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Abstract

The rare-earth dicyanamides Lu[N(CN),]; (Ln=La, Ce, Pr, Nd, Sm, Eu) were obtained via ion exchange in aqueous medium and
subsequent drying: The crystal structures were solved and refined based on X-ray powder diffraction data and they were found to be
isotypic: Lu[N(CN),]3; Cmcm (no. 63), Z =4, Ln=La: a = 799.88(9) pm, b = 1158.2(1) pm, ¢ = 1026.7(1) pm; Ce: a = 794.94(3) pm,
b =1152.154)pm, ¢ = 1020.96(4)pm; Pr: a = 790.45(5)pm, b = 1146.19(6) pm, ¢ = 1016.74(6) pm; Nd: a = 787.79(3) pm, b =
1144.59(4)pm, ¢ =1015.54(4)pm; Sm: a = 781.30(5)pm, b= 1138.64(6)pm, c = 1012.04(5)pm; Eu: a=776.7(1)pm, b=
1135.1(1)pm, ¢ = 1013.7(1)pm). The compounds represent the first dicyanamides with trivalent cations. The Ln®" ions are
coordinated by three bridging N atoms and six terminal N atoms of the dicyanamide ions forming a three capped trigonal prism.
The structure type is related to that of PuBr;. The novel compounds Ln[N(CN),]; have been characterized by IR and Raman
spectroscopy (Ln=La) and the thermal behavior has been monitored by differential scanning calorimetry (Ln=Ce, Nd, Eu).
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1. Introduction

The rapidly growing interest in the synthesis of the
hitherto unknown binary nitride C3N,4 has provided
several investigations on ternary nitridocarbonates (IV),
e.g., cyanamides and dicyanamides. In the last few years
a number of cyanamides and dicyanamides containing
[CN,]*~ and [N(CN),]~ ions have been synthesized [1].
The alkali and alkaline earth compounds M(I),[CN,]
(M(I)=Li, Na, K) [2-5], M(D[N(CN),] (M(I)=Na, K,
Rb, Cs) [6-8], M(II)[CN,] (M(I)=Mg, Ca, Sr, Ba)
[9-11] and M(IT)[N(CN),], (M(I1)=Mg, Ca, Sr, Ba) [12]
were structurally characterized. Furthermore, the lead
salts Pb[CN,] [13] and Pb[N(CN),, [14,15] were
obtained. Apart from this the transition metal cyana-
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mides Agy[CN,] [16,17], Zn[CN,] [18,19], Cd[CN,] [20],
Hg,[CN,] [21-24] and the transition metal dicyanamides
M(ID[N(CN),], (M(IT)=Cr, Mn, Co, Ni, Cu, Zn, Cd)
[25-31] were characterized. Surprisingly, up to now only
a few rare-earth compounds were described which
contain Ln---N-CN bonds, e.g., Ln,O,[CN,] (Ln=La,
Ce, Pr, Nd, Sm, Eu, Gd) [32,33] and Eu[CN>] [34]. In an
attempt to synthesize the ternary rare-earth cyanamides
Lny[CN,]; by metathesis of LnCl; and Li)[CN,] at
950 °C, the mixed compounds Ln,CI[CN,]N (Lrn=1La,
Ce) were synthesized [35].

For the respective dicyanamides only coordination
compounds crystallizing with solvent molecules have
been described: For  Ln[N(CN),];-30P(NMe,);
(Ln=Nd, Er) [36] and Nd[N(CN),]; - 20P(NMe,); [37]
structural data have been reported. Very recently, the
crystal structures of the rare-earth complexes
{Ln[N(CN)>]>(phen)>(H20)3}[N(CN)2](phen)  (Ln=Pr,
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Sm, Gd) and [Ln[N(CN),]5(2,2’-bipy)»(H,0)], (Ln=La,
Sm, Gd) were presented [38].

In the past years, we found a convenient synthetic
approach towards metal dicyanamides by ion exchange
in aqueous solution. In this work, we report about the
application of this method to prepare the compounds
Ln[N(CN),]; (Ln=La, Ce, Pr, Nd, Sm, Eu), which
represent the first rare-earth dicyanamides with trivalent
cations.

