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Crystalline samples of rare earth carbodiimides were synthesized by solid-state metathesis reactions of rare earth
trichlorides with lithium cyanamide in sealed silica ampules. Two distinct structures were determined by single-
crystal X-ray diffraction. The structure determined for Smy(CNy)s [C2/m, Z = 2, a = 14.534(2) A, b= 3.8880(8) A,
¢ =15.2691(9) A, B = 95.96(2)°, R, = 0.0267, and WR, = 0.0667] was assigned for RE;(CNy)s compounds with
RE =Y, Pr, Nd, Sm, Gd, Th, Dy, Ho, and Er, and the structure determined for Luy(CNy); [R32, Z =3, a =
6.2732(8) A, ¢ = 14.681(2) A, R, = 0.0208, and wR, = 0.0526] was assigned for the smallest rare earth ions with
RE = Tm, Yb, and Lu by powder X-ray diffraction. Both types of crystal structures are characterized by layers of
[NCNJ?~ ions whose arrangements can be derived from the motif of a closest packed layer of sticks. These layers
alternate with layers of rare earth ions in a one-by-one sequence. Different tilting arrangements of the N—C—N-
axes relative to the stacking directions (c) and different arrangements of RE®* ions within metal atom layers account
for the two distinct structures in which Sm3* and Lu®* ions adopt the coordination numbers 7 and 6, respectively.

Introduction

After the discovery of nitridoborate compounds with linear
[NBN]®" ions, their structural chemistry has been widely
explored for alkali (A), alkali earth (AE), and divalent rare
earth (RE) nitridoborates with formulass@N,), 3 AEs-
(BN2)2,* 19 and RE(BN>),, ! respectively. Great progress has

valent rare earth elements. Especially, lanthanum compounds
have been synthesized and structurally characterized with
different types of nitridoborate anions, including [BN]
[B2N4J®, [B3Ng)®~, and [BN;]®.1217 A key for the develop-
ment of the chemistry of rare earth nitridoborates was the
successful implementation of solid-state metathesis reactions

been achieved by extending this Chemistry toward the tri- between rare earth trichloride and lithium nitridoboratQ-[Li

(BNz)] 18,19
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Syntheses and Properties of Rare Earth Carbodiimides

Compounds with [NCNY ions have been known much
longer than those with [NBNJ ions. Examples of well-
known Ay(CN,) and AE(CN) compounds include alkafi23
and alkali eartff—3° elements, with Ca(CHP’ being presum-

ably the most striking example, because of its applications,
for example, in organic synthesis and in soil treatments. Com-

high-yield synthesis of trivalent pseudo-binary rare earth
carbodiimides RECN,)3, their crystal structures, and their
structural properties.

Experimental Section

Synthesis All manipulations for the synthesis of REN,); were

pounds with analogous compositions to those of the alkali performed in an Ar-filled glovebox (Braun LabMaster 130, M.
or alkali earth elements are known for group 11 and 12 Braun GmbH) with commercial or synthesized starting materials.

elements! 34 and recently, Mn(CB® was reported to adopt
the Ca(CN) structure®®

The chemistry of rare earth carbodiimide compounds is

not yet well-established. The successful synthesis of RE
(CNp)s compounds with RE= La and Ce was already
reported long ago, departing from reactions of,@&with

SmCk was purchased (ABCR, 99.9%), and Ly@as synthesized
from Lu,Os (Rhone Poulenc, 99.99%) and NEI (Merck, p.a.) as
described in the literatur. The obtained LuGlwas sublimed at
820—-850°C under a dynamic vacuum belowx110-3 mbar. Li-
(CNp) was made from L{COs) (Alfa, ultrapure) under flowing
ammonia at 650C (12 h).

Reactions were performed with RECind Li(CNy) in a 2:3

HCN.2%3"Products were, however, not well-characterized at molar ratio together with KCI/LiCl as a flux. Mixtures with total
that time, and no structural or spectroscopic data are avail-masses around 400 mg were carefully homogenized in an agate

able. The structure of Eu(GNwas recently refined from a

single crystal, being obtained from a reaction mixture of EuN,

C, and NaN reacted at 1300 Ré In addition, rare earth
dicyanamides RE(N(CN); for RE = La, Ce, Pr, Nd, Sm,
and Eu were recently synthesized from aqueous solutfons.

