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A different thermal treatment of identical reactants (Eul,, NaCN, important role in the product formation, easily illustrated
NaNs, and Inl) leads to the formation of the three title compounds. from the syntheses af- and$-Sr(NCN). In fact, thex phase
Ing0sEU4(NCN)sl; is isotypic with the reported LiEus(NCN)als, Euglo- is prepared at 880C, while thef phase is obtained at 800
(CN)(NCN); represents the first mixed cyanide—cyanamide rare- °C? Likewise, the phases LIB(NCN)l3 and LIEW(NCN)ls
earth compound, and Ing2sEU12(NCN)slyaes is characterized by a may be synthesized using the same educts,(EN&CN,

NaNs, and Lil in a 2:1:1:2 molar ratio) but at a different
temperaturé We now present another example that illustrates
the role of the reaction temperature but that also rests on
the fascinating redox behavior of the In-containing reactive
melt.

As reported, the Lit cations in LIEUW(NCN);l; are located

Our group has recently reported a new flux route on the N one-dimensional (1D) hexagonal channels ‘o&hions.
basis of a mixture of the simple metal halides, sodium (or The attempt to substitute Liwith In®" leads to the formation
potassium) cyanide, and sodium (or cesium) azide, which pf the_ titte compounds. The richness in compound_ formation
serves as a lucrative precursor for the synthesis of complex,'S & direct consequence of the presence of Inl, which induces
extended rare-earth metal cyanamides and carbodiiiles. the temperature-dependent reactions. Upon replacement of
By using this route, several new products have either been!n! by other fluxes (involving Tl or Snj, only onereaction
synthesized for the first time or fabricated at significantly Productis obtained even at very different thermal cond|t.|ons.
lowered temperatures. For example, the quasi-binary Eu(NCN)For example, a mixture of EyINaCN, NaN, and Tl (2:
made originally by Reckeweg and DiSalvan be synthe- 1:1:1 molar rath) always results in the fqrmatlon ofgktl
sized at just 700C, in contrast to the formerly reported 1030 (CN)(NCN);, while the presence of Snlinstead of TlI)
°C. The flux route is also characterized by the fact that &ways yields the synthesis of ENCN)sls. We believe that
different metal halides induce the formation of sometimes the reason for the special role of In goes back to the low
strongly differing target compounds. For instance, M(NCN) sta_blhty of Inl or, alternatlvgly expressed, by the ease with
(with M being either Eu or Sr) is easily synthesized using Which monovalent In is oxidized to h (as dem+onstrzited
the iodides as precursors, whereas the metal chlorides leadPy the In redox potentials, i.e-0.444 V for Ir?+ — In%,
under otherwise identical conditions, to the formation of —0-126 V for In" —In, and —0.338 V for Ir¥* — In).

M.CI,(NCN) Trivially, the thermal conditions also play an Although the exact reactiqn mechanism is unknown up to
now, the structural analysis reveals*irnto be present for
*To whom correspondence should be addressed. E-mail: drons@ the two products made at higher temperatures (see below),

hal9000.ac.rwth-aachen.de. h th de at | tt t is In-f
T Present address: Key Laboratory of Rare Earth Chemistry & Physics, whnereas the one made at lowest temperature 1S In-iree.

sandwichlike stacking motif involving Eu,~NCN double layers
stuffed by a layer of vertex-sharing Inls octahedra. The redox
behavior of In is the main factor that leads to alternative product
formation as a function of the temperature.

CIAC, CAS, China. _ _ The presence of carbodiimigeyanamide units in these
@ ';';‘%g’g Z.Hu’ C.; Kremer, R. K.; Dronskowski, Riorg. Chem2004 compounds is easily deduced from the characteristic NCN
(2) Liao, W.; von Appen, J.; Dronskowski, Ehem. Commun2004 vibrational frequencies (around 1959 chfor the asym-
2302. i i i ihrati
(3) Liao, W.; Dronskowski, RActa Crystallogr., Sect. 2004 60, i124. metr_lc StretChmg and 662 Crﬁfor_the deformation Vlbratlon.)
(4) Liao, W.; Dronskowski, RZ. Anorg. Allg. Chem2005 631, 496. as given by the corresponding infrared spectra (Supp-Figure
®) I§ésa102' W.; Fokwa, B. P. T.; Dronskowski, RRhem. Commur2005 1 in the Supporting Information). Nonetheless, only the phase
(6) Liao, W.; Dronskowski, RZ. Anorg. Allg. Chem2005 631, 1053.  EUsla(CN)(NCN); exhibits an additional peak at 2010 cin
(7) Reckeweg, O.; DiSalvo, F. Z. Anorg. Allg. Chem2003 629, 177. which presumably goes back to tbiéfering C—N bonds in
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Figure 1. View of the InyogEus(NCN)sl3 crystal structure along [001]
showing the hexagonal iodine channels and the guest In cations inside, with
Euw, tetrahedra given in red, | atoms in cyan, N atoms in green, C atoms in
gray, and In atoms in brown.