2. Experimental
2.1. Syntheses

The rare-earth dicyanamides Ln[N(CN),]; (Ln=La,
Ce, Pr, Nd, Sm, Eu) were synthesized via ion exchange
in aqueous medium: a column with an ion exchange
resin (Merck, Ionenaustauscher I, Art. 4765) was
completely filled with a solution of the respective rare-
earth chloride (LaCl;- 7H,O (Alfa Aesar), Ln(III)Cl;-
xH>O (Ln=Ce, Pr, Nd, Sm, Eu), all received from Alfa
Aesar, 99.9% (REQ)). An excess of these chlorides was
removed by washing with water. Subsequently, a
solution of Na[N(CN),] (Fluka, >96%) was poured
onto the column and the eluate was collected. By
drying at room temperature hydrated phases
Ln[N(CN),];- xH,O remained. These powders were
heated in vacuo (ca. 1Pa) up to 150°C. After cooling
to room temperature, the obtained microcrystalline
powders were handled under argon to prevent hydra-
tion. The compounds show characteristic colors: white
(Ln[N(CN),]; with Ln=La, Ce, Eu), light green
(Pr[N(CN),]3), pink (Nd[N(CN),]3), and light yellow
(Sm[N(CN)2).

2.2. X-ray structure determination

Because single crystals were not obtained, the
dicyanamides Ln[N(CN),]; were characterized using
powder diffractometry. Powder diffraction patterns of
the salts were obtained on a STOE Stadi P diffract-
ometer in Debye-Scherrer geometry. Due to the
absorption of the rare-earth elements monochromated
MoKuao, radiation was used.

Owing to the similar appearance of the powder patterns
of the six phases, they were supposed to be isotypic. In
some diffractograms a small amount of the starting
material Na[N(CN),] was detected. All patterns were
indexed on the basis of orthorhombic cells with similar
lattice parameters. The extinction conditions indicated
Cmem, Cmc2;, or C2cm as possible space groups.

The crystal structure of the compounds was deter-
mined by using the diffraction pattern of Nd[N(CN),]s.
Initially, the integrated intensities were extracted by the
Lebail method and subsequently used for a structure

solution with direct methods utilizing the program
EXPO [39]. In the space group Cmcm all atom positions
were localized immediately. With this structural model
the structures of the rare-earth dicyanamides
Ln[N(CN),]; (Ln=La, Ce, Pr, Sm, Eu) were refined by
the Rietveld method using the program GSAS [40]. For
Nd[N(CN),]5 the result of the Rietveld refinement is
given in Fig. 1. Details of the structure refinements are
listed in Table 1. The refined atomic coordinates of
Ln[N(CN),]; with Ln=La, Ce, Pr, Nd, Sm, Eu are given
in Table 2. Details of all crystal structures reported in
this paper may be obtained from the Fachinformations-
zentrum Karlsruhe, D-76344 Eggenstein-Leopoldsha-
fen, Germany, e-mail crysdata@FIZ-karlsruhe.de, by
quoting the depository numbers CSD-391272
(La[N(CN),l3), CSD-391271 (Ce[N(CN),]3), CSD-
391270 (Pr[N(CN),]3), CSD-391269 (NA[N(CN),ls),
CSD-391268  (Sm[N(CN),]5), and  CSD-391267
(Eu[N(CN)2]3).

2.3. Vibrational spectroscopy

Infrared spectra were recorded on a Bruker IFS 66v/S
spectrometer scanning a range from 400 to 4000cm ™.
The samples were thoroughly mixed with dried KBr
(5 mg sample, 500 mg KBr). Raman spectra were excited
by a Bruker FRA 106/S module with an Nd-YAG laser
(2 = 1064nm) scanning a range up to 3500cm~'. All
preparation procedures were performed in a glove box
under an atmosphere of dried argon.

2.4. Thermal behavior

Differential scanning calorimetry (DSC) curves of the
salts Ln[N(CN),]; were recorded with a Mettler DSC 25

Intensity / counts
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Fig. 1. Observed (crosses) and calculated (line) X-ray powder
diffraction pattern as well as difference profile of the Rietveld
refinement of Nd[N(CN),];. The upper row of vertical lines indicates
possible peak positions of Nd[N(CN),];, the lower row indicates an
impurity of Na[N(CN),].
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Table 1

Crystallographic data of the rare-earth dicyanamides Ln[N(CN),]; (Ln=La, Ce, Pr, Nd, Sm, Eu)
Ln[N(CN),]3 Ln=La Ln=Ce
Formula weight 337.04 338.25
Crystal system

Space group

Radiation (4, pm)

