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Uncovering new transition metal Zintl phases by
cation substitution: the crystal chemistry of
Ca3CuGe3 and Ca2+nMnxAg2−x+zGe2+n−z (n = 3, 4)†‡

Siméon Ponou,ab Gordon J. Millerb and Anja-V. Mudring *a

High-temperature solid-state reactions of the respective elements afforded the new transition metal Zintl

phases Ca3CuGe3 (Sc3NiSi3 type, monoclinic C2/m – i7, Pearson code mC28), Ca6MnxAg2−x+zGe6−z (own

type, monoclinic P21/m – e14, Pearson code mP28) and, Ca5MnxAg2−x+zGe5−z (Ca5MgAgGe5 type,

orthorhombic Pnma – c12, Pearson code oP48) as evidenced by single-crystal X-ray diffraction. They are

additional representatives of the recently discovered homologous series Ca2+nM2+zGe2+n−z, already

reported with M = Ag, Mg. These new phases were rationally prepared, after speculation that Cu and Mn

could replace the isovalent Ag and Mg, respectively, to yield isostructural phases. Their crystal chemistry is

discussed using established ‘structure directing rules’. Their structures are best described according to the

Zintl–Klemm formalism as (Ca2+)(2+n)[M2+zGe2+n−z)]
2(2+n)− featuring (poly-)germanide oligomers, [Gen]

(2n+2)−

with n = 1–5. These Zintl anions interact with the highly polarizing small M (Cu, Ag, Mn) cations through

their terminal Ge atoms, while the central Ge atoms are in trigonal prismatic coordination with the active

metal Ca. Electronic structure calculations using density functional theory (DFT) were conducted on the

idealized fully ordered model of “Ca3MGe3” (Sc3NiSi3 type) with M = Cu, Ag for an analysis of the chemical

bonding and structure stabilizing factors. Our findings suggest that new transition metal Zintl phases can

be obtained through partial to complete replacement of the highly polarizing small s-block cations (Li, Mg)

in the Ca–(Li,Mg)–(Ge,Si) system by their isovalent transition metals like Ag, Cu, and Mn. However, due to

differences in coordination requirements and possible strong metal–metal bonding between the d-block

elements, the resulting transition metal phases may not be isostructural with their Li and Mg counterparts,

even when featuring the same type of Zintl anions.

Introduction

Polar intermetallic compounds (PICs) form a large class of
extended solids, combining electropositive ‘active’ metals (s-
or f-block metals mainly) with electronegative post-transition
p-block elements and/or late transition (noble) metals.1,2

Interest in polar intermetallic compounds was originally
driven by their structural diversity and exotic bonding

features.2–5 In fact, they represent intermediates between
semiconductors and typical metallic systems.5,6 Hence, their
bonding pictures are often very complex and, it is virtually
impossible to apply simple heuristic concepts to reliably
deduce their compositions, structural features or the nature
of the bonding. This is, because unlike molecular systems,
PICs show a much higher degree of electronic flexibility,
allowing them to violate the electronic stability factors
(valence rules), despite their dominant effects on the
structure stability. Hence, for fundamental reasons also, it is
very important to study the different mechanisms of structure
stability in PICs. The Zintl concept has been very efficient to
rationalize the structure and bonding of many PICs involving
only main group elements.7 Even for structures that could not
be formally classified as Zintl phases, the implementation of
this rather simplistic concept provided interesting insights
into their structure directing forces. Transition metal Zintl
phases (TMZP) represent a special class of PICs, referring to
transition metal (TM) containing compounds that are either
isostructural with classical main group Zintl compounds or
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new TM structures for which the Zintl–Klemm formalism
provides insights into their electronic structure and bonding.8

Because of increased structural complexity and tunability
of their electronic structure in comparison with classical Zintl
phases, semiconducting TMZPs provide the ideal prototype
of phonon glass electron crystal (PGEC) materials for
application in thermoelectric (TE) energy generation from
heat waste.8,9 The Zintl anionic components provide the
diverse electronic structures as the “electron crystal” and, the
cations play the role of the “phonon scattering center”
yielding an extremely low lattice thermal conductivity. New
TMZPs with complex crystal structure and semiconducting
properties are important for the realization of better
performing bulk TE materials.8 In the course of our research
efforts to uncover new structurally complex TMZPs for
potential application as thermoelectric, we have tested an
empirical approach based on cation replacement of highly
polarizing small cations Li and Mg in classical Si- and Ge-
containing Zintl phases by corresponding isovalent TMs like
Ag, Cu, and Mn to generate their TM-based analogues. We
first considered the large family of main group ternary and
quaternary classical Zintl phases AE/M/Tt (AE = Ca, Sr, Ba; M
= Li, Mg; Tt = Si, Ge) as one possible system for a case study.
These AE/M/Tt systems were intensively investigated by
Nesper and co-workers.10–12 Previously, the complete
replacement of small polarizing Li by Ag in the Ca–M–Ge
germanide systems resulted in a new series of structures,
Ca2+nM2+zGe2+n−z (M = Ag, Mg), which are built up by linear
intergrowth of slabs cut from the parent structures, CaM1+z-
Ge1−z (AlB2 or TiNiSi type) and CaGe (CrB type).13–16 Our next
attempt was toward similar isovalent replacement of Mg by
divalent TM elements like Mn and Cd.

We report herein on the existence and crystal structure of
some new TMZPs, Ca3CuGe3 (monoclinic, C2/m – i7, mC28)
and Ca6MnxAg2−x+zGe6−z (monoclinic P21/m – e14, mP28), as
well as Ca5MnxAg2−x+zGe5−z (orthorhombic Pnma – c12, oP48).
Their crystal chemistry can be understood within the Zintl–
Klemm concept, and empirical ‘structure directing rules’
established by Nesper.10–12 In addition, the bonding
characteristics of Ca3CuGe3 and, for comparison, the
analogue Ca3Ag1+zGe3−z (x ∼ 1/3) reported previously, are
investigated with the help of electronic band structure
calculations obtained by density functional theory (DFT)
using the LMTO code on idealized fully ordered models “Ca3-
MGe3” (Sc3NiSi3 type with M = Cu, Ag).13

Experimental
Materials and synthesis

The starting materials for the synthesis were the elements,
Ca (granule, 99.5%), Ge (50 μ powder, 99.999%), Ag (60 μ

powder, 99.9%), Cu (granules, 99.995+%), Cd (pieces,
99.9999%) and Mn (pieces, 99.98%) all from ABCR
(Karlsruhe, Germany), which were stored in an Argon-filled
glove-box and used as received. The mixtures (to give a total
of ca. 400 mg, see below for stoichiometric ratios) of the

elements were arc-sealed in Nb or Ta ampules under Ar
atmosphere. Both elements were found to be suitable as
container materials. The sealed Nb or Ta ampoules
containing the mixtures were enclosed in fused silica glass
tubes under a vacuum of ca. 10−2 mbar. The reactions were
carried out inside a tubular furnace by slowly heating (60 °C
per hour) to 980 °C and holding for one hour, then cooling
to 870 °C at 2 °C min−1, and annealing for at least five days;
at this point, the furnace was switched-off to allow the
products to cool to room temperature.