Figure 3. Crystal structure of Ifi.dE2(NCN)sl14.91 viewed along théd
axis with Eu tetrahedra in red and Igibctahedra in cyan (left), the common
Ew—NCN motif in all three structures (upper right), a single;EBCN
layer comprising isolated [(In2)(I4) octahedra (middle right), and a
sandwich motif made from a EtNCN double layer and a layer of vertex-
sharing In§ octahedra (in cyan) in between (bottom right) found in the
Ing 2eEU12(NCN)sl 14 91 Crystal structure. The Ruetrahedra in the upper and
lower layers are shown in green and red, respectively.

mental Ift—1- distance (3.06 A) is quite close to the
theoretical one (3.00 A); in other words, In is indeed found
in its trivalent state. Puzzling, however, is the small site
occupation factor (SOF) of In. One would have naively
the NCN- units and the presence of CNcyanide) units predicted, using charge-balance argu_ments, a maximum In
also. The X-ray single-crystal structural refinements further content of 0.3333 (compared to unity for*)j but the
reveal that all N-C—N angles are close to 180n the phase experimental value lies at only 0.08(2). This clearly means

Eugls(CN)(NCN);, we can find an asymmetrically shaped that the Eu atonmustbe charged a bit highert{2.19) than
N—C=N2- (cyanamide) unit instead of the often found |n.the divalent state, indicating the presence ofﬂ_,:_lbut
N=C=N2" (carbodiimide) shape with-€N around 1.2 A,  this has been observed already in the Li-containing phase
for example, in 18.0gEUs(NCN)sl and I 285 i (NCN)sl 14,01 also. The latter LIENCN)sl5 also exhibits a slight suboc-
The cyanamide unit formally exhibits a-@ “single” bond, ~ cupation of the Li atom with SOF 0.7(2), and the presence
1.32(2) A, and a &N “triple” bond, 1.16(2) A. The true  ©f Eu”. clearly manifests from the magnetic datdhe
triple C=N bond of the CN anion in Eglo(CN)(NCN) lies synthetic observations further let us assume to regard the

Figure 2. View of the Ewlo(CN)(NCN); crystal structure along [110]
showing the Ex—NCN layers separated by the &nd CN™ anions.

at an even shorter but quite typical 1.07(3) A. mixed-valent compound bdEwW(NCN)sl; solely as a high-
All three extended structures are shown in FigureS,1 temperature phase because it cannot be isolated whenever
and the common Euetrahedra capped by NCGNanions the reaction mixture is kept at lower temperatures for 2 weeks

the characteristic feature of this particular class of materials, (S€€ the Experimental Section) but requires “quenching” to

are clearly visible. The first phase oEus(NCN)l5 (Figure room temperature, at which it seems to be kinetically stable.

1), is isotypic with LIEU(NCN)ls such that the attempted _ When the reactants are tempered ata much. “colder” 420
replacement of L by In3* was successful. The tetrahedral C» the phase Bils(CN)(NCN); is formed, and its crystal

Ew units (from two symmetry-distinct Eu atoms) are Structure (Figure 2) consists im‘urdiﬁerent crystallographic
connected by face- and vertex-sharing to generate 1D metafFU atoms per formula unit. The chemical formula already
chains, which are coordinated by carbodiimide units on all IMPlies a precisely divalent state for Eu. Four adjacent Eu
of their triangular faces. The NGN anions also bridge the ~ &toms buildwokinds of empty Eu tetrahedra, one of (Eud)-
metal chains in a three-dimensional network and 1D hex- (Eulk and the other of (Eu2)(Eug)All Eu, tetrahedra are
agonal iodine channels, which are filled by octahedrally connected by cyanamide anions into a layerlike substructure
coordinated In cations. Taking into account the radius of the (Figure 3, upper right), and upon comparison of this structural

I- anion for octahedral coordination (2.20 &jhe experi- ~ Motif with the Eu-NCN substructure of peEw(NCN)ls,
it is obvious that the former results from slicing of the latter

(8) Shannon, R. DActa Crystallogr., Sect. A976 32, 751. perpendicular to thec axis, with a thickness ofone
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tetrahedron. All of the layers derived as such are stackedalso be present in this case. If we consider all tetrahedra to

alongc but connected to each other byand CN anions

be arranged along theaxis, all of them-including [(Eu6)-

(Figure 2). The latter anions are coordinated to the Eu cations(Eu4)], which is capped by carbodiimide anions on all of

in an “end-on” fashion, where the N atom is capping the
bottom (Eu3j triangular face of the [(Eu2)(Eug)etrahedron

its faces—are capped by carbodiimide anions on their side
faces. The [(Eul)(Eug)tetrahedron is bridged by the N1

in one layer and the C atom coordinates the vertex Eu2 atomC1—N1 unit to form a single layer with hexagonal pores

of another layer. We note that, in other mixed cyanide
cyanamide unit§,the cations are coordinated by the CN
anions inbothend-on and side-on fashions. There are three
different crystallographic sites for the | atoms, one (12)
located in the layer and the other two (11 and 13) between
the layers. Viewed along theaxis, the structure of Ely-
(CN)(NCNY); is very similar to that of lpodEW(NCN)sl3
(Supp-Figure 2 in the Supporting Information).