Lattice parameters

a (pm) 799.88(9) 794.94(3)
b (pm) 1158.2(1) 1152.15(4)
¢ (pm) 1026.7(1) 1020.96(4)
v (106 pm?) 951.2(2) 935.08(6)
z

pe (gem ™) 2353 2.402
Profile range

No. of data points

No. of reflections 787 770
Positional parameters 21 21

Profile parameters 19 19
R-values

WR, 0.084 0.051

R, 0.064 0.040

Rg 0.054 0.042

Ln=Pr Ln=Nd Ln=Sm Ln=Eu
339.04 342.37 348.49 350.09
Orthorhombic

Cmem (no. 63)

MoKua (70.93)

790.45(5) 787.79(3) 781.30(5) 776.7(1)
1146.19(6) 1144.59(4) 1138.64(6) 1135.1(1)
1016.74(6) 1015.54(4) 1012.04(5) 1013.7(1)
921.16(9) 915.71(6) 900.33(9) 893.7(2)
4

2.444 2.483 2.571 2.602
3°<20<60°

5700

764 755 739 736

21 21 21 21

18 18 17 19

0.071 0.055 0.046 0.047
0.055 0.044 0.036 0.037
0.045 0.032 0.042 0.044

from room temperature to 500°C (heating rate:
10°Cmin~"). Samples of Nd[N(CN),]; were heated up
in glass ampoules under argon atmosphere to different
temperatures between 200 and 400 °C. After cooling to
room temperature, yellow—brown powders remained.
The samples were characterized by X-ray powder
diffractometry and IR spectroscopy.

3. Results
3.1. Crystal structure

The rare-earth dicyanamides Ln[N(CN),]; (Ln=La,
Ce, Pr, Nd, Sm, Eu) were found to be isotypic.
According to the lanthanide contraction, the lattice
parameters and volumes of the orthorhombic unit cells
decrease with decreasing ionic radius of the rare-earth
elements (Table 1).

The crystal structure consists of the rare-earth cations
Ln*" coordinated by dicyanamide anions [N(CN),]™,
which are planar and bent (Figs. 2 and 3).

There are two kinds of crystallographically different
[N(CN),]™ anions occurring in a 2:1 ratio. The more
abundant type of anions, labeled [N4-C2-N3-C2-N4]~,
are arranged in sheets perpendicular to [010]. The point
symmetry of these ions is C,, coming however close to
C,,. The distances and angles of the ions resemble
closely those of other dicyanamide ions (Table 3) though
they are not as accurate as single-crystal data.

The less abundant type of dicyanamide anions
[N2-C1-N1-C1-N2]7, forming sheets perpendicular to
[001], show point symmetry C,,, which is the ideal

symmetry of the [N(CN),]™ ions. Up to now, this ideal
symmetry of the anions has only been observed for the
room-temperature modification of Zn[N(CN),], [30].
However, in Zn[N(CN),], the anions with symmetry C»,
are disordered and thus, the high point symmetry is
avoided. Since it cannot be fully excluded that the
[N2-C1-N1-C1-N2]~ anions of the Ln[N(CN),|; are
disordered as well, we performed refinements with
different disorder models. In three models one of the
three atomic positions of the anion (C1, N1 or N2) was
kept on the same special position but the other two
positions were refined with the z coordinates being
slightly smaller or larger than 1/4. In the forth disorder
model all three positions were refined with z slightly
different from 1/4. The structure refinements with
disordered anions showed no improvement of either
R-values, distances or angles. Obviously, the low
accuracy of the X-ray powder diffraction data caused
by severe overlap of the diffraction peaks and the low
scattering power of C and N compared to the rare-earth
elements does not allow an unambiguous decision
between order and disorder of these anions. When
Zn[N(CN),], is cooled below —100°C, a phase transi-
tion occurs which is accompanied by the locking of the
disordered dicyanamide ions on sites with point
symmetry C,. In this work, temperature-dependent
investigations of Ce[N(CN),]; on an X-ray powder
diffractometer (STOE Stadi P) were performed. How-
ever, during cooling from room temperature to —150 °C,
no phase transition was observed.

In the crystal structure of Ln[IN(CN),];, every N atom
of both anions is bound to one rare-earth ion. The
coordination of the cations within the structure of
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Table 2
Atomic coordinates and displacement factors (in pm?) of Lu[N(CN),];
(Ln=La, Ce, Pr, Nd, Sm, Eu)