The reaction of the mixture Ca : Cu : Cd : Ge = 5 : 1 : 2 : 5,
was designed to target the Cd/Cu analogue of the recently
reported Ca5MgAgGe5.

14 An excess amount of Cd was
intended to compensate loss during synthesis because of its
volatility. However, we obtained a ternary phase with the
composition Ca3CuGe3 in high yield, indicating that Cd was
acting essentially as a flux. Powder X-ray diffraction shows
accompanying phases, but we were not able to identify them.
For the Mn/Ag compound, a mixture with an atomic ratio Ca :
Mn : Ag : Ge = 6 : 2 : 1 : 5 yielded the targeted structure Ca5Mnx-
Ag2−x+zGe5−z. However, the resulting moisture sensitive
product is multiphasic with large amounts of the target
compound, having lower Mn content than the starting
mixture, but also binary phase impurities, CaGe and Ca5Ge3.
Increasing the Ag content in the mixture to Ca :Mn : Ag : Ge =
6 : 2 : 2 : 5 yielded another homologue, Ca6MnxAg2−x+zGe6−z,
with more extensive Ge/Ag mixing, and lower quality of the
single crystals. Longer reaction times resulted essentially in
thermodynamically more stable binary and ternary phases
like CaGe and CaAgGe (TiNiSi-type),17 often Mn substituted,
as the reaction product. Another mixture with nominal
composition Ca :Mn : Ag : Ge = 12 : 5 : 3 : 11 yielded a product
containing single crystal of both homologues Ca5MnxAg2−x+z-
Ge5−z (block shape crystals) and Ca6MnxAg2−x+zGe6−z (needle
shape crystals). Hence, quantitative syntheses of the pure title
compounds were unsuccessful and their phase widths could
not be precisely determined.

Powder X-ray diffraction

For the phase identification, powder X-ray diffraction (PXRD)
data were collected on a Stoe StadiP diffractometer with a
Ge(111) monochromator using CuKα1 radiation (λ = 1.54056
Å) equipped with a linear position sensitive detector (PSD).

Energy-dispersive spectroscopy (EDS)

The chemical compositions of the same single crystals of the
title compounds used to collect single crystal X-ray data were
verified by scanning electron microscopy (SEM) using a field
emission scanning electron microscope (JSM-7000F, JEOL,
Japan) operating at 15 kV and equipped with an energy
dispersive X-ray spectrometer EDX system (INCAx-sight,
Oxford Instruments, UK). The analysis confirmed the
presence of all elements. No other contaminant elements
were detected, but quantitative evaluations were difficult
because of the rapid decomposition of the single crystals

CrystEngCommPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:4

3:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ce00094b


CrystEngComm, 2021, 23, 2711–2722 | 2713This journal is © The Royal Society of Chemistry 2021

when exposed to air during transfer to the microscope
chamber.

Single-crystal X-ray diffraction

For single crystal X-ray diffraction experiments, several
crystals were selected from crushed samples, mounted on
glass fibers, and sealed in glass capillaries inside an Argon
filled glove-box. Single-crystal X-ray diffraction data collection
at room temperature was performed for detailed structural
analyses at ambient temperature on an Oxford Diffraction
Xcalibur3 diffractometer with CCD detector, using graphite-
monochromatized Mo-Kα radiation (λ = 0.71073 Å), operated
at 50 kV and 40 mA, and a detector-to-crystal distance of 50
mm. Absorption correction based on a semi-empirical “multi-
scan” approach was applied to the integrated reflections
using the program CrysAlis RED.18 Additionally, some single-
crystal X-ray diffraction (SXRD) measurements were
performed on a Bruker D8 Venture diffractometer operating
at 50 kV and 1 mA equipped with a Photon 100 CMOS
detector, a flat graphite monochromator and a Mo Kα IμS
microfocus source (λ = 0.71073 Å). The raw frame data were
collected using the Bruker APEX3 software package,19 while
the frames were integrated with the Bruker SAINT program19

using a narrow-frame algorithm for integration of the data,
and were corrected for absorption effects via the multiscan
method (SADABS).20 The atomic thermal factors were refined
anisotropically for all positions. Charge flipping,21 as
implemented in Superflip,22 was applied for structure

solution and full-matrix least-squares refinement on F2 was
carried out using the program SHELXL.23 For Ca3CuGe3, Cd
mixing with Cu was assessed but the refined composition,
Ca3Cd0.03(1)Cu0.97(1)Ge3, indicated no significant Cd inclusion
within standard deviation. In the case of Ag/Mn or Ag/Ge
mixed sites, the correct assignment could not be based on
the electron density alone. We considered also the
interatomic distances and, more important, the local
coordination environment of the sites, to determine the
element mixing with Ag. Anionic Ge atoms are supposed to
prefer the site with coordination geometry closer to trigonal
prismatic (mono-capped), while cationic Mn atoms are
assumed to prefer the site closer to tetragonal geometry
(albeit very distorted). This assessment is also in agreement
with the interatomic distances, since in the final models,
Mn/Ag–Ge distances are longer than Ge–Ge distances as
expected.

The crystallographic information including fractional
coordinates and selected bond lengths of the compounds are
listed in Tables 1–8.

