
15662 |  Chem. Commun., 2025, 61, 15662–15665 This journal is © The Royal Society of Chemistry 2025

Cite this: Chem. Commun., 2025,

61, 15662

Multiple bonding in unbridged Mn–Mn dimers of
solid-state nitridomanganate(IV) oxide
Ca6[Mn2N6]O

Niklas Buschmann,a Dominik Werhahn,a Simon Steinberg, b Clemens Ritter,c

J. Paul Attfield d and Simon D. Kloß *a

Unbridged metal–metal bonding is rare in solid-state materials

owing to preferred coordination of metals through main group

anions. Here, we present a calcium nitridomanganate(IV) oxide

Ca6[Mn2N6]O with [MnN3]2 dimers prepared by hot isostatic press-

ing. This preparation opens the possibility to study unbridged

metal–metal dimer systems in solid-state materials.

Unbridged metal–metal bonded clusters have been widely
studied in inorganic complex and cluster chemistry since F. A.
Cotton reported the first instances of quadruple bonding in the
famous octachloridodirhenate(III) anions [Re2Cl8]2�.1,2 This discov-
ery triggered a search for similar dinuclear and multinuclear
cluster compounds that advanced the fundamental understanding
of their chemistry and electronic properties, e.g. multiple metal–
metal bonding with high bond orders of 4–6 and the exchange
mechanisms of delocalized electrons.3–6 Simultaneously, a series
of properties and applications arose like single-molecule magnetic
behaviour shown in a triiron cluster with S = 11/2 ground state,7

and small molecule activation of e.g. H2, CO2 and N2, as well as
C–H and C–F bonds.8–10

The multitude of homo- and heterometallic dimers found in
molecular compounds vastly overwhelms the number of classical
solid-state materials featuring such moieties. There, unbridged
metal–metal bonding occurs, next to trivial cases of metals and
intermetallics, in subvalent systems bordering on interstitials
such as the Cs suboxides and in clusters of valence electron poor
metals such as the Chevrel-phases like superconducting
PbMo6S8.11,12 These systems feature either extended intermetallic
frameworks or larger polycationic clusters to alleviate the electron-
poor configurations of the constituting transition metals. Dimers

with unbridged metal–metal interactions are found in covalent
systems such as chalkogenidetetrelates A6[Tt2X6] with A = Na, K,
Cs, Tt = Si, Ge, Sn and X = S, Se, Te as well as in reduced
nitridotetrelates AESi6N8 (AE = Sr, Ba) with [SiN3]2 dimers and
AE6Ge2N6 with [GeN3]2 dimers.13–20 In 3d nitridometallates, the
only reports of unbridged dimers were on nitridomanganates
Li6AE2[Mn2N6] (AE = Ca, Sr) and the nitridochromate hydride
Ca6[Cr2N6]H, while for nitridochromates AE4[Cr2N6] (AE = Ca, Sr)
and Li4Sr2[Cr2N6] a Cr–Cr interaction was reported across the edge
of bow-tie double tetrahedra.21–25

The preparation of the nitridomanganates has classically been
achieved using ambient pressure N2 gas flow synthesis methods.
These work well for early transition metal nitrides as shown by
numerous compounds in the AE/Ln/Ac-Mn-N system such as the
AE3MnN3 and the (Ln2, Ac2)MnN3 (Ln/Ac = Ce, Th, U) family of
materials and Li6AE2[Mn2N6] (AE = Ca, Sr).22,26–29 High-pressure
methods, however, such as multianvil large-volume-presses with
pressures in the gigapascal range were recently demonstrated to
stabilize transition metal nitrides in high oxidation states such as
Ca4FeN4, Ca2NiN2, or nitride perovskite-types such as LaReN3 and
Ln2ReN4.30–33 The drawback of multianvil synthesis is small
sample volumes, which make scale-up of potentially useful mate-
rials difficult. Hot isostatic pressing (HIP) on the other hand
feature large sample volumes and static dinitrogen pressures in
the megapascal range (usually up to 200 MPa N2). Such systems
allow scale-up and have already been successfully implemented for
industrial relevant luminescent main group nitrides such as
Ca2PN3:Eu2+, zeolite-type AE3P5N10X:Eu2+ (AE = Sr, Ba; X = Cl,
Br), and Sr2[BeAl3N5]:Eu2+.34–36 Nitridometallate synthesis, how-
ever, was never reported using a HIP, only the preparation of
interstitial nitrides like Fe3W3N and Fe6W6N.37

Here, we present the preparation of the calcium nitrido-
manganate(IV) oxide Ca6[Mn2N6]O using a hot-isostatic press
through a two-step reaction of calcium nitride Ca3N2 (3.1 eq.)
and manganese nitride Mn6N5.26 (1 eq.).

