt errors in replacing CH of the parent noradamantane molecule
describing excited-state properties, such as band-gap sizes, as i{mw@hdamantane = tricyclo[B.S‘?'j]Jﬁbnane, GHyp. It is
known from the literatufé*® Thus, after the aforementioned worth noting that the recently reported structurgTBK® is
optimization and ast evaluation of the electronic propertiess, a statiqygzsed on another cage type that is known from organotetrel
coloaten uang e stongy corsvnes e GOA'SEAN chalcogenide cluster, nameydosble deckbie arch

P P {t;ectur “S68 which represents an isomeric form of the

increased accuracy in relation to the electronic structure. The wa . d 't (ad ~ tricvel 11
function obtained from this calculation was projected onto atomigfominent adamantane unit (adamantane = tricyc o[318.1.

orbitals utilizing the LOBSTER progiaii® to extract local ~ decane, {H;q¢ in such clusters. To form the secondary
properties from the delocalized PAW basis sets, yielding compl&dilding unit ofL, the noradamantane-type cage is linked to a
accuracy for the partial DOS anafyaisd enabling bonding analysis second, identical building unit, which is inverted with respect
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Ge3 As3

Figure 2.Crystal structure dof. Left: close-up of the secondary

electronic considerations, as follows. The K:Ge:As composi-
tion of 2:3:3 was cormed by -XRF data (se€able S1 and
Figure SB Assuming that the anionic moiety is electron-
precise, as typically seen for this kindirtf phases, it is
reasonable to identify all atoms with four bonds’a&G6Eg,
Ge2), the atoms with three bonds d&s(Asl, As2) or Ge
(Ge3), and the remaining atom forming two bonds s As
(As3). This assignment is in agreement with minimal charge
accumulation on both types of atoms.

The three-bonded atoms (Asl, As2, and Ge3) could

building unit of the anionic strandlike substructure, consisting of twgenerally be of either species, namélyrABe’. However,
GeSGe-linked noradamantane-like cages; the connection to adjace the atoms with closest contacts to fésnk should rather

building units is illustrated by outgoing two-colored bonds, with thge As than Ge, accordin

to the observations made for the

color code reecting the nature of the involved atom types. Right: q|ated compounds K@e 8 and NaGgAs, 69 the assign-

view of a section of the crystal structure, viewed approximately alor%

the crystallographic axis. Selected distances (A): &2
2.4328(10), G&As1 2.4795(17), GBBe3 2.4794(17), GBAs?2
2.4625(15), GeRAs3 2.4131(1®2.4131(1), GeSAs3
2.4793(1252.4794(12), GAGel 2.447(2).

to the rst one. The connection is made via $Gebond
that comprises an inversion center of the struétigner¢ 2
left). The one-dimension@l-symmetric strand along <001>

nt seems to be reasonable in the given way. Another
indication for this is the presence of either isolated Ge atoms
or G&SGe dumbbells in the structure (5erure 1left), such

as found for all structures of this type, JAGE° BaGeAs, "

and SiGeAs,’” whereas a switch of Ge3 with Asl would
produce a Gechain. However, we would like to suggest that
this alternative modiation, with inverted assignment of
atoms to the Ge3 and Asl positions, may still co-exist in the

is constructed in that each of the building units shares tH#®lid, as the second model is only slightly higher in energy, by

atoms Ge2, Ge3, and As2 with its two neighboring buildi

units (igure 2 right). The bandlike arrangement is slightly

inclined by a& 22.65(1) rotation about th€, axis running

.015 eV, according to quantum-chemical studies (see below).
e attribute this to the following two reasons: First, in both
structures, there are twoSBedistances that are shorter than

along 0/ ,c and¥,,0¢. The strands are separated from eachwo of the (closer) ASX distances (3.490 A), amounting to
other by one layer of potassium ions located between %469 A (involving Ge3) in the energetically preferred

anionic units. The two distinct” Kons each possess four
closest As atoms within 3.28§3)190(2) A and one (K1) or
two (K2) closest Ge atoms within 3.468@p54(3) A.
Additionally, one As atom (K1) and/or two Ge atoms (K1/
K2) are somewhat farther apart (3.6283)784(3) A); see
Figure S2

structure and to 3.431 A in the alternate version (involving
the original Asl position that was switched to Ge3); as
re ected by the very slight energyedince, this structural
e ect is not signcant, which can be understood based on the
fact that a Ge atom on the As3 position would be (at least
partially) negatively chargé@€"”). Second, although none