Attempts are being undertaken in our laboratory to syn-

mortar under argon. Each mixture was sealed into an evacuated
silica ampule and then placed into a tube furnace.

Reactions at lower temperatures (e.g., 3G9 and with shorter
reaction times (e.g., 48 h) yielded light gray to yellow crystalline
powders, later identified as REN,); for RE = Sm and Lu,
according to the indexed powder X-ray diffraction (XRD) patterns.
When samples were treated at 68Dfor 3 weeks, some gray and

thesize rare earth nitridocarbonate compounds by using arown powders were obtained, containing colorless crystals of RE
similar synthetic approach to that employed earlier for the (cN,),. The silica ampules were opened in the air, and the products
development of the rare earth nitridoborates. Solid-state were washed twice with water and then with acetone to remove

metathesis reactions between rare earth trichloride and Li the coproduced LiCl and the flux. Homologous REN,); com-
(CNy) have been already successfully applied to synthesizepounds for RE= Y and Pr-Lu (except Pm and Eu) were synthe-

members of the rare earth series RECI(LN RECI-
(CN2)N,** and REO(CN,)..4? Here, we report on a reliable
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sized under analogous conditions and investigated by powder XRD.

X-ray Diffraction Studies. Single crystals of RECN,)3 with
RE = Sm and Lu were selected and mounted on the tips of glass
fibers for intensity measurements using a single-crystal X-ray
diffractometer (Stoe, IPDS, Darmstadt, Germany), equipped with
(graphite) monochromated MooKradiation ¢ = 0.71073 A). The
intensity data were corrected for Lorentz, polarization, and absorp-
tion effects by the IPDS software X-Red/X-Shape. The crystal
structure solutions and refinements were obtained with the program
package SHELX-9% Crystals of Ly(CN,); were obtained as
racemic twins. Therefore, the structure of the Lu compound was
refined using the TWIN instruction with the matrix( 0 01 0
—1 0 1 0 0-—1). Anisotropic refinements were performed for
all atoms. Selected data of the crystal structures and refinement
parameters are given in Table 1. Atom positions and isotropic
displacement parameters are provided in Table 2, and selected
interatomic distances and angles are given in Table 3. More detailed
crystallographic data and the anisotropic displacement parameters
are provided in the Supporting Information.

The carefully washed RECN,); powders were inspected with
an X-ray powder diffractometer (Stoe, StadlP, Darmstadt, Germany)
using monochromatic Cu d& radiation ¢ = 1.54051 A). The
powder XRD patterns of RECN,); with RE = Sm and Lu were
indexed with the aid of the program system WinXP&vand the
lattice parameters were refined therefrom. The powder pattern of
Smy(CNy); was indexed (using 33 single indexed lines) with a
monoclinic cell yieldinga = 14.578(2) Ab = 3.8978(5) A,c =
5.2781(7) A, angs = 95.883(8). The pattern of Ly(CN,); was
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Table 1. Crystal Data from the Structure Refinements of,8BiNz)z and Lw(CNy)s

Neukirch et al.

formula

fw (g/mol)

Syst, space groug,

unit cell dimensions (A, deg)

unit cell vol (A3)
dcalcd (g/CI’Tf;)

u (mm~) (Mo Koy
Ri, wRA(all data)

Sm(CN2)s Luz(CN2)3

420.79 470.03

monoclinicC2/m (No. 12), 2 trigonalR32 (No. 155), 3
a=14.534(2) a=6.2732(8)

b = 3.8880(8)

¢ =5.2691(9) c=14.681(2)

p =95.96(2)

V=296.1(1) V =500.3(1)

4.719 4.680

19.55 29.35

0.0267, 0.0667

0.0208, 0.0526

ARy = YhullFol = [FelTnulFoll. WR = ¥ naW(|Fo|? — |Fe|)[ 3 niw(Fo?)] Y2

Table 2. Atom Positions and Isotropic Displacement Parameters for
sz(CNz)3 and LQ(CN2)3

multiplicity,

atom symmetry X y z W
Smy(CN2)s
Sm 4, m 0.1348(1) © 0.0705(1) 0.0063(2)
C(1) 4, m 0.3283(5) 0 0.404(1)  0.009(1)
C(2) 2,2/m 0 0 Y 0.011(2)
N(1) 4,m 0.1590(4) —; 0.362(1)  0.010(1)
N(2) 4, m 0.1901(4) —, —0.170(1) 0.009(1)
N(3) 4, m 0.118(55) O —0.266(1) 0.014(1)
Luz(CNy)s
Lu 6,3 0 0 0.1716(1) 0.0080(1)
C 9,2 0.369(2) s s 0.013(2)
N 18,1 0.338(1) 0.264(1) 0.255(5) 0.018(1)

2Uqq (A?) is defined as one-third of the trace of the orthogonalizgd
tensor.