Electronic structure calculations

For the isostructural analogues Ca3CuGe3 and Ca3Ag1+zGe3−z,
the electronic structures and the chemical bonding were
investigated on the basis of the density-functional theory
(DFT) using the tight-binding linear-muffin-tin-orbital (TB-
LMTO-ASA) approach and the local-density approximation
(LDA) within the program LMTO47c.24 Since the crystal

Table 1 Crystallographic data and refinement parameters of the monoclinic structures from full-matrix least-squares on F2

Empirical formula Ca3CuGe3 Ca6Mn0.67(1)Ag1.79(1)Ge5.54(1)

Formula weight 403.14 872.53
Crystal color and habit Dark silver needle Dark metallic needle
Temperature 293(2) K
Crystal system, space group Monoclinic, C2/m (no. 12) Monoclinic, P21/m (no. 11)
Unit cell parameters a = 10.6701(1) Å a = 10.8208(3) Å

b = 4.4452(1) Å; β = 110.73(1)° b = 4.4979(1) Å; β = 110.01(3)°
c = 14.2961(2) Å c = 14.3546(4) Å

Unit cell volume/Z 634.18(2) Å3/4 656.48(3) Å3/2
Density calculated 4.206 g cm−3 4.41 g cm−3

Abs. coeff. (Mo Kα) 19.673 mm−1 (λ = 0.71073 Å) 18.026 mm−1 (λ = 0.71073 Å)
F(000) 740 796
Crystal size 0.10 × 0.03 × 0.03 mm3 0.08 × 0.02 × 0.02 mm3

Theta range 1.523–36.53° 3.769–32.14°
Index range −17 ≤ h ≤ 17, −7 ≤ k ≤ 7,

−23 ≤ l ≤ 23
−12 ≤ h ≤ 16, −6 ≤ k ≤ 5,
−21 ≤ l ≤ 19

Reflections collected 15 281 (Rσ = 0.019) 6027 (Rσ = 0.034)
Independent reflections 1689 (Rint = 0.032) 2349 (Rint = 0.029)
Data completeness to theta = 25.242° 99.8% 98.7%
Absorption correction Empirical Empirical
Parameters 44 89
Goodness-of-fit on F2 1.061 1.058
Observed reflns [I > 2σ(I)] 1549 1819
Final R indices [I > 2σ(I)] R1 = 0.0210/wR2 = 0.0587 R1 = 0.0508/wR2 = 0.1320
Final R indices (all data) R1 = 0.0244/wR2 = 0.0599 R1 = 0.0642/wR2 = 0.1370
Weighting parametersa a = 0.0309/b = 3.6501 a = 0.0691/b = 5.2963
Extinction coefficient 0.0056(3) 0.0084(7)
Residual map (e− Å−3) 1.475/−0.706 3.009/−1.963
a w = 1/[σ2(Fo

2) + (aP)2 + bP] where P = (Max (Fo
2, 0) + 2 × Fc

2)/3.
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structure of Ca3Ag1+zGe3−z exhibits one mixed occupied Ge/Ag
site, a hypothetical ordered model “Ca3AgGe3” was used for
calculations. In this model the Ge/Ag mixed site is fully
occupied by Ge which is the major component [exp. 0.33(1)
Ag]. The radii of the muffin-tin spheres were determined by
an automatic procedure.25 The k-space integration was
performed by the tetrahedron method on a set of 325
irreducible k points and a basis set with Ca 4s/(4p)/3d, Ge 4s/
4p/(3d), Cu 4s/4p/3d and Ag 5s/5p/4d (down-folded orbitals in
parentheses).26 Crystal orbital Hamilton populations
(COHPs)27 were used for the analysis of relative bond
strengths. The Fermi level in all figures is taken as the
reference (0 eV) energy level. The COHP curves are drawn by
reversing their values with respect to the energy scale (i.e.,
–COHP vs. E). Since the COHP is an energy partitioning
function, negative/positive values indicate bonding/
antibonding interactions.

Results and discussion
Synthesis and characterization

All compounds were obtained by reactions of the
corresponding elements at elevated temperatures under
protective argon atmosphere. All attempts toward the phase-
pure synthesis of the title compounds were unsuccessful, and
the products typically consist of mixtures of the targeted
intergrowth structures with diverse phases, including the
simple parent structures, mainly CaGe, as well as for Ca2+n-

MnxAg2−x+zGe2+n−z (n = 3, 4) ternary Mn-substituted CaAgGe,17

and unreacted Mn. It is likely that the intergrowth phases,
and the neat parent structures are located on an extremely
flat energy surface and may be in or close to thermal
equilibrium. Since these intergrowth structures are defined
by the rate of TM (Ag, Cu, Mn) intercalation into the pristine
CaGe structure, the equilibrium principle may apply to the
starting mixtures for a given reaction temperature. This
should explain why it is difficult to prepare a target
compound from the stoichiometric mixture. The quantitative
synthesis of corresponding Ca/(Li, Mg)/Ge phases was also
challenging.10–12 As their structures are so closely related, it
is difficult to distinguish the homologous structures between
each other or with their parent-structures from X-ray powder
diffraction patterns. Therefore, the characterization of our
structures is limited essentially to single crystal diffraction
and qualitative chemical composition by EDS. The samples
are also exceptionally sensitive to air and moisture and
decompose to a dark red powder with the typical smell of
germanes.

Crystal chemistry

During extended investigations of multinary AE/M/Tt phases
of Si and Ge (Tt) with heavier alkaline-earth elements (AE =
Ca, Sr, Ba) and smaller, highly polarizing (M = Li or Mg),
Nesper et al. empirically derived a set of “structure-directing
rules” that determine very different roles of the cations in
these often complex structures.10,11 According to these rules:
(i) the Zintl anions are always planar (when comprising three
or more atoms) and are ecliptically stacked; (ii) the central
atoms of the Zintl anions are always coordinated by a
trigonal prism mainly formed by the larger cations (AE); (iii)
the terminal atoms of the Zintl anions are always coordinated
by a square antiprism of cations AE and M, with the outer
periphery formed by lighter cations M; and (iv) the highly
polarizing, small cations M determine the number of highly
charged terminal groups in the Zintl anions. In our previous
reports on the homologous series Ca2+nM2+zGe2+n−z (M = Mg,
Ag),13–16 we demonstrated that new TMZPs can be obtained
by partial to complete replacement of the small polarizing
s-block metal Li with isovalent transition metal Ag, while the
‘structure-directing rules’ remain applicable. However, whilst
the chemical composition and crystal structure of the
targeted TMZPs did not match that of the transition metal-
free parent compounds, the same type of planar Zintl anions
were observed.

The three title compounds are new members of the
homologous series Ca2+nM2+zGe2+n−z with M = Cu, Ag and
Mn. Hence, they are alkaline-earth (AE) analogues of the
homologous series with general formula R2+nT2X2+n, which
was first rationalized by Zhao and Parthé (1989), and
described with rare-earth (RE) and early TM (group 3)
metals.28 Within the Zintl–Klemm concept, a formal charge
transfer is assumed from the active metal Ca to the anionic
network according to (Ca2+)(2+n)[M2+zGe2+n−z)]

2(2+n)−.