The first reaction step was carried out at 150 MPa of static N2

pressure and 1100 1C for 10 h, then the product was ground and
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heated at 150 MPa (N2) and 1300 1C for 20 h (detailed condi-
tions in SI). A two-step process was necessary as single-step
reactions at 1100 1C led to formation of the known phase
Ca6MnN5, while at 1300 1C the known Ca3MnN3 was
obtained.28,38 Ca6[Mn2N6]O was obtained as a black powder
in high purity, sometimes with a small CaO by-product (ca.
1–4 wt%). The oxygen necessary for product formation likely
stems from water and oxygen impurities in the nitrogen pres-
sure gas used to run the HIP, phase formation was also
observed when CaO was used as additional oxygen source.

Energy dispersive X-ray spectroscopy in a scanning electron
microscope was used to determine metal ratios (measured: Ca/
Mn = 2.9(1)), while nitrogen content could not be determined
due to rapid hydrolysis of Ca6[Mn2N6]O (Table S1).

The structure of Ca6[Mn2N6]O (SG R%3, no. 148) was refined
on powder X-ray diffraction data (300 K, Fig. S2) and powder

neutron diffraction (PND) data (100 K, ILL D20 beamline,
Fig. 1a) starting from the structure model of Ca6[Ge2N6] after
initial indexing indicated a similar structure (details in SI).20 An
additional oxide anion position was found via difference Fourier
analysis and confirmed by PND. The structure of Ca6[Mn2N6]O is
isotypic to calcium nitridochromate hydride Ca6[Cr2N6]H and
can best be described as a rhombohedral substitution derivative
of the NaCl-type. The N/O to Ca/Mn2 ratio is 1 : 1, resulting in a
cubic dense packing of N/O anions where Ca and Mn2 dimers
occupy all octahedral voids (Fig. 1b).

The [MnN3]2 dimers enter a staggered conformation of N
ligands (Fig. 1c) where the Mn–N interatomic distance (d =
1.793(1) Å) is similar to Mn–N interatomic distances report for
other compounds with threefold coordination of Mn such as
Ba3MnIIIN3 (d = 1.738 Å), Ca3MnIIIN3 (d = 1.793 Å), Ca6MnIIIN5

(d = 1.757 Å).28,29,38 In Ca6[Mn2N6]O, manganese is in the
formal oxidation state of +IV leaving three unpaired electrons
available for Mn–Mn multiple bonding. The Mn–Mn bond
length is 2.237(6) Å, which is shorter than the reported bond
length in the only other nitridomanganates with [MnN3]2

dimers, i.e. Li6AE2[MnIV
2 N6] with AE = Ca (d = 2.357 Å) and Sr

(d = 2.536 Å).21,22 DFT-based analysis of Mn–Mn bonded dimer
complexes showed that an interatomic distance of 2.237(6) Å
corresponds to a bond order in the range of 1.5 to 2.39 To
provide an insight into the bond order of the herein reported
material, we also completed DFT-based computations whose
results are provided below.

The Ca–N/O interatomic distances (dN = 2.453(2)–2.626(2) Å,
dO = 2.512(2) Å, Table S4) are in line with other reports of Ca in
octahedral coordination of similar compounds such as
Ca4FeN4 (d = 2.43–2.82 Å) and Li6Ca2[Mn2N6] (d = 2.51–
2.63 Å).21,31 Bond valence sum calculations performed for
the CaN5O octahedra resulted in a valence of 2.04 for Ca
(R0(Ca–N) = 2.14 Å, R0(Ca–O) = 1.967 Å) indicating predomi-
nantly ionic interactions.40 Tentative calculations for Mn
yielded a valence of 3.3, which however is probably not mean-
ingful due to the Mn–Mn bonding as well as the lack of suitable
R0 values for nitridomanganates(IV).

The oxide anion is sixfold-coordinated by Ca in OCa6 octa-
hedra. Interatomic distances dCa–O = 2.512(2) Å are longer
than values found CaO (d = 2.390 Å).41 However, OM6 octahedra
in other nitride oxides such as Ho3[PN4]O were previously
reported also to have longer M–O distances, which may be
owed to electrostatic repulsion between adjacent metal
centres.42 Enlarged isotropic displacement parameters of O
detected in the PXRD measurements (higher Q-resolution than
PND) reflect the larger volume of the coordination polyhedron
(Table S6). Refined occupancies from neutron and X-ray dif-
fraction data are in line with the presence of oxide.

The magnetic susceptibility of Ca6[Mn2N6]O was collected at
30 kOe in the range of 2 to 300 K, while field dependent
magnetization was collected at 300 and 2 K in the range H =
�50 kOe (Fig. 2 and Fig. S3). The susceptibility shows a
small temperature-dependence, in line with the magnetiz-
ation data, stemming from a paramagnetic contribution as
well as a temperature-independent term. A fit in the range

Fig. 1 (a) Powder neutron diffraction pattern obtained at 100 K at the D20
beamline of the ILL. Rietveld refinement in orange against collected datapoints
(black) with difference curve in blue and Bragg positions as black vertical lines.
The CaO byproduct amounts to 1 wt%. (b) Structure of Ca6[Mn2N6]O with Ca in
black (polyhedra), Mn in blue, N in red and O in orange. (c) [MnN3]2 dimer with
metal–metal and metal-N interatomic distances highlighted. The staggered
ligand conformation is highlighted on the right side.
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2 r T r 300 K as X ¼ XTIP þ
C

T
yielded a temperature

independent susceptibility of X0 = 2.45(2) 10�4 cm3 mol�1

and an effective magnetic moment meff = 0.52(1)mB. In
unbridged metal dimers, strong direct exchange interaction
leads to antiferromagnetic alignment of spins, which is in
agreement with metal–metal bonding. For such moieties, a
van Vleck-type temperature-independent paramagnetism (TIP)
stems from low-lying excited states, as reported for molecular
species such as a Cr2 dimer (XTIP = 1.12(5)�10�4 cm3 mol�1) and
also for a solid-state compound Li4Sr2[Cr2N6] (XTIP =
1.34�10�4 cm3 mol�1).4,25 The small temperature-dependent term
may arise from impurities that are not visible in the powder
diffraction patterns (e.g. 1.8% of a S = 3/2, Mn4+, impurity), as
similarly suggested for molecular compounds in the solid-state.43

Temperature-dependent magnetism that increases towards
higher temperatures owed to increasing population of low-lying
excited states is indicated by the discrepancy in fitted and
measured data at T 4 200 K. Such behaviour was observed,
for example, for chromium(II) trifluoromethanecarboxylates

with Cr2 dimers.44 The Curie-type impurity, however, impeded
further analysis.

The structural behaviour of Ca6[MnIV
2 N6]O at high tempera-

tures was studied with temperature-dependent powder X-ray
diffraction up to 900 1C (Fig. S4a). There is a visible deteriora-
tion of reflection intensities and position shifts starting at ca.
800 1C, which may indicate decomposition or phase transition
of the material. The thermal expansion of Ca6[Mn2N6]O was
investigated from lattice parameters extracted with Rietveld-fits
(Fig. S4b). Both lattice parameters, a and c, show positive
thermal expansion with coefficients aa = 17.0(4) 10�6 K�1, ac =
16.3(2) 10�6 K�1 and aV = 5.08(7) 10�5 K�1. The expansion
parameters are similar to other observed transition metal
nitrides such as Ca2NiN2 (aV = 4.3(2) 10�5 K�1, Ln2ReN4 (Ln =
Pr, Nd) and LaReN3.30,31,33

Electronic structure analysis of Ca6[Mn2N6]O was completed
using density-functional-theory-based techniques (see SI for
further technical details). The Mulliken charges as well as the
small ICOBI values indicate ionic Ca–O and Ca–N interactions
(Fig. 3), while the character of the Mn–N bonds should be
depicted as polar-covalent. The Mn–N bonds are largely based
on the N p and the Mn dxy and dx2–y2 orbitals, while the
remaining Mn d orbitals are involved in Mn–Mn multiple
bonding. The modest dispersion corresponding to Mn d bands
means that the electrons are rather located within the Mn–Mn
multiple bonds, while the Mn–Mn ICOBI value of 1.505 agrees
with the bond orders previously determined for Mn–Mn bonds
of complexes (1.5 to 2).39 The p-type character is also mirrored
by the LUMO of a Mn2N6 unit shown in Fig. 3c; however, adding
further electrons to such a unit would result in a higher
population of antibonding states resulting in an electronically
unfavourable situation. Therefore, it may be inferred that this
particular type of electronic configuration is reached for the
Mn–Mn dimers in order to optimize the bonding scenario. The
staggered conformation of the Mn2N6 dimers may be due to

Fig. 2 Magnetic (inverse: blue) susceptibility of Ca6[Mn2N6]O. A Curie-
Type fit is shown in orange.

Fig. 3 (a) Mn partial- and orbital-projected densities of states (DOS). (b) projected crystal orbital Hamilton population (pCOHP). (c) MO diagram and
representations showing the HOMO and LUMO of a Mn2N6 unit. The Mulliken charges and ICOBI/bond values have been included in the insets.
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repulsion of the nitride anions and in contrast to the ecliptic
conformation in [Re2Cl8]2� anions.

The preparation of unbridged Mn–Mn dimers in solid-state
materials under thermodynamic conditions is remarkable
owing to the preference for coordination by main group anions.
In complex chemistry, such arrangements usually are kineti-
cally stabilized through sterically active ligands. Here, we
showed that the Mn2 dimer in Ca6[Mn2N6]O has a bond order
of 1.5. Magnetization measurements revealed a temperature
independent paramagnetism indicating low-lying excited
states. The preparation of Ca6[Mn2N6]O using a hot isostatic
press enables further research on transition metal nitrides with
metal–metal contacts by for example interchanging electropo-
sitive cations to tune the M–M distance or interchanging metals
and anions to create heterovalent systems featuring interesting
magnetic phenomena.
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