Atom Wyckoff  x y z Uiso®
position
La 4c 0 0.2896(3) 1/4 126(4)
Ce 0 0.2885(1) 1/4 134(2)
Pr 0 0.2891(1) 1/4 160(5)
Nd 0 0.2883(1) 1/4 137(2)
Sm 0 0.2873(1) 1/4 110(5)
Eu 0 0.2871(2) 1/4 109(3)
Cl (La) 8y 0.122(4)  0.596(2) 1/4 20(50)
Cl1 (Ce) 0.133(2)  0.590(1) 1/4 390(60)
Cl1 (Pr) 0.140(2)  0.590(1) 1/4 100(50)
Cl (Nd) 0.134(2)  0.589(1) 1/4 230(50)
CI1 (Sm) 0.128(3)  0.588(1) 1/4 350(80)
Cl1 (Eu) 0.142(5) 0.6113) 1/4 1110(200)
C2 (La) 16h 0.149(3)  0.135(2)  0.556(2)  20(50)
C2 (Ce) 0.147(1)  0.138(1)  0.554(1)  570(50)
C2 (Pr) 0.144(2)  0.141(1)  0.551(1)  210(40)
C2 (Nd) 0.137(1)  0.1399(8) 0.5498(9) 330(40)
C2 (Sm) 0.135(2)  0.140(1)  0.550(1)  430(60)
C2 (Eu) 0.149(3)  0.132(2)  0.562(3)  900(100)
N1 (La) 4c 0 0.495(3) 1/4 510(50)
N1 (Ce) 0 0.522(1) 1/4 120(60)
N1 (Pr) 0 0.511(1) 1/4 400(80)
NI (Nd) 0 0.517(1) 1/4 280(60)
N1 (Sm) 0 0.512(1) 1/4 160(80)
N1 (Eu) 0 0.527(3) 1/4 140(100)
N2 (La) 8y 0.265(3)  0.625(2) 1/4 510(50)
N2 (Ce) 0.271(1)  0.627(1) 1/4 450(50)
N2 (Pr) 0.265(2)  0.634(1) 1/4 220(50)
N2 (Nd) 0.269(1)  0.6315(8) 1/4 250(40)
N2 (Sm) 0.267(2)  0.628(1) 1/4 240(60)
N2 (Eu) 0.288(4) 0.621(2) 1/4 370(100)
N3 (La) 8f 0 0.173(2)  0.491(2)  510(50)
N3 (Ce) 0 0.1597(8) 0.485(1)  150(40)
N3 (Pr) 0 0.161(1)  0.485(1)  100(40)
N3 (Nd) 0 0.1629(8)  0.4800(9) 140(40)
N3 (Sm) 0 0.167(1)  0.474(2)  190(50)
N3 (Eu) 0 0.164(2)  0.499(2)  30(80)
N4 (La) 16k 0.260(3)  0.135(2)  0.598(2)  510(50)
N4 (Ce) 0.265(1)  0.1335(7) 0.5923(8) 280(30)
N4 (Pr) 0.271(1)  0.1346(8) 0.601(1)  350(40)
N4 (Nd) 0.2718(9) 0.1354(6) 0.5939(6) 180(30)
N4 (Sm) 0.276(2)  0.1375(9) 0.595(1)  390(40)
N4 (Eu) 0.294(3)  0.146(2)  0.593(2)  1000(100)

U is defined as exp (—8m%Usgo sin® 0/42).

Ln[N(CN),]; can thus be classified as tris-monodentate
bridging (Scheme 1). A similar coordination situation
has been found for the dicyanamides M[N(CN),],
(M(II)=Mg, Cr, Mn, Co, Ni, Cu, Cd) which exhibit a
Rutile-type structure [12,25-28,31].

The rare-earth ions are surrounded by nine nitrogen
atoms in the form of a tricapped trigonal prism. Four
N4 and two N2 form the trigonal prism, while two N3
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Fig. 2. Crystal structure of Nd[IN(CN),]; (top, Nd: white, C: black, N:
small white circles) in comparison to that of PuBr; (bottom, Pu: white,
Br: black), view along [100].
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Fig. 3. Crystal structure of Nd[N(CN),]s, view along [010] (Nd: white,
C: black, N: small white circles). The structures of Ln[N(CN),]3
(Ln=La, Ce, Pr, Sm, Eu) are isotypic.
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Table 3
Bond distances (in pm) and angles (in°) in Lu[N(CN),]; (Ln=La, Ce,
Pr, Nd, Sm, Eu).