Table 2 Wyckoff sites, atomic coordinates, and equivalent isotropic
displacement parameters for Ca3CuGe3 (4_Cu: Ca3CuGe3)

Atom Site x y z Ueq. (Å
−2)

Cu1 4i 0.74968(4) 0 0.10417(3) 0.0115(1)
Ge1 4i 0.12928(3) 0 0.04363(2) 0.0086(1)
Ge2 4i 0.95812(3) 0 0.26702(2) 0.0077(1)
Ge3 4i 0.89123(3) 0 0.42438(2) 0.0072(1)
Ca1 4i 0.45705(6) 0 0.11593(4) 0.0097(1)
Ca2 4i 0.25301(6) 0 0.27115(4) 0.0086(1)
Ca3 4i 0.60001(6) 0 0.42058(4) 0.0081(1)

Table 3 Wyckoff sites, atomic coordinates, and equivalent isotropic
displacement parameters for Ca6Mn0.67(1)Ag1.79(1)Ge5.54(1) (4_Mn:
Ca6MnxAg2−x+zGe6−z)

Atom Site Occupancy x y z Ueq. (Å
−2)

Ge1 2e 1 0.1296(1) ¼ 0.9562(1) 0.011(1)
Ge2/Ag2 2e 0.54/0.46(1) 0.4903(1) ¼ 0.8814(1) 0.021(1)
Ge3 2e 1 0.2764(1) ¼ 0.7230(1) 0.010(1)
Ge4 2e 1 0.3552(1) ¼ 0.5726(1) 0.009(1)
Ge5 2e 1 0.1426(1) ¼ 0.4237(1) 0.010(1)
Ge6 2e 1 0.2162(1) ¼ 0.2704(1) 0.011(1)
Ag1/Mn1 2e 0.68/0.32(1) 0.3908(1) ¼ 0.0404(1) 0.024(1)
Ag3/Mn3 2e 0.65/0.35(1) 0.0063(1) ¼ 0.1017(1) 0.020(1)
Ca1 2e 1 0.7811(2) ¼ 0.8801(1) 0.014(1)
Ca2 2e 1 0.8542(2) ¼ 0.4250(1) 0.010(1)
Ca3 2e 1 0.5098(2) ¼ 0.2767(1) 0.011(1)
Ca4 2e 1 0.7154(2) ¼ 0.1209(1) 0.012(1)
Ca5 2e 1 0.9905(2) ¼ 0.7279(1) 0.011(1)
Ca6 2e 1 0.6482(2) ¼ 0.5793(1) 0.010(1)
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The ternary phase Ca3CuGe3 (thereafter, 4_Cu) is
isostructural with the previously reported Ag analogue Ca3-
Ag1+zGe3−z (4_Ag), crystallizing with the Sc3NiSi3 type
structure, corresponding to the n = 4 member of the
homologous series (for that reason compound identifiers like
4_Cu were chosen).13 Perhaps because of the small difference
in atomic scattering factors between Cu and Ge atoms, Cu/Ge
partial mixing similar to Ag/Ge in the latter could not be
detected. Since CaCuGe and CaAgGe are isostructural
(CaAuGe type), monovalent Cu+ is assumed and,
consequently, these partial mixings are expected from the
Zintl–Klemm electron counting approach with x = 1/3 ideally.

A perspective view of the crystal structure is provided in
Fig. 1a, showing a linear intergrowth of two chemically
distinct domains corresponding to fragments cut from the
parent structures, CaCuGe (ref. 29) and CaGe.30 The anionic
substructure of 4_Cu consists of [Ge4]

10− tetramers in CrB-
related slabs and [Ge2]

6− dumbbells in AlB2-related slabs with
Cu atoms located at the interface. The Zintl–Klemm concept
results in an ionic formulation 2 Ca3CuGe3 
(Ca2+)6(Cu

+)2{[Ge4]
10−[Ge2]

6−}, indicating that the system is
apparently one electron short per Ca3CuGe3 formula unit.
However, with divalent Cu2+ it would be electron precise
according to 2 Ca3CuGe3  (Ca2+)6(Cu

2+)2{[Ge4]
10−[Ge2]

6−},
satisfying the Zintl–Klemm electron counting scheme.
However, the true electronic bonding situation might be far
from this extreme formulation, as frequently observed for
Zintl phases.

In the Ag analogue Ca3Ag1+zGe3−z (z = 1/3), partial Ag/Ge
mixing in Ge2 dimers is ascribed to charge balancing,13 but
similar Cu/Ge mixing will be hard to determine by X-ray
diffraction due to little difference in atomic form factors. As
listed in Table 6, the Ge–Ge bond lengths in 4_Cu (2.552 to
2.595 Å) are close to the value in the parent-structure CaGe
(dGe–Ge = 2.592 Å), and similar Ge–Ge distances (2.54 to 2.59
Å) observed in the analogue 4_Ag.

13 Also, the Cu–Ge distances
in 4_Cu (2.56 to 2.84 Å) are in the same range as in CaCuGe
(2.51 to 2.83 Å).29

Ca6MnxAg2−x+zGe6−z (thereafter, 4_Mn) represents a new
structure type (P21/m), which is a hettotype of the Sc3NiSi3-

Table 4 Crystallographic data and refinement parameters of the orthorhombic structures from full-matrix least-squares on F2

Empirical formula Ca5Mn0.64(1)Ag1.41(1)Ge4.95(1) Ca5Mn0.71(1)Ag1.33(1)Ge4.96(1)

Formula weight 747.16 742.74
Crystal color and habit Dark metallic regular block Dark metallic regular block
Temperature 293(2) K 293(2) K
Crystal system/space group Orthorhombic, Pnma (no. 62) Orthorhombic, Pnma (no. 62)
Unit cell parameters a = 22.9432(9) Å, a = 23.0029(7) Å,

b = 4.4763(2) Å, b = 4.4744(1) Å,
c = 10.8109(4) Å c = 10.8489(3) Å

Unit cell volume/Z 1110.29(8) Å3/4 1116.61(5) Å3/4
Density calculated 4.47 g cm−3 4.418 g cm−3

Abs. coeff. (Mo Kα) 18.589 mm−1 (λ = 0.71073 Å) 18.454 mm−1

F(000) 1363 1356
Crystal size 0.08 × 0.06 × 0.04 mm3 0.06 × 0.05 × 0.02 mm3

Theta range 3.77–32.30° 2.075–42.856°
Index range −33 ≤ h ≤ 33, −6 ≤ k ≤ 6,

−11 ≤ l ≤ 15
−34 ≤ h ≤ 43, −8 ≤ k ≤ 4,
−20 ≤ l ≤ 20

Reflections collected 12 853 (Rσ = 0.0324) 27 200 (Rσ = 0.0278)
Independent reflections 2068 (Rint = 0.036) 4313 (Rint = 0.0371)
Data completeness to theta = 25.242° 99.6% 98.9%
Absorption correction Multi scan Multi scan
Parameters 77 77
Goodness-of-fit on F2 1.110 1.016
Observed reflns [I > 2σ(I)] 1598 3610
Final R indices [I > 2σ(I)] R1 = 0.0289/wR2 = 0.0576 R1 = 0.0235/wR2 = 0.0408
Final R indices (all data) R1 = 0.0453/wR2 = 0.0600 R1 = 0.0342/wR2 = 0.0442
Weighting parametersa a = 0.0282/b = 1.4157 a = 0.0097/b = 1.2192
Extinction coefficient 0.0026(1) 0.0017(1)
Residual map (e− Å−3) 1.486/−1.031 1.374/−1.949
a w = 1/[σ2(Fo

2) + (aP)2 + bP] where P = (Max (Fo
2, 0) + 2 × Fc

2)/3.