Table 3. Selected Interatomic Distances (in A) and Angles (in deg) in
the Crystal Structures of SYCN,)3 and Lu(CNy)3

Sn’b(CNz)3 LU2(CN2)3
SmM-N(3) 2.382(6) 1x Lu-N 2.282(7) 3x
Sm-N(3) 2.460(7) 1x
Sm—-N(1) 2.479(4) 2x
Sm—N(2) 2.498(4) 2x Lu-N 2.325(6) 3x
SM-N(2) 2.544(6) 1x
C(1)-N(1) 1.227(9) 1x GN 1.216(7) 2
C(1)-N(2) 1.235(9) 1x
C(2)-N(@3) 1.229(7) 2x
N(3)-C(2)-N(3) 180.0
N(1)-C(1)-N(2) 176.2(8) N-C-N  178.0(3)

indexed trigonal-rhombohedrally (using 23 single indexed lines)

with lattice parameters af = 6.2723(8) A and: = 14.708(2) A.

In each case, few weak lines of unknown phases were present and,

occasionally, very little LiO. Homologous RECN,); compounds

with RE=Y and Pr-Lu (except Pm and Eu) were indexed corre-

spondingly with a monoclinic crystal system for Y and-#r and
trigonal-rhombohedrally for TmLu. All refined lattice parameters
are presented in Table 4.

Infrared Spectroscopy. The infrared spectra were recorded on
a Perkin-Elmer FT-IR spectrometer in a range from 400 to 4000
cm L. The samples were measured as KBr pellets. Characteristic _

bands of the [NCNJ~ ions were observed at 1954 ctn(Sm v,y
and 1967 cm! (Lu va9. The C-N bending vibrations were found
at 706, 669, 635, and 616 cthfor Smpy(CN,)3 and at 681 and 641
cm1 for Luy(CNy)s.

Results and Discussion
The solid-state metathesis reaction between RE® Li-

Table 4. Lattice Parameters (in A and deg), Unit Cell Volumes
(in A3), and Number of Single Indexed Reflections of
RE>(CNz)3 Compounds

indexed
RE a b c p Y reflns
Y 14.278(9) 3.781(6) 5.209(3) 95.73(3) 279.8(5) 29
Pr 14.853(2) 3.9907(6) 5.3243(9) 96.125(8) 313.8(1) 32
Nd 14.754(2) 3.9563(5) 5.3084(6) 96.027(5) 308.15(9) 32
Sm 14.578(2) 3.8978(5) 5.2781(7) 95.883(8) 298.3(1) 33
Gd 14.453(2) 3.8472(5) 5.2586(6) 95.762(7) 290.92(8) 27
Tb 14.369(3) 3.8201(9) 5.243(1) 95.70(2) 286.4(2) 31
Dy 14.287(5) 3.7901(9) 5.224(1) 95.66(1) 281.5(2) 23
Ho 14.214(9) 3.766(2) 5.210(3) 95.60(4) 277.5(4) 28
Er 14.184(2) 3.7471(3) 5.2051(5) 95.559(6) 275.34(7) 46
Tm  6.3393(7) 14.766(1) 513.9(1) 30
Yb  6.294(2) 14.723(3) 505.1(3) 21
Lu  6.2723(8) 14.708(2) 501.1(1) 23

the group of already known rare earth carbodiimides. The
carbodiimides RECN,)s, RECI(CN,),*° RE,CI(CN2)N,** and
RE,O(CN,),*? were all obtained by the same general syn-
thesis route, following eqs-14.

High purity of the starting materials, the absence of oxygen
or associated traces of water, and strict handling under a dry,
inert atmosphere turned out to be important for successful
and high-yield syntheses of REN,); compounds following
eq 1. Because of the stability of the produced,®H\,);
against air and moisture, the coproduced LiCl and the flux
can be easily washed out with water.