The assignment of atom types was done with a combinatiafi the related phases quoted above featureschadde this

of micro X-ray uorescence (XRF) spectroscopy and

arrangement is not unprecedented in heteroatoimic

O

S

ATty

©
©

Figure 3.Comparison of the related Ge/As substructures of GEA®p

ST, e s

K2

As1 ©

Ge2 / \T
Ge1 ¢
As3

As2 —0 °

K1
®

[

left, viewed along <001>, and bottom left, slightly rotatedpd¢Ge

(top center, viewed along <010>, and bottom center, slightly rotatediz@Ad;K1; top right, viewed along <001>, and bottom right, slightly
rotated). One noradamantane-like unit per structure is highlighted by green bonds.
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a

Figure 4.(a) Light-microscopic image finder paran oil, indicating its tendency to form agglomerates, from which single-crystegdline
emerge. (b) Scanning electron microscopic (SEM) image of an untreated lisolatdd already indicating the presence of several thinner

bers. (c) SEM imageslbéfter ultrasoncation for 100 min, showing beginning split up. (d) SEM imaga&esfultrasoncation for 200 min,
yielding separatetbers of 0.150.5 m in diameter.

chemistry: indeed, the biniptl anion (GgBi,)* contains layered structure that extends parallel takifpdane in this
a Gg chain in each of its three energetically preferred isomesgructure.
whereas separation of the atoms leads to higher-energy-urther reduction of the substructure by incorporation of
isomerg? twice the amount of K (formally) yield&Si¢As; (1; Figure 3
Anyway, both models are in accordance with the sumight). While the composition and structure of the
formula determined byXRF. The two negative charges per horadamantane-type cages are identical to those #sjKGe
formula unit (on Ge3 and As3 in the slightly more stabléncluding the homoatomic G3e3 bond, a reduction of the
modi cation) are balanced by two potassium cations pefimensionality of the polyanion takes place toward the one-
formula unit. The asymmetric unit comprises one formula unfimensional Ge/As substructure. However, the latter cannot
on special positions, hence with site occupation factors of (26 derived from the layers discussed above by mere cutting of
for each of the atoms, with Ge2, Ge3, and As2 being sharggnds. Instead, the relative orientation of _the adjacent strand
between two neighboring cages. of fused_noradamant{ane cages, all of Whlch extend along the
While this one-dimensionally extended motif of linkec®001> direction, is dérent from that found in the layered
noradamantane-type cages has not been observed in any ogiejctures. Linkage of the two strands into the bandlike one-
intermetallic phase so far, it is related to the covalently bond Hnensmnal substructure does not oceur @AG@onQS toa
units in the Iayeregsstructure of GRS and in the related (Gr(i%bGoenld)el?p ?nsrgttgtri]:) nb;f obnye ((jnlfr(ter?eStS/;v i S'[cr)gr?csislgztc()ﬁdthe
Zintl phase KGAs.“ A comparison of these structures with } . : .
that of compound is provided irFigure 3with one of the aggu?gtirrlolggnil;? the former layers (i.e., dbouiGeAs,
noradamantane units in each of the structures highlighted 8y|- ).

. he described series of alkali-metal intercalation products is
green bonds. In GeA&-igure 3 left), the noradamantane- | miniscent of the compound Na@g®® which can be

type units are composed of three Ge and Six As atoms €agfgcriped as stemming from the intercalation of Na ions into
with an As atom located on the corresponding Ge3 site in thgaAS132 Both solids contain layers of the general formula
noradamantane cage linStrands of fused noradamantanez ((Ge.Ag)% (GeAs:q= 0; NaGeAs; q= $1), which are set
units that extend parallel to the crystallographids are  gpart from each other upon intercalation of ddgions.
further linked by three-bonded As atoms visA&donds.  However, as there is no sigant structural change within the
Hence, there are exclusively heteroatomic bonds in this bingsg/As substructure in this case, the reduction of thAsGe
compound comprising neutral Ge/As layers. Incorporation @famework relates to n-doping of the substance.