In Euglo(CN)(NCN);, the Eu-Eu distances arrive at 4.33
A for Eul—Eu1l, 3.99 A for EutEu4, 4.23 A for Eu3-
Eu3, and 3.93 A for Eu2Eu3. That means that the

(Figure 3, middle right), as are the tetrahedra [(Eu3)(Eu5)
and [(Eu6)(Eu4y but through the N2 C2—N3 units to also
give a layer with hexagonal pores; both layers are bridged
by N4—C3—N4 units to eventually result in a double-layer
motif (Supp-Figure 4 in the Supporting Information). In the
upper and lower layers, the tetrahedra [(Eu6)(Eud)e
oriented in opposite directions; two bottoms face each other
with a rotation of 60. The N4 atoms are capping the bottom
faces (Eu4y so that N4-C3—N4 anions bridge two layers.
There are six crystallographic sites for theahnions, three
of them (11, I3, and I4) bonded to the In atoms and the other

tetrahedral side edges are much shorter than those at théhree being isolated (except for the Elubonds). The

bottom. Also, the bottom-edge Et&u3 is slightly shorter
than Eul-Eul, and the side-edge EdWEu3 is also slightly
shorter than EutEu4. This is very probably a simple ionic
matrix effect of the nonmetal atoM<$ecause there are two
N atoms from NCN~ anions bonded to one side edge but

suboccupation of the 11, 14, and 16 sites leads to a chemical
formula that matches the suboccupation of the In1 and In2
sites in the sense of dAgFEU(NCN)sl14.012 SUCh that the

phase, incorporating Bty appears as nicely charge-balanced.
The two partially occupied In atoms experience octahedral

only one for the bottom one. As has been said already, thel coordination with In-1 bonds between 2.93 and 3.12 A,

bottom face (Eu3)is capped by a CNanion, such that the
Eu3—Eu3 distance is shorter than EdEEul. In addition, the
asymmetric N+ C1=N2 cyanamide anions are capping the
tetrahedra [(Eu2)(Eug)and [(Eu4)(Euly] through their N1

again indicating I&". The [(In1)(11)(I3);] octahedron is

connected with the other four by sharing all four 11 vertexes
to form a layer with trigonal and hexagonal pores (Supp-
Figure 5 in the Supporting Information). This layer is inserted

and N2 atoms, respectively. In other words, the singly bondedinto the Eu—NCN double-layer motif to form a sandwich

N1 atom coordinates to the triangular side face [(Eu2)(Bu3)
using its three lone pairs of the cyanamide Lewis formula,
while the triply bonded N2 atom coordinates to [(Eu4)(&l1)
using its one electron pair, such that the former may be

unit (Figure 3, bottom right), and two Etietrahedra from
both the upper and lower layers are located over the
hexagonalpore, while only one Eutetrahedron is located
over thetrigonal pore; in other words, the N4C3—N4

expected to be somewhat stronger than the latter. Conse-carbodiimide units bridging the layers spike through the

quently, the closest EtiN1 distance is shorter than the Eu
N2 distance.

The phase IgdEu(NCN)sl14.91 (Figure 3) crystallizes in
the trigonal system (rhombohedral axes) with a large unit
cell. The sandwichlike motifs containing (a) a £INCN
double layer stuffed by a layer of vertex-sharing gInl
octahedra and (b) a EaNCN single layer with isolated Igl
octahedra in its hexagonal pores are stacked alongakis

in an alternating sequence, with additional interstices for the

hexagonal pores. The isolated (In2)gléxtahedron fill into
the hexagonal pores of the single [(Eul)(El2NCN layers
(Figure 3, middle right). The multilayer sandwich motif
(constructed from Ei+NCN double layers stuffed by one
layer of vertex-sharing lgloctahedra) and the condensed
single layer (one E+~NCN layer with isolated Inloctahedra
filling its hexagonal pores) are alternately stacked along the
c axis (Figure 3).

In summary, different thermal treatments of the same

isolated I anions. Its crystal structure may also be considered reactants lead to three different europium cyanamide

a combination of the europium carbodiimide and-In
substructures (Supp-Figure 3 in the Supporting Information).
Eu atoms from six different crystallographic sites form

three different Eytetrahedra, namely, [(Eul)(EwR)[(Eu3)-
(Eu5)], and [(Eu6)(Eu4j], with significantly differing Eu-

Eu distances. The side-edge distances-H12 (3.99 A)
and Eu3-Eu5 (3.99 A) are much shorter than the corre-
sponding bottom edges E4Eu2 (4.22 A) and Eu5Eu5
(4.37 A), while Eu6-Eu4 (3.94 A) is close to Eu4Eu4
(4.02 A). An ionic matrix effect by the nonmetal atoms may

(9) Berger, U.; Milius, W.; Schnick, WZ. Anorg. Allg. Chem1995 621,
2075.
(10) Corbett, J. DJ. Chem. Soc., Dalton Tran&996 575.
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carbodiimide compounds, and the reactive Inl flux plays a
crucial role in the compound formation. All three compounds
are structurally closely related, and their characteristic
features are empty ERuetrahedra capped by carbodiimide
or cyanamide anions.
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