Table 5 Wyckoff sites, atomic coordinates, and equivalent isotropic
displacement parameters for Ca5Mn0.71(1)Ag1.33(1)Ge4.96(1) (3_Mn:
Ca5MnxAg2−x+zGe5−z)

Atom Site Occupancy. x y z Ueq. (Å
−2)

Ge1 4c 1 0.97467(2) ¼ 0.34305(2) 0.01199(5)
Ge2/Ag 4c 0.965/0.035(3) 0.92363(2) ¼ 0.95475(2) 0.01150(6)
Ge3 4c 1 0.83476(2) ¼ 0.09713(2) 0.00962(4)
Ge4 4c 1 0.74756(2) ¼ 0.94970(2) 0.00940(4)
Ge5 4c 1 0.65693(2) ¼ 0.08948(2) 0.01040(4)
Ag1/Mn1 4c 0.81/0.19(1) 0.02113(2) ¼ 0.11150(2) 0.01560(5)
Mn2/Ag2 4c 0.52/0.48(1) 0.55418(2) ¼ 0.96359(2) 0.01589(6)
Ca1 4c 1 0.07236(2) ¼ 0.83745(4) 0.01239(7)
Ca2 4c 1 0.92913(2) ¼ 0.67087(4) 0.01258(7)
Ca3 4c 1 0.16343(2) ¼ 0.11771(4) 0.01026(6)
Ca4 4c 1 0.34210(2) ¼ 0.11452(4) 0.01073(6)
Ca5 4c 1 0.25391(2) ¼ 0.83987(4) 0.01041(6)
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type (C2/m). In fact, it is best viewed as a Mn-substituted
derivative of Ca3Ag1+zGe3−z (thereafter, 4_Ag). Upon partial
replacement of monovalent Ag by divalent Mn, an alteration
of the structure occurs: the Ge–Ge bond of the expected Ge2
dumbbells in the TiNiSi-related slabs are broken up by the
additional valence electrons (Fig. 1b). A klassengleiche
symmetry reduction of index two (k2) from C2/m to P21/m
originates from switching one Ge position with M (Mn, Ag)
atoms. A direct group-subgroup tree from C2/m to P21/m is
provided in the ESI.‡31,32 As a result, there are two distinct
Ge positions in the TiNiSi-related slabs, of which the one at
the slab's interface is mixed with Ag atoms (Fig. 2). In
addition, two M positions result (Table 3), surprisingly with
nearly the same Ag/Mn ratio of roughly 2/1. Albeit much
lower values of Mn occupancy were expected at the central
M1 position (corresponding to the Ge position in 4_Ag)
because of unfavourable Ag–Mn interactions. In fact, a

similar Mn for Ag substitution was attempted in the parent
structure CaAgGe, yielding very modest 7% Mn inclusion
(CaMn0.07Ag0.93Ge); however with strict site preference to
avoid Mn–Ag direct contacts in the structure. In the case of
the 4_Mn structure, only a modest trend in the expected
direction is visible experimentally. As shown in the
perspective view of the crystal structure of Ca6MnxAg2−x+z-
Ge6−z (4_Mn) provided in Fig. 1b, the TiNiSi-related slabs
consist of ‘isolated’ Ge4− only. Meanwhile, the interface
between CrB- and TiNiSi-related slabs consists of both Ge/Ag
and Ag/Mn mixed positions. In comparison, only Ag (or Cu)
atoms are found at the interface in their Sc3NiSi3 structures,
which feature Ge2 dumbbells (Fig. 1a). The occurrence of Ge/
Ag mixing at the interface is an unprecedented feature in the
crystal chemistry of the series Ca2+nM2+zGe2+n−z series, and
may be important for the targeted synthesis of new members
of the homology.

In fact, similar complete replacement of one Ge atom by
Mg was described for the Zintl phase Eu8Mg16Ge12 in which
the star-like 26-electron moiety [Ge4]

10− is replaced by
[MgGe3]

10− units.33 Since the Ge/Ag ratio (0.54/0.46(1)) in
4_Mn is close to 50% within standard deviation, we can

Table 6 Selected interatomic distances (Å−1) with calculated –iCOHP (eV−1) values in Ca3CuGe3 (4_Cu)

Atom pairs Distances –iCOHP Atom pairs Distances –iCOHP

Cu1 –Ge1 (×2) 2.5598(2) 1.98 Ge1 –Ge1 2.5945(6) 2.38
–Ge2 2.5886(5) 1.95 –Cu1 (×2) 2.5598(2)
–Ge1 2.8398(5) 1.18 –Cu1 2.8398(5)
–Ca1 (×2) 3.0985(5) 0.32 –Ca2 3.0468(6) 0.78
–Ca1 3.1390(7) 0.28 –Ca1 (×2) 3.0829(5) 0.70
–Ca1 3.1858(7) 0.44 –Ca1 (×2) 3.2757(5) 0.58
–Ca2 (×2) 3.2526(5) 0.36 –Ca1 3.2773(7) 0.43

Ge2 –Ge3 2.5897(5) 2.30 Ge3 –Ge3 2.5516(6) 2.45
–Cu1 2.5886(5) –Ge2 2.5897(5)
–Ca1 (×2) 3.0965(5) 0.91 –Ca2 (×2) 3.1027(4) 0.84
–Ca3 (×2) 3.1143(5) 0.88 –Ca3 3.0885(7) 1.07
–Ca2 3.1261(7) 0.99 –Ca3 (×2) 3.1169(5) 0.86
–Ca2 (×2) 3.1344(5) 0.66 –Ca3 (×2) 3.1609(5) 0.62

Table 7 Selected bond lengths for Ca6Mn0.67Ag1.79Ge5.54(1); M1 = Ag1/
Mn1 and M3 = Ag3/Mn3 mixed positions

Atom pair (×n) Distance/Å Atom pair (×n) Distance/Å

Ge1 –M3 (×2) 2.660(1) Ge2/Ag2 –Ge3 (×1) 2.632(1)
–M1 (×1) 2.667(1) –M1 (×2) 2.643(1)
–M3 (×1) 2.838(1) –M1 2.838(1)
–Ca5 3.103(2) –Ca1 3.154(2)
–Ca1 (×2) 3.156(1) –Ca4 (×2) 3.156(1)
–Ca4 (×2) 3.219(1) –Ca3 (×2) 3.195(1)
–Ca1 3.549(2) –Ca4 3.467(2)

Ge3 –Ge4 2.579(1) Ge4 –Ge5 2.548(1)
–Ca2 (×2) 3.085(1) –Ca3 (×2) 3.116(1)
–Ca5 3.118(2) –Ca6 (×2) 3.124(1)
–Ca4 (×2) 3.154(1) –Ca6 3.139(2)
–Ca3 (×2) 3.226(1) –Ca2 (×2) 3.201(1)

Ge5 –Ge6 2.583(1) M1 –Ca4 (×2) 3.150(1)
–Ca2 (×2) 3.118(1) –Ca3 3.190(2)
–Ca5 (×2) 3.119(1) –Ca4 3.301(2)
–Ca2 3.128(2) –Ca1 (×2) 3.358(2)
–Ca6 (×2) 3.202(1) M3 –Ca1 (×2) 3.163(1)

Ge6 –M3 2.694(1) –Ca4 3.252(2)
–Ca6 (×2) 3.114(1) –Ca1 3.280(2)
–Ca1 (×2) 3.125(1) –Ca5 (×2) 3.314(1)
–Ca3 3.147(2)
–Ca5 (×2) 3.178(1) Ca(2) Ca(3) 3.604(2)

Table 8 Selected bond lengths for Ca5Mn0.64(1)Ag1.41(1)Ge4.95(1); M1 =
Ag1/Mn1 and M2 = Ag2/Mn2 mixed positions

Atom pair (×n) Distance/Å Atom pair (×n) Distance/Å

Ge1 –M2 (×2) 2.6709(4) Ge2/Ag –Ge3 (×1) 2.556(1)
–M1 (×1) 2.7177(7) –M1 (×2) 2.668(1)
–M2 (×1) 2.7876(7) Ge2 –M1 2.813(1)
–Ca4 3.079(1) –Ca2 3.081(1)
–Ca2 (×2) 3.146(1) –Ca3 (×2) 3.104(1)
–Ca1 (×2) 3.165(1) –Ca1 (×2) 3.168(1)

Ge3 –Ge4 2.558(1) Ge4 –Ge5 2.570(1)
–Ca5 (×2) 3.102(1) –Ca3 (×2) 3.115(1)
–Ca4 3.124(1) –Ca4 (×2) 3.117(1)
–Ca1 (×2) 3.171(1) –Ca5 3.130(1)
–Ca3 (×2) 3.224(1) –Ca5 (×2) 3.194(1)

Ge5 –M2 2.717(1) M1 –Ca1 (×2) 3.145(1)
–Ca2 (×2) 3.113(1) –Ca1 3.189(1)
–Ca5 (×2) 3.124(1) –Ca2 (×2) 3.437(1)
–Ca4 (×2) 3.145(1) M2 –Ca2 (×2) 3.186(1)
–Ca3 3.166(1) –Ca2 3.225(1)

M2 –Ca4 (×2) 3.362(1) –Ca1 3.277(1)
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assume a local ordering according to the “coloring problem”

approach as Ca6Mn0.67Ag1.79Ge5.54  0.54[Ca6Mn0.67Ag1.33-
Ge6] (with Ge at the interface) + 0.46[Ca6Mn0.67Ag2.33Ge5]
(with Ag at the interface) as schematised in Fig. 2. Hence, the
anionic substructure consists of a mixture of [Ge5]

12− penta-
mers and [Ge4]

10− tetramers in CrB-related slabs, while only
isolated Ge4− are found in the TiNiSi-related slabs. As such,
4_Mn may be viewed as an unanticipated intermediate
between n = 4 and n = 5 members of the structure series
Ca2+nM2+zGe2+n−z. Additionally, it demonstrates the intricate
process of aliovalent replacement of monovalent Ag by
divalent Mn, while maintaining the structural architecture of
the system. Thus, the insertion of Mn atoms not only results
in displacement of Ag atoms, it also triggers simultaneous
displacement of Ge by Mn and Ag atoms (breaking-up the

Ge2 dumbbells), and unexpected displacement of Ag by Ge
atoms at the interface.

Hence, the response of Mn insertion may provide some
useful insights into the poorly understood interplay between
intercalation and conversion processes in intermetallic
battery materials.34 Interestingly, all these structural and
chemical alterations are strictly localized in the TiNiSi-related
slabs, while the CrB-related slabs remain undisturbed. The
Zintl–Klemm electron-counting scheme offers some clues to
understand the driving forces behind the structural
alterations. The corresponding ionic formulation is as
follows: (Ca2+)6(Mn2+)0.67[Ge

4−]
{Ag+1.33[Ge5]

12−}0.54{Ag
+
2.33[Ge4]

10−}0.46, indicating that the
phase is roughly charge balanced within standard deviation
for the refined occupancies. However, the fact that two Ag/
Mn mixed positions have similar occupancies, despite very
different coordination environments (see Fig. 2), can hardly
be ascribed to similar atomic sizes between Ag (1.44 Å) and
Mn (1.37 Å) atoms as compared to the significantly larger Mg
(1.60 Å).35 The elongated thermal ellipsoid on the Ag3/Mn3
position with direct interactions to the Ge2/Ag2 position is a
clear sign that Ag–Mn direct interactions are not
thermodynamically driven, and are rather unfavourable.
Since X-ray diffraction offers an average picture of the atomic
ordering, we could use the “coloring problem” approach to
construct local ordering models that avoid or, at least,
minimize Ag–Mn direct interactions.36 The Mn maximum
occupancy is 35%, whereas Ge is 54% at the mixed position,
so that favourable Ge–Mn and Ag–Ag interactions can be
realized almost exclusively, while thermodynamically
unfavourable Ag–Mn direct interactions can be considered
merely incidental, meaning kinetically driven. Selected bond
distances in 4_Mn structure are listed in Table 7, the Ge–Ge

Fig. 1 Perspective view of the homologous structures 4_Cu and 4_Mn

along approximately the monoclinic b-axis: (a) Ca3CuGe3, with [Ge2]
6−

dimers and [Ge4]
10− tetramers, in the two different blocks, and (b) its

Mn-substituted derivative Ca6MnxAg2−x+zGe6−z with isolated Ge4−

entities in TiNiSi related slabs, and coexistence of [Ge4]
10−/[Ge5]

12−

oligomers in the CrB related slabs due to Ge/Ag mixing. The thermal
ellipsoids are at 99% probability level.