2RECI + 3Li,(CN,) — RE,(CN,), + 6LiCI (1)
RECL + Li,(CN,) — RECI(CN,) + 2LiCl  (2)
2RECL + LigN + Li,(CN,) — RE,CI(CN,)N + 5LIiCI (3)
RECL, + REOCI+ 2Li,(CN,) — RE,0(CN,), + 4LiCl (4)

The employment of a KCI/LIiCl flux has been reported
previously for the synthesis of RECI(GNcompounds (RE
La, Ce, and Pr) and usually allows for the obtainment of
better crystal growth and for reactions to proceed at lower
temperatures. According to our experiments and to dif-
ferential thermal analyses, reaction 1 can proceed at tem-
peratures below 40€C in a KCI/LiCl melt.

Single-crystal structure refinements were performed for
Smp(CNy)3 (1) and Ly(CNy)s (11). Both structures are closely

(CN,) was successfully applied for the synthesis of the novel related by their nearly hexagonal [NCN] stick packing modes

rare earth carbodiimides REN,)s. The discovery and

displayed in Figure 1. The monoclini€2/m) structure ofl

identification of these novel compounds allows us to extend contains one layer of Sthions and one layer of [NCN}

8190 Inorganic Chemistry, Vol. 45, No. 20, 2006
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Figure 1. Top view of two distorted hexagonal stick packings of [NENJons (“sticks”) in the crystal structures of S(ENy)s (left) and Lu(CNy)s
(right). Corresponding unit cells are projected onto tladiplanes. Nitrogen atoms of [NCR{] ions are shown with blue color.

Figure 2. Crystal structure of SEICNy)3.

ions within thec-axis repeat (Figure 2). The coordination
number of St with nitrogen atoms of the carbodiimide
ions is seven (Figure 3), with SaN distances ranging from
2.38t0 2.54 A (Table 3). The structure contains two different
types of carbodiimide ions with their coordination environ-
ments by Sriit displayed in Figure 3.

The trigonal-rhombohedraR32) structure ofl is repre-
sented by single layers of Euions alternating with single
layers of [NCN}~ ions three times along theaxis repeat
(Figure 4). The structure contains only one carbodiimide ion
in the asymmetric unit, being surrounded by foufLions.
The LW ions are surrounded by six nitrogen atoms of the

carbodiimide ions (Figure 5) with L.uN distances ranging
between 2.28 and 2.33 A (Table 3).

The G-N bond lengths within the [NCNY ions are nearly
equivalent in both of the refined crystal structures, leading
to the assignment of these anions to occur with the carbo-
diimide (N=C=N) rather than the cyanamide {NC=N)
structure. Refined €N distances of the two distinct [NCR]
ions inl are atde_y = 1.227(9), 1.235(9), and 1.229(7) A,
whereas for the [NCNT ion in Il, they are atdc_ny =
1.216(7) A (Table 3). For comparison, the-8 distances
of the [NCNF~ ion in La,CI(CN2)N amount to similar values
of de-n = 1.234(3) and 1.238(6) A. A more pronounced
difference of these distances with valueglgfy = 1.202(6)
and 1.251(6) A was obtained in the [NCN]ion of
LaCI(CNy).

Slight deviations of the NC—N angles in the RECN,);
structures from linearity (see values of 27B83(° in Table 3
can be considered as matrix effects, as well-known from
many other structures containing triatomic anions.

After the single-crystal structures were solved for,Sm
(CNp)s | and Ly(CNy)s I, corresponding syntheses were
performed in order to synthesize more RE compounds.
Inspections of their powder XRD patterns revealed that RE
=Y, Pr, Nd, Sm, Gd, Th, Dy, Ho, and Er are represented
by the structure of, and the smallest RE Tm, Yb, and Lu
are represented by the structurellof as listed in Table 4.

Both structures are composed of alternating layers 6fRE
and [NCNF ions. The [NCN] layers can be considered as
being derived from a hexagonal closest packed layer of

Figure 3. Environments of S with [NCN]?~ ions (left) and of the two distinct [NCN] ions with Sni* ions (right).

Inorganic Chemistry, Vol. 45, No. 20, 2006 8191



Figure 4. Crystal structure of Ly(CNy)s.

Figure 5. Environments of L&" with [NCN]2~ ions (left) and of [NCN}~

with Lu3t ions (right).

[NCN] sticks. In the refined crystal structures, we note
distortions. Most remarkable is the opposite tilting of the
[NCN]? ions in the structure dff , shown in Figure 4, and
deviations of layers from planarity in the structure Iof
shown in Figure 2.