0.5 K atoms per formula unit to Geéauses the formation of  Examples for binary or ternZigtl phases that exhibit one-
an anionic Ge/As substructure. Simultaneously, one quarterdimensional anionic substructures are’CA8h (A = alkali

the As atoms are replaced by Ge atoms, yieldiBg KAS - metal; Pn = P, ASJ°7® K,TtAs, (Tt = Ge, Sn}""® or

(i.e., KGegAs; Figure 3 center). This structure contains one AgTrPn; and AgTr,Prs (Ae = Ca, Sr, and Ba; Tr = Al, Ga,
homoatomic G&Ge bond, yet it still retains the overall and In; Pn = P, As, and SB)®* The nature of these strands
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can be very déerent, ranging frofneat 1D chains of atoms, optimization, the lattice parameters in the ground state arrive
as found it {SP°} or * {Pn}, that are related to the structures ata = 14.102 Ab = 16.528 A, and= 3.796 A, in excellent
of the elemental semiconductors gray selenium and blaagreement with experimental values, with the largest deviation
tellurium, to pseudo-1D structures that are based on onésr b being below 1.5%. For this optimized structural model,
dimensionally linked building units. The latter may be~igure 6shows (a) the resulting band structure and (b) the
tetrahedra, such as those connected in thek8iStructure  corresponding total density of states (DOS) with orbital-
of 1 {(TtAs,)} or in the diverse substructures of the quotedresolved contributions of the individual atomic species. The
AgTr,Pn, phases. In this sense, the substructli@estribed  band gap obtained from DFT using the SCAN functional is
above is also to be viewed as a pseudo-1D structure, whictapproximately 1.4 eV, in excellent agreement with the
the same time belongs to the most complicated ones that haasgperimental data. The pimsis of the valence band
been described to date #ntl phases. maximum (VR,) and conduction band minimum (GB
1forms ne bers with a metallic luster, which are sensitivaas indicated in the band structufay(re @) indicate a very
toward air and moisture. ThHarous nature of the material can slight o set of thek vector, suggesting that compoliiglan
be observed with the naked eye E$gere ), but it becomes  indirect band-gap material. However, the magnitude of this
even more obvious upon inspection of the compound via set is very small and may be within the margin of error,
optical and electron microscopigégure 4provides a light-  possibly due to the choice of theoint path through the
microscopic image of long single crystalshaft grow out of  Brillouinzone and the correspondiagoint density along the
a knot of material (top left) and scanning electron microscopiaid path. Thus, th&auc formalism was applied to the
(SEM) images of thesbers. Under the optical microscope experimental data of the absorption spectrum, which rather
(Figure 4), the bers seem to be made up from a singlesuggests a direct band gap to existFigeee S1)1
strand. However, when being inspected with a scanningThe density of states (DOS) ploEgure ) help in the
electron microscope, it becomes evident thabéme consist  interpretation of the band structure: the narrow, alrabst
of thin strands of the material that agglomerate to form theand slightly belov14 eV reects the 3p levels of K
macroscopicbers figure ), which readily split up further. exclusively, whereas the region between appBoandS6
This was commed by treatment of the material in an eV is dominated by 4s and 4p contributions of Ge and As. In

ultrasonic bath for_ several minutes, as illustrafteglire 4 this region, for Ge, the 4s levels are dominant throughout,
This eventually yields separateérs of 0.150.5 m in whereas for As, they are dominant uplid eV, with equal
diameter tigure 4). contributions of 4s and 4p levels betvwdéhandsS6 eV. The

Optical Absorption Properties. To gain insight into the  occupied bands betwegheV and the Fermi level at 0 eV are
electronic properties of compoundve measured its optical composed nearly exclusively of 4p levels for both metalloid
absorption behavior by means of theusdi reectance  species. For K, no sigrant contribution of the 4s valence
method. The USVvis spectrum is shown fiiigure 5 The  electrons to the valence band can be observed, in contrast to
prominent 4s levels in the unoccupied regions of the band
structure above approx. 1.4 eV.

This already underlines the cationic nature of K in this
compound, as alluded to in the structural description, based on
the examination of the electronic structure as well, and can be
reinforced further via the examination of the atomic charges
from a Mulliken analysis. These are shown to be approximately
0.05 for the Ge atoms previously idedtas neutral Gel and
Ge2 inFigure 2and aroun&0.4 for Ge3, previously idertl
as anionic, in excellent agreement with assignment of charges
given in the structural discussion above. For As, there are two
distinct groupings, with charges of approxinf@ehs and

o s 20 s 20 S0.36 for As1 and As2, respectively (assigne?ivlmsés on
' " Energy/ev ' the coordination mode), and an average chafg@ 5 for
. As3 (identied as AY. The discrepancy between the negative
Figure 5.UVSvis spectrum of compourd measured on ground  gross Mulliken charges for As1 and As2 and attributing them as
single crystals of the material (solid black line). The onset gheytral atoms based on the threefold coordination are resolved
absorption was determined by the tangent method (blue lines). \\han considering that any quantum-mechanical charge is not
equatable with a (highly formal) oxidation number. However,
onset of absorption, indicating the lowest possible excitatitiey can and do serve as a qualitative predictor and in this role
energy, was determined to occur in the near-infrared, at arouset indeed in good agreement with the experimental data.
1.37 eV (905 nm). The absorption eventually reacheBinally, for K, the Mulliken charge is 0.85 on average, in
saturation at about 1.8 eV (690 nm) and covers the wholegreement with the cationic character of this atom type in
UVSvis range, which is in agreement with the deeply blaciompoundl. The overall agreement of these datlly
appearance of théers. corroborates the composition determined-XRF spectros-

Electronic Structure and Bonding. To gain further  copy.
insight into the electronic structure and the bonding The COHP analysis of the bonding characteristics is shown
characteristics of compoufidand to further corroborate in Figure 7 depicting all contacts between 1 and 5 A,
the experimentalndings, quantum-anéal calculations corresponding to the 1st, 2nd, and 3rd coordination shells
based on density-functional theory were performed, 4€S) for each spectespecies interaction, as preceding radial
described in the methodology section. Upon structuraistribution function analyses showed. For homoatomic

Absorbance / arb. units
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Figure 6.(a) Electronic band structure lofvith the energetically highest occupied band indicated as the valence band maximum (VBmax, red
circle) and the lowest unoccupied band indicated as the conduction band minimum (CBmin, blue circle). (b) Total density of states (DOS) plot of
1 (black line) with individual, orbital-resolved local DOS contributitets €olored regions) to the total DOS for each atomic species. The

Fermi level i) is set as 0 eV.

based on the average interaction energy per bond (approx-
imatelyS0.02 eV), but due to the large amount &Ass
contacts, there still is an observable total contribution
especially in the region beneath the Fermi level. However,
there is a notable antibonding component f@B3AAs
interactions exceeding that present in ti&@énteractions.
When heteroatomic contacts (shownFigure B) are
considered, the interaction between the two metalloids Ge and
As proves to be the supremely dominant one. It is the single
sstrongest interaction, both summed over the entire examined
range per cell and on a per-bond basis, with an average ICOHP
of $1.63 eV per bond, more thare times stronger than the
Figure 7.COHP diagrams showing the total interactions per cell fon€Xt contender &%. A broad qualitative similarity of the
homoatomic (a) and heteroatomic (b) contacts for the 1st, 2nd, anfb€SGe interaction and the GAs interaction can be
3rd coordination shells of each atom. The average integrated COMPserved as well upon direct comparison of the two; however,
value for one bond of a given type is indicated as well. A comparisghite antibonding region beneath the Fermi level is, relatively
between the six strongestGe bonds in the 1st coordination shell gpeaking, much smaller folS@e than it is for G&Ge: the
(CS) and the sum over all &8e contacts across all three CS is Ge5As bond is less destabilized overall. The other two
shown in (c). Energetic scalingagis) for all three diagrams is - paargatomic interactions S&sand G&K, are signtantly
identical, the COHP scalingdxis) is not. The Fermi level is set to 0 L .
eV, weaker but, remarkably, show no antibonding characteristics at
all below the Fermi level, exemplifying that heteroatomic
contacts have stronger bonding contributions than homoa-

contacts, i.e., S&e, ASAs, and KK, it is evident iffigure .
7a that the GBGe interactions are the strongest by far, withfomMIc ones. o o .
exclusively bonding characteristics bet@&4randS2 eV, Finally, inFigure ¢, the GBGe interaction is examined
exhibiting a small antibonding region close to the Fermi lev@@in, comparing the curve from (a) with interactions in the
and then assuming a bonding character directly below t§t 2nd, and 3rd CS to those in the 1st CS exclusively.
Fermi level again. The average integrated COHP (|C0Hpﬁ\lthough the amount of the Iattgar contacts is only six, as
value 080.47 eV per bond is nearle times higher than that opposed to 58 for the former, their contribution forms half of
of the second-strongest interactiddiK KFor the latter, it is  the total GBGe interactions betwe&d4 andS10 eV and
somewhat surprising that a narrow, but samt, bonding nearly th'e entire total betwe&10 andS6 eV. This is