Fig. 2 Structural details of 4_Mn emphasizing the atomic local
ordering model; Zintl anions include [Ge]4− monomers, and the co-
existence of [Ge5]

12−/[Ge4]
10− pentamer/tetramers due to Ge/Ag (54/

46) mixing at one terminal Ge2 position; rather similar Ag/Mn ratio (M1
= 68/32) and (M3 = 65/35). The atom numbering is according to
Table 3.
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bond lengths (2.548 to 2.583 Å) are very close to the value in
the Mn-free structure Ca3Ag1+xGe3−x (2.546 to 2.588 Å).13 The
Ge–M distances are longer as expected, while Ca–Ge and
Ca–M interactions are longest.

Orthorhombic Ca5MnxAg2−x+zGe5−z (thereafter, 3_Mn) is
isostructural to the previously reported Ca5MgAgGe5.

14 From
the refinement of two single crystals (Table 4), obtained from
different batches, we observed significantly higher Ag content
overall, and slight Ge/Ag mixing (roughly 4 to 5% Ag
occupancy) at the interface, not observed in the Mg analogue.
The Ge/Ag mixing is quite marginal in 3_Mn when compare to
the 4_Mn case (vide supra). Like the Mg analogue, the 3_Mn

structure corresponds to the n = 3 member of the homology
and it features isolated Ge4− and tetrameric [Ge4]

10− Zintl
anions, instead of the expected [Ge3]

8− trimeric chain (Fig. 3).
A more detailed crystal structure and chemical bonding
description of the 3_Mn structure may be found in the report
on the prototype Ca5MgAgGe5.

14 The two Ag/Mn positions in
3_Mn have significantly different atomic ratios indicating
differential fractional site occupancy, with Mn preferring the
Mg site in the prototype as expected. The Ag/Mn mixing at
the Ag position is comparatively smaller (17 to 20% of Mn)
than the Ag/Mg mixing (22% Mg at Ag position) in the Mg
analogue. Considering the refined compositions (Ca5-
Mn0.71(1)Ag1.33(1)Ge4.96(1) and Ca5Mn0.64Ag1.41Ge4.95(1)), if one
neglects Ge/Ag mixing (4–5% Ag) at the interface at first
approximation, the closed-shell isolated Ge4− and tetrameric
[Ge4]

10− units result in the ionic formulation
(Ca2+)5(Mn2+)x(Ag

+)2−x[Ge
4−][Ge4]

10− (x = 0.64 to 0.71). This
suggests that the system is 1.29 to 1.36 valence electron (ve)
deficient per formula unit. In comparison, the Mg analogue
Ca5MgAgGe5 is one valence electron short, but, surprisingly,
DFT band structure calculations indicated that the bonding
is fully optimized within its anionic substructure.14

Hence, weak Ge/Ag mixing at the interface is possibly an
attempt to reduce the electron shortage to the ‘ideal’ value of
one electron. Indeed, in this marginal scenario, when Ag
replaces Ge atoms at the interface, the ionic formulation

becomes (Ca2+)5(Mn2+)0.64(Ag
+)2.36(Ge

4−)[Ge3]
8−, resulting in

rather 1.64 ve excess per formula unit. Unlike the 4_Mn

system, unfavourable Mn–Ag direct interactions are
minimized through differential Ag/Mn site occupancy in the
3_Mn structure. Selected bond distances in 3_Mn structure are
listed in Table 8, the Ge–Ge bond (2.556 to 2.558 Å) and
Ge–M distances are very close to the values in the 4_Mn (see
Table 7). In the isostructural phase Ca5MgAgGe5, Ge–Ge
distances (2.557 to 2.581 Å) are very comparable.

As depicted in Fig. 4, various oligomeric germanides
[Gen]

(2n+2)− with n = 1–5 are observed in the title compounds,
often simultaneously. These Zintl-anions are always
ecliptically stacked and bridged by small cationic M (Cu, Ag,

Fig. 3 Perspective view of the Ca5MnxAg2−x+zGe5−z structure in
approximately b-direction, emphasizing the Zintl anions [Ge]4−

monomers, and [Ge4]
10− tetramers showing slight Ge/Ag mixing at one

terminal Ge position. The thermal ellipsoids are at 99% probability level.

Fig. 4 Combined ball-and-stick and polyhedral views of the projected
structures along the b-direction, showing the relationship between the
different homologues (a) Ca3CuGe3 (C2/m, n = 4), (b) Ca6MnxAg2−x+z-
Ge6−z (P21/m, n = 4.5), and (c) Ca5MnxAg2−x+zGe5−z (Pnma, n = 3).
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Mn) atoms located at the interface. Hence, these M metals
act as highly polarizing cations coordinating only terminal
Ge atoms of the Zintl-anions. This results in 3D open anionic
frameworks [M2+zGe2+n−z)]

2(2+n)− with large channels that are
filled with (2n + 2)Ca atoms, forming the typical trigonal
prismatic coordination of central Ge atoms and square
antiprismatic coordination at terminal Ge atoms. This means
that all title structures follow Nesper's ‘structure directing
rules’.10,11 Close structural relationships between the
homologous phases are also nicely revealed, but with [Ge2]

6−

dimers observed only in 4_Cu in the AlB2-related slabs. Thus,
on the one hand, the 4_Mn homologue can be derived from
4_Cu by simply breaking down those dimers and switching
the position of one Ge atom with one M atom. On the other
hand, one can derive 4_Mn from 3_Mn by just increasing the
length of the [Gen]

(2n+2)− oligomer in the CrB-type slabs from
n = 3 to n = 4. In fact, only [Ge2]

6− dimers are observed in the
AlB2-type related slabs in RE analogues of the homology
RE2+nT2X2+n.