Neukirch et al.

In a Gedankenexperiment, we derive a simplified structure
model in order to relate both refined crystal structures with
each other. The starting motif is an idealized hexagonal
closest packed layer of [NCN] sticks which is the prototype
of those presented in Figure 1. A primitive stacking sequence
of such layers creates trigonal-prismatic voids between the
layers which can be occupied with metal atoms. Occupations
of half of the trigonal-prismatic voids by metal atoms lead
to the composition “RE(CH", displayed in Figure 6 (center),
which merits the topology of a WC-type structure. Occupa-
tions of only Y3 of the trigonal-prismatic metal atom sites
allows the establishment of various structural possibilities
of RE(CNy)s structures, depending on the ordering of metal
atoms on these sites. In our idealized structurk, tfie Sm
ions are ordered ovéf; of the voids within one layer of the
ab plane, whereas in the idealized structurd othe ordering
of Lu ions alternates over three layers of Hieplane along
the (c-)stacking direction.

In the modeled structures, our metal atoms would have a
coordination number of six (Figure 6), which is rather low
for compounds of the rare earth elements, although known
from rock-salt structured REN compounds. Partial occupa-
tions of trigonal-prismatic voids do not only create super-
structures that are displayed in Figure 6 (left and right) but
can also explain the alignments or distortions of [NCN] ions
in the structures of andll . However, the distinct distortions
being present in the structureslodndll do not only bring
up different coordination numbers for Sm (GN7) and Lu
(CN = 6) but also create very strong differences in the molar
volumes of both structures. We note that opposite tilting of
the [NCN] sticks in the structure of creates a significantly
largerab plane than irl. Three [NCN] ions in the structure
of Luy(CNy); are packed with each other to make up an
averageab area of 34.1 A which is about 21% larger than
the corresponding value of 28.12 Abtained in S(CN,)s.

The largerab area ofll is not overcompensated when the
c lattice parameters are taken into account, for example, by
the impact of the smaller I2 ion, and we note that the
volume of the Lu compound/Z = 166.8 &) still remains
about 11% larger than that of the Sm compowid & 148.1

Figure 6. Archetype structure of hexagonal primitive “RE(@N(center). Atoms drawn in blue represent nitrogen atoms of the linear [NCN] units (top
view). Idealized structures with3 of the metal positions (in red) being occupied are shown at left fos(SNp)s and at right for L4(CNy)s, which is
decomposed into three layers. All projections are shown onto ab planes. Unit cells are shown as dashed lines.
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Viz (A% SmSlI-type structure for RE Tm, Yb, and Lu. ErOCl is
1754 reported to be dimorphic, occurring with both structutes.
1704 - The transition of ErOCI from the PbFCI type into the SmSI
165.] "o type involves a volume increase of about 15%.

; A projection of the volume per formula uniV(Z) versus
160 the RE elements of the homologous REN,)s series is
1554 " . shown in Figure 7. The well-known trend of the lanthanide
150 . contraction is evident for RIEECN,); compounds between

1 RE = Pr and Er and between RE Tm and Lu. The pro-
1457 " nounced jump in volume of these compounds is related to
140 " ., the structural change being obtained between-REr and
1354 Tm. Between these two structures, the volume increases

T T T T T T T T T T T T T

Pr Nd Pm Sm Eu Gd T Dy Ho Er Tm Yb Lu
Figure 7. Volume per formula unit {/Z) for various of RE(CNy)s3
compounds with RE= Pr—Lu.

(fromV/Z = 137.7 to 171.3 A by a remarkable 24%. There-
fore, it may be assumed that the crystal structurié oépre-
sents the low-pressure modification, whereas the structure
of | represents the high-pressure modification ob®RHR;)3

A3). Considering the influence of the lanthanide contraction, compounds.

the smaller RE" ion, which would be LM(CN,)s (Il) inthis  the support of this research by the Deutsche Forschungs-
case. _ emeinschaft (Bonn) within the framework of our research
The occurrence of more than one phase along a series Ogroject “Nitridocarbonate”.

homologous lanthanide compounds is not unexpected. Well- s ina Inf fion Available:  Additional tabl d

known examples among many are rare earth sesquioxides °>UPPOring Information Avafiable. ~Addiional tables an

and oxide-halides. Generally, a volume change of this large crystallographic data in CIF format. This material is available free
. - . ) of charge via the Internet at http://pