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Synthesis, single-crystal structure determination, and magnetic
properties are reported for manganese carbodiimide, MNNCN. The
presumably unstable but inert phase adopts the trigonal system
(R3m) with a = 3.3583(4) A, c = 14.347(2) A, v = 140.13(3) A3,
and Z = 3. Divalent manganese is octahedrally coordinated by
nitrogen atoms at 2.26 A, and the NCN2~ unit adopts the linear
[N=C=N]?>" carbodiimide shape with two C=N double bonds of
1.23 A. MnNCN contains high-spin Mn(ll) with five unpaired
electrons and behaves like an antiferromagnet with an ordering
temperature below 30 K.

Between 1927 and 1962, the early fertilizer CaN€iNe
inorganic derivative of molecular cyanamidesNMCN—was

cyanamidein the distant past), the NCN anion exists in
its so-calledcarbodiimideform, i.e., a linear [N=C=N]?~
with two N=C double bonds, a finding easily rationalized
by Pearson’s HSAB concepiVhile chemically hard cations
(e.g., C&") favor ionic bonding to the symmetrical
[N=C=N]? anion, softer cations (e.g., Pbor Ag") bind
covalently to one side of the NCN unit and induce the
less symmetrical [NC=N]?~ cyanamideshape. An interest-
ing borderline case is given by the crystallineNCN
derivative of the soft HYf ion because both metastable
carbodiimide polymorph—HgNCN(I), precipitated from
strongly basic aqueous solutferas well as a thermody-
namicallystable cyanamidpolymorph, HgNCN(II), can be
made, the latter by a stepwise H/Hg exchange under moderate
pH conditions’

structurally characterizeldyielding a distorted rock-salt type
with an octahedral CGa coordination. Since then, many other ~ In the realm of solid-state coordination chemistry, coor-
H.NCN salts have been prepared, for example those contain-dination polymers of the related but larger pseudohalide
ing alkaline (Li, Na¥ or alkaline-earth metals (Mg, Ca, Sr, ligands dicyanamide [N(CM)~ and also tricyanomethanide
Ba)2 main-group elements (In, Si, Pblate transition metals ~ [C(CN)s]~ have attracted considerable attention in recent
(Ag, Zn, Cd)5 and also rare-earth metals (Eu, Cé).most  years, partly due to the discovery of long-range magnetic
cases (such as the archetype CaNCN, dubbed calciumordering in some of those compoundlso, coordination
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polymers of the magnetic transition metals involvismall
pseudohalide ligands such as cyanide, azide, and thiocyanate

' Dedicated to Professor Peter Paetzold on the occasion of his 70th have been studied for several decades. Our intention was to
birthday and to Fudan University on the occasion of its centennial |tjlize the NCN— unit—a pseudo-sulfide anion by charge

celebration.
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and spatial requirements a linker to communicate elec-
tronic information (e.g., magnetic exchange) between transi-
tion-metal centers.

Unfortunately, typical transition-metal ¥ cations prefer
to form simple coordination complexes such as [W{(H
NCN)4)?" involving theneutralcyanamide molecule onfy,
and it is difficult to remove the hydrogen atoms for making
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MNCN phases. In addition, conventional high-temperature
routes targeted at MNCN compounds have also turned out
unsuccessful because they lead to the bare metals, amorphous
carbon, and gaseous nitrogen. These disencouraging results
and the nonexistence of these compounds find their explana-
tion in quantum-chemical structure predictions of MNCN
materials (M= Mn, Fe, Co, Ni, Cu) from density-functional
theory (GGA}Y? which renderall quasi-binary compounds

as unstablein terms of both formation enthalpH; and
Gibbs formation energiAG¢. Thus, MNCN phases can only
be made if accompanied by highly stable side-products or if
the chemical equilibrium leading to MNCN is directed upon
synthesis. For M= Mn, an octahedral coordination of the
high-spin Mrf™ cation is also predictet. Here, we report

the successful synthesis of MNNCN using a metathesis route

involving zinc carbodiimide and manganese(ll) chloride as
starting materials. The synthetic idea is motivated by the low
melting temperature (260C) and also sublimation temper-
ature (500°C) of the product ZnGlbecause the latter can
be removed from the equilibrium directly upon formation,
thereby enforcing MNnNCN formation. Eventually, a green
phase, MnNCN, is obtained upon carefully controlling the
temperature, and single-crystals for X-ray structure deter-
mination result from crystal growth within a melt of lithium
bromide!3

The crystal structure of manganese carbodiimide is iso-
typical with the one of CaNCN (and also the high-
temperature phases of NgNMgNCN, CdNCN, andg-
SrNCN) 4 depicted in Figure 1. There are alternating layers
of Mn?* cations and NCRI" anions along the trigonal axis,
and the strictly linear anions (by reasons of space-group
symmetry) are oriented perpendicular to the layers. Each
divalent Mn is coordinated by six nitrogen atoms at-
= 2.262(2) A, in accord with predictions based on effective
ionic radii (2.29 A¥® and bond-valence calculations (2.28
A).1® The resulting octahedron around Rin(see Figure 2)
is slightly squeezed with NMn—N = 95.9(1) and 84.1-
(1)°. The shortest M#f—Mn?* distance, 3.358(4) A, is
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quoting the depository number CSD-415019.