peak at aroun§15 eV is clearly seen, corresponding to the'® ected in the average ICOHP valu&407 eV per bond
energetic region occupied by the 3p levels and indicating ttd the absence oflantlbondlng interactions in the 1st CS, even
these have at least some quable: impact on interpotassium further demonstrating the strength of th&@e bond. In
bonding despite being part of, in the classical picture, a cloditht of this analysis, the strength of the qualitatively quite
and lled shell. However, as the 3s electrons of K are ngtimilar GBAs interaction must be evaluated again, consider-
accounted for in the atomic potential, this is ttotel noble-  ing solely the 1st CS in this case as well and arriving at an
gas conguration, and furthermore, the behavior in the solicaverage ICOHP value®4.14 eV per bond. In contrast to the
state is distinct from that of the free gas phase; hencegSGe interaction, in which there is a qualitative change upon
interactions among these atoms cannot be disregarded a priexamining the 1st CS only, namely, the vanishing of the
The KSK interactions at higher energies up to the Fermi levedntibonding region, there is no change in bonding character for
are insignicant, unsurprisingly, due to the observedGeSAs. The increase in bond strength is only due to the
depopulation of the 4s valence levels. Finally, among thenount of bonds considered; for this reason, it is not shown
homoatomic contacts,3¥%s interactions are largely negligible separately. Considering thas#ings, it is clear that the &e
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As and G8Ge contacts exhibit the strongest bondingto structural symmetry is further assumed so that the energetic
interactions by far, being responsible for the stability of thearrier for a single Ge3/As1 pair position exchange is roughly
present material overall. 0.0038 eV, corresponding to a temperature change of
To sidestep the so-caltedloring probletfi”and verify the  approximately 43 K to overcome this barrier. Molecular
assignment of the atomic positions, particularly in relation fdynamics or nudged elastic band calculations will yield more
Ge and As, we have also performed calculations for agalistic values for energetiadion barriers; however, in the
alternative structural modellofn this alternative model, the framework of this study, this approximation isisnt. Thus,
crystal structure itself remains identical, but the Ge3 and Adue to standard Boltzmann distribution, it is evident that both
positions in the noradamantane-type cage are swapped,stsctural arrangements (and intermediate forms where not all
depicted inFigure S8of the Supporting Information. The positions are swapped) are likely to co-exist at room
structural model obtained from the experiment was bottemperature and above, with the described structure
treated in a static calculation and fully structurally optimize@redominating both for energetic reasons and due to the
The total energies of both the system as described in the artiglescribed bonding-induced stabilization.
(desg¢ and the one with alternative Ge3/As1 assignraknt ( Charge Transport Properties. For elucidation of the
are very similar for both the static and the optimized case, @3arge transport properties, impedance spectra of a fellet of
seen iffable Saf the Supporting Information. The described between ion-blocking Pt electrodes were recorded. A Nyquist
structure is minimally favored energetically; however, thHuot of the impedance (taken at 2Q) is shown irFigure 8
di erence of less than 2 kJ/mol is within the accuracy of DFT.
Thus, the reassignment of the positions has nocaigni
impact from a purely energetic point of view, surprisingly
enough.
Furthermore, the total DOS of ttiescandalt structures
were compared, as shownFigure S9n the Supporting
Information. These are qualitatively and semiquantitatively
similar, with very minor changes below the Fermi level. In
particular, the band-gap size is 1.4 eV in both cases and thus is
entirely unaected by the Ge3/Asl position exchange. For a
comparison of the bonding interactionslesacand alt via
COHP, the dierences are more pronounced: while the two
strongest interactions, $%s and G8Ge, show a similar
gualitative character throughout the entire energy range, the
region immediately below the Fermi level estad by the
position swap, particularly inS&e, as seen Figure S10f
the Supporting Information. For both strongest interactions,
the averaged ICOHP value per bond at the Fermi level
indicates that the bonding character is stronger itette
structure, indicating increased stability. This trend continues
for all interactions except$3€ their bonding character is
either stronger imlescor unchanged. For comparison, all
ICOHP values are listed ifable S3in the Supporting
Information. Figure 8.(a) Representative Nyquist plot of the impedance of
In summary, both the energetic comparison and particulafsGeAs; (1) at 200°C. The inset shows the equivalent circuit used
the bonding analysis indicate the stability of the structure withr tting the impedance spectra. (b) Arrhenius plots of the parallel,
the described assignment, further backing up the experimer@gftronic, and ionic conductivity Iofin addition, the electronic
data. While clearly pronounced for the bonding characteristié@nsference number is plotted versus the inverse temperature.
the preference is marginal from a purely total-energetic point
of view, and the size of the band gap is entirelgaiad by In the inset, we sketch the equivalent circuit usettifigrthe
the exchange of the atomic position assignment. Hence, gpectrum. Two RCPE elements in series were usedtfog
further variations of position assignment were considered. the high-frequency and intermediate-frequency part of the
In addition, due to the marginal energetic (absolute)spectrum. The impedance of a constant-phase element (CPE)
di erence of approximately 0.015 BMb(e SR, a coexistence IS given bycpe= Q%(i )° with 1. The capacitance of
of both arrangements due to thermally induced positiofh€ respective semicircle can be calculated from the Brug
exchange is highly likely. As the energetiredces are formulaG = (Q(R)™ )Y .*° Capacitance values around
roughly comparabie for both the static case (in which thé0>'° F cnv? were obtained for the high-frequency semicircle
lattice parameters are identical for both arrangements) and tpfgowing that this semicircle is caused by bulk charge transport.
optimized case, it can be assumed that said energpai is ~ Sincel is a mixed ionic/electronic conductor, the resistances
mainly due to the exchange barrier and not structacabe Ry can be idented with the parallel resistafig = (Rer +
Under this assumption, for the optimized case, the changef&n " With R, and Reo, denoting the ionic and the
temperature needed to induce a Ge3/As1 position exchangeél§ctronic resistance, respectively. This is because at high