Hence, the series Ca2+nM2+zGe2+n−z (M = Cu, Ag, Mg, Mn)
demonstrates a high level of structural responsiveness to
chemical substitution, that may have huge influences on
magnetic exchange interactions when paramagnetic elements
are involved. With the discovery of ferromagnetism in p-type
Mn-doped semiconductors, often referred as diluted
magnetic semiconductors (DMSs) and dilute magnetic oxides
(DMOs), much attention is being paid to the possible
applications of diluted magnetic systems for spintronics.37

Still, a more systematic understanding of the spin–spin
interactions is crucial for any future development of
spintronic devices. In this context, selected tetrelide Zintl
phases involving paramagnetic transition metals like Mn may
be interesting systems, because they contain local magnetic
moments, which can interact via the extended π states of the
polyanions, giving rise to a plethora of interesting
phenomena. Therefore, we are now planning to extend our
investigations to divalent rare-earth like Eu and Yb. An
interesting prospect will be to achieve coupling between
structural and magnetic degrees of freedom in those systems,
a coupling which is crucial for realization of interesting
physical phenomena associated with magneto-structural
transformations.38

Electronic structures and bonding

The electronic structures of the two isostructural analogues
Ca3MGe3 (M = Cu, Ag) were calculated using the LMTO code
on hypothetical fully ordered models. The DOS (density of
states) and COHP (crystal orbital Hamilton population) plots
for both phases are depicted in Fig. 5. The DOS plots are
virtually identical; the most dissimilar features are mainly
ascribed to the metal M valence d-orbitals. While Ag-4d
orbitals are highly localized below the valence band with
enhanced soft-core character, the Cu-3d orbitals fall within
the valence band and remain reasonably localized (narrow)
as well. The absences of energy gaps at the Fermi level

indicate metallic properties just as the parent structures
CaAgGe and CaGe are all metallic.13,39 The Fermi levels are
very close to and just below local minima of the DOS
(pseudo-gaps), which may indicate narrow electron-deficient
systems as predicted by the Zintl–Klemm concept.
Interestingly, the Ca contribution to the occupied region of
the DOS is very significant, and becomes largely dominant
above the pseudo-gap in agreement with incomplete formal
valence electron transfer. The Zintl–Klemm concept predicts
the compounds to be charge balanced for 30 ve per f.u. The
ordered models “Ca3MGe3” correspond to 29 ve per f.u, and,
within the rigid band approximation, the pseudo-gap should
be close to 0.56 eV according to IDOS. The pseudo-gap is
close to 0.56 eV indeed, and the COHP curves indicate that it
corresponds to optimized bonding within the anionic

Fig. 5 Calculated DOS and COHP curves for “Ca3MGe3” with (a) M =
Cu and (b) M = Ag. The DOS, partial DOS, and COHP curves are
plotted on the same energy scale, and the Fermi level is set at 0 eV as
the energy reference.
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framework (MGe3), but resulting from a combination of Ge–
Ge antibonding and Ag–Ge bonding interactions. According
to COHP curves of the Ge–Ge bonds, antibonding states start
well below EF, which agrees with the reported electronic
structure of [Ge4]

10− with an antibonding HOMO (πp*) level.
As discussed previously for the homologue Ca7Ag2+xGe7−x (n =
5), this bonding feature can effectively address the
destabilizing effects of the incomplete charge transfer on Ge–
Ge covalent bonds. Hence, the particular electronic structures
of [Gen]

(2n+2)− oligomers allow electronic back donation from
Ge to Ca and, additionally, strengthening of Ge–Ge covalent
bonds by depopulation of those πp* states.15 The fact that
these π* states overlap with Ca 3d orbitals could explain the
absence of a real band gap above EF, predicting the
compounds to be metallic.4

Relative bond strengths are estimated by means of the
integrated crystal orbital Hamilton populations (–ICOHPs),
and they are very consistent with the bond lengths observed
from single crystal X-ray diffraction analyses (see Table 6).
Thus, Ge–Ge bonds are strongest with the maximum for the
Ge–Ge bond between central Ge atoms in Ge4 tetramers (2.45
and 2.53 eV for 4_Cu and 4_Ag, respectively), followed by Ge2
dumbbells (2.38 eV for 4_Cu and, 2.51 eV for 4_Ag), in
agreement with essentially covalent-type interactions. The
second strongest bonds are the shortest Ag–Ge (1.99 eV) and
Cu–Ge (1.98 eV) bonds, also consistent with predominant
polar-covalent character.5,6 All Ca–Ge bonds are
comparatively weaker, reaching maximum values of 0.91 and
0.70 eV in 4_Cu, and 0.88 to 0.61 eV in 4_Ag.

Nevertheless, the respectable values of ICOHP for Ca–Ge
interactions indicate significant contribution to overall covalent
bonding in this system, meaning incomplete charge transfer.4–6

The virtually identical electronic structures of the two
analogues cannot explain why Ge/Cu mixing is not observed.
Besides breaking up of the Ge2 dumbbells, another noteworthy
impact of Ge/Ag mixing is to generate Ag–Ag direct interactions,
not observed in a fully ordered model. The most accepted
paradigm is that this type of metallophilic interactions between
coinage metals is the result of electron correlation and, is
strengthened by relativity.40 This means that similar Cu–Cu
interactions will be comparatively weaker and, perhaps, less
likely to occur. This scenario could be evaluated by building
superstructure models within the coloring problem approach,36

and investigating their electronic and total energies; but this
exceeds the scope of this report.

Conclusions

The crystal structures of three compounds that are new
representatives of the structure series Ca2+nM2+zGe2+n−z (M =
Cu, Ag, Mg, Mn) could be determined from single crystal
X-ray diffraction data. Ca3CuGe3 is a new representative of
the n = 4 homologue, and is isostructural with the Ag
analogue adopting the Sc3NiSi3-type (monoclinic C2/m).
Partial substitution of monovalent Ag by divalent Mn atoms
results in either Ca6MnxAg2−x+zGe6−z (own type, monoclinic

P21/m) representing an unanticipated intermediate between
the n = 4 and n = 5 members, or Ca5MnxAg2−x+zGe5−z, as the
second representative of the n = 3 member, isostructural with
the Mg analogue Ca5MgAgGe5 (orthorhombic Pnma). The two
Mn compounds demonstrate that it is possible to replace
diamagnetic Mg and Ag atoms by paramagnetic Mn atoms
through combined isovalent and aliovalent substitution
reactions, respectively. The Zintl–Klemm concept provides
critical insight into the bonding features of these
homologous structures, qualifying them as transition metal
Zintl phases. However, LMTO band structure calculations
predict that Ca3CuGe3 is metallic, just like the parent
structures CaCuGe and CaGe. Oligomeric germanides
[Gen]

(2n+2)− with n = 1–5 are observed in the three title
compounds, often simultaneously. Hence, new TMZPs with
magnetic properties can be obtained by replacing the highly
polarizing small s-block cations (Li, Mg) in the family AE–(Li,
Mg)–(Si, Ge) by selected TMs like Cu, Ag, and even
paramagnetic Mn. Importantly, mixing two TMs as small
polarizing cations, in one single phase, may open new
perspectives for the discovery novel functional materials. This
is because of the potential to yield combined chemical and
magnetic frustration, resulting from the co-existence of
inherently incompatible metal–metal bonding motifs within
the same crystal structure.
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