(15) Shannon, R. DActa Crystallogr. A1976 32, 751.

(16) Brese, N. E.; O’Keeffe, MActa Crystallogr. B1991, 47, 192.

3002 Inorganic Chemistry, Vol. 44, No. 9, 2005

Figure 1. View of the crystal structure of MNNCN with Mnd\bctahedra
(broken lines: unit cell).

Figure 2. ORTEP drawing of MNnNCN with thermal ellipsoids at the 90%
probability level. Selected bond lengths (A) and angles (deg)—Mn =
3.358(4), N-Mn = 2.262(2), G-N = 1.227(4), N-Mn—N = 180,
N—Mn—N = 95.9(1), N-Mn—N = 84.1(1), N-C—N = 180, G-N—Mn

= 120.98(9), Mr-N—Mn = 95.9(1).

identical with thea lattice parameter. Each nitrogen atom
coordinates to three Mn(ll) atoms and also binds to the
carbon atom (coinciding with the inversion center) with I
=1.227(4) A; thus, the NCN unit of MNNCN reflects
perfectD., (carbodiimide) symmetry based on the single-
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crystal X-ray data, just like the isotypical carbodiimide 12+
CaNCNY?’ This crystallographic and crystathemical find-
ing is further corroborated by the infrared spectrum of
MnNCN measured in KBr, exhibiting only a strong carbo-
diimide-typical asymmetrical vibration;,dNCN) = 2049 10
cm1, plus another strong deformation vibratiabh(NCN)
= 650 cnr. In contrast, the symmetrical signal (around
1200 cn1?) is totally missing because such a breathing mode
is IR-forbidden for the symmetrical#¥8C=N?2" unit although
it would be allowed for a cyanamidé We emphasize that
the here-found (and also predict&d)arbodiimideshape of
MNnNCN possibly indicates the first violation of the NEN
shape rule based on Pearson hardnegsdmcause the
relatively soft Mr#* (9.0 eV) resembles Pb (8.5 eV) and
points toward the cyanamide. Whether this behavior goes 4]
back to the consequences of spin polarization (see magnetic
behavior below), we cannot say with certainty at the moment.

The magnetic behavior of MNNCN has been determined
by SQUID magnetometry (MPMS-5S, Quantum Design, San 2
Diego, CA) in the temperature range between 4 and 300 K 12
and at applied field8, between 0.5 and 5 T. The data were
corrected for diamagnetic contributions using an increment 0
of —44 x 107 m®mol~* (SI) where the value for NCN ‘ . ' ; ' i
has been taken from OCN(—26 x 10 m®mol™) as a 0 100 200 300
plausible replacement for the isoelectronic carbodiimide T(K)
unitl® Figure 3 displays the results of the susceptibility Figure 3. Magnetic susceptibility measurement of MNNCN giveryas®
measurements & = 0.5 T by means of %mﬂ vs. T plot vs. T with the low-temperature region asya vs. T insert.
where yn, refers to the formula unit MNNCN. The insert

(106 mol m'3)

-1
Xm
>

X (10'8 m® moI")
>

m
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shows theym vs. T data below 100 K. mode) and Mrr-N=C=N-:-Mn (end-to-end mode) have to
For temperatures above 150 K, Curid/eiss behavioym be taken into consideration; see Figure 2. While the role of
= C/(T — 0) is observed witlC = 5.367 x 107> m®Kmol~* the azido bridge NNNin superexchange has been examined
and & = —302 K. Compared with an ideald3 high-spin to some degre#, corresponding information is unavailable
system (MA*, S= %,, C = 5.500x 107°> m*Kmol™%, u = for the NCN~ bridge at the moment. Neutron diffraction

5.92ug),?° the experimentaC reflects five unpaired electrons measurements targeted at the spin arrangements and the
(« = 5.84ug) but is reduced by ca. 2.4% in accord with a exchange mechanism (role of the carbodiimide unit) are
small diamagnetic impurity due to Zn The negativé value under way.
and the maximum of the molar susceptibility at 28 K are in ~ Summarizing, we have achieved the synthesis and struc-
favor of predominantiyantiferromagnetiexchange interac-  tural characterization of the first magnetic transition-metal
tions between the manganese centers. Susceptibility meacarbodiimide phase, MNNCN. The compound, originally
surements at various applied fields do not show any field proposed as a thermodynamically unstable phase, is acces-
dependence fof > 30 K. At 25 K, however, a characteristic ~ sible by a metathesis reaction which may be extended to
dependence ofy, on the applied field strength is observed other transition metals and thus opens the path towards a
indicating the onset of a magnetic ordering. The high-spin whole series of related quasi-binary or quasi-ternary com-
behavior of Mt and the antiferromagnetic coupling had pounds.
been predicted before by first-principles electronic-structure .
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