_E_ L . . frequencies, ion blocking at the electrodes is negligible;
T= ke 174 K This di erence refers to the entire unit cell, therefore, both ion transport and electron transport in the

with position exchanges of four Ge3/Asl pairs. Fobulk contribute to the conductivity of the sample. The
simpli cation, energetic equivalence for each exchange diumermediate-frequency seimtle was characterized by
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capacitance values betweeti 40d 16° F cn¥?, indicating ~ compound exhibits a narrow semiconductor-like band gap. In
that this semicircle is caused by the interface between thddition, COHP bonding analysis reveals that thA<Gnd
sample and the Pt electrodes. The low-frequency part of t@&SGe interactions are dominant by far, explaining the
impedance spectrum wated by a Warburg-short element, stability of both the noradamantane-type cages and the linkage
which describes the formation &%R concentration praes of adjacent strands viaS&e bonds. According to impedance
over the bulk of the sample, resulting in a blocking of the Kspectra of a polycrystalline sample, the material combines ionic
ions and in a purely electronic current at very lowand electronic conductivity properties, which may hint at one-
frequencie$’ The Warburg impedance can be written asdimensional conductivity along the p-block atom strands.
tanh(@ )) \ith the Warburg coeient Ry, the Future work will be dedicated to a detailed study of the

] S (i) _ _ anisotropic material properties that result from the discussed
time constant, and the exponent The electronic resistance combination of electronic and transport features.

Reon Of the sample is then givenRyy+ Ry i.€., by the low-
frequency resistance minus the interfacial resiBjaficem ASSOCIATED CONTENT
the obtained ionic and electronic resistances, we calculated the

ionic conductivity ,, = (R)S'd/A, the electronic con- Supporting Information _
ductivity = (R S'd' A and the parallel conductivity of The Supporting Information is available free of charge on the
the Samp?gnpaﬁ ("(Ron)sl’+ (Ro)S)d/ A Here,d and A ACS Publications websigg DOIl: 10.1021/acs.chemma-

Zyws= Ry

denote the thickness and the area of the sample, respectiv&‘?{r.g|O02827
Figl_Jre & shows Arrhenius plots @f, <o, and . Only Synthesis details, single-crystal and powdactiin
data in a temperature range between 160 andC22@e data, micro X-ray uorescence spectroscopy data,

shown since at lower temperatures, the Warburg-short  thermogravimetric analysis, anderintial scanning
behavior at low frequencies was not detectable; therefore, calorimetry dataPOP

ionand ¢o,could not be determined. The obtained activation Il hi cl

energies are 0.69 eV for the ionic conductivity, 0.61 eV for the Crystallographic data b{CIF)

electronic conductivity, and 0.65 eV for the parallel
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