Ln La Ce Pr Nd Sm Eu

Ln-NI (1x) 2384) 269(1)  2552) 262(1)  256(2) 272(3)
Ln-N2 (2x) 268(2) 260(1)  257(1) 255.4(9) 257(1) 250(2)
Ln-N3 (2x) 282(3) 282(1)  281(1) 274(1)  265(2) 288(2)
Ln-N4 (4x) 262(2) 262.3(8) 252(1) 255.1(7) 250(1) 238(2)

CI-N1 152(4) 1322)  1432) 134(1)  132(2) 146(4)
CI-N2 1204) 117Q2)  111Q2) 117(1)  118Q2) 114(5)
C2-N3 144(2) 139(1)  134(1) 132.009) 134(1) 137(2)
C2-N4 98(3)  102(1)  113(1) 115(1)  1192) 118(3)

NI-CI-N2  146(4) 165(2) 169Q2) 167(2)  162(3) 145(4)
N3-C2-N4  16133) 170(2)  173(2) 167(1)  162(2) 154(3)
CI-NI-CI  80(3) 107(2)  102(2) 104(2)  993)  99(4)

C2-N3-C2  1123) 116(2) 1172) 110(1)  1042) 116(3)

e

7\
N
\N¢/ \%N/
M/ \M
Scheme 1.

and N1 cap the prism planes (Fig. 4). The coordination
of the Ln*" ions is realized by all three N atoms of both
types of dicyanamide ions. The distances between Ln
and N3 in all Lu[N(CN),]s (Ln=La, Ce, Pr, Nd, Sm,
Eu) are slightly longer than those to the other N atoms.
Similar coordination polyhedra of dicyanamide ions
were found for the divalent metal ions in Ba[N(CN),]»
[12] and the isotypic compound Pb[N(CN),], [14]. In
nitrides the rare-carth ions are usually bound to fewer N
atoms, e.g., in the nitrides LuN (Ln=La-Nd, Sm-Lu)
[41,42] they are coordinated to six neighbors, in
Ln;SigNy; (Ln=Ce, Pr, Sm) [43,44] to eight, and in
Ln;B>N, (Ln=La—Nd) [45] both to six and eight. The
Ln[N(CN),]5 structure type can be derived from that of
PuBr;, which is frequently encountered for rare-earth
halogenides [46,47], by replacing the Br~ by [N(CN),]™
ions (Fig. 2).

3.2. Spectroscopic and thermal behavior

The vibrational spectra (Fig. 5) of anhydrous
La[N(CN),]; show the typical signals of the [N(CN),]™
ion [48,49]. The splitting of some signals can be
explained by the existence of two crystallographically

Fig. 4. Coordination sphere of the Nd** ion in Nd[N(CN),]s.

different anions which occur in a ratio of 2:1. A similar
splitting was observed in the IR spectra of
M(ID[N(CN),], (M=Ba, Pb) where two crystallogra-
phically different anions occur as well.

The dicyanamide ions [N(CN),]” of the alkali
dicyanamides M(I)[N(CN),] (M =Na, K, Rb) trimerize
forming tricyanomelaminate ions [CeNo*~ [6,7.49].
Depending on the heating conditions, the [N(CN),]™
ions of Li[N(CN),] either trimerize as well or polymerize
[50].  For the dicyanamides  M(I)[N(CN),],
(M(II)=Mg, Ca, Sr, Ba, Pb) which have divalent
cations no analogous formation of the respective
tricyanomelaminates M(I1);[C¢No], was found. Instead,
oligomerization of their anions seems to take place
[12,14].

Obviously, the nature and the ionic radius of the
cation seems to have a significant influence on the
thermolysis of the dicyanamides. In this context, the
thermal behavior of a dicyanamide with a trivalent
cation is of interest and was studied for La[N(CN),]s.

DSC curves of the compounds Lu[N(CN),]; (Ln=Ce,
Nd, Eu) show broad exothermic peaks between 300 and
450°C. During heating above 400°C, the samples
become X-ray amorphous. Accordingly, the occurring
transformations are irreversible and, thus, the further
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Fig. 5. IR (top) and Raman (bottom) spectra of La[N(CN),]s.

characterization of the reaction products by X-ray
diffractometry is not possible.

The IR spectrum of a sample of La[N(CN),]; that was
heated up to 400°C shows a sharp peak at 804cm™'
which cannot be observed in the spectrum of pure and
unreacted La[N(CN),];. This peak is observed in the IR
spectra of salts containing s-triazine ring systems, as
found for instance in the isolated tricyanomelaminate
ions [C4No]> .

4. Conclusion

The compounds Ln[N(CN),]; (Ln=La, Ce, Pr, Nd,
Sm, Eu) represent the first dicyanamides with trivalent
cations as well as the first rare-earth dicyanamides. The
dicyanamides Ln[N(CN),]; (Ln=Gd-Lu) of the heavier
rare-earth elements crystallize in another structure type,
which will be presented in a forthcoming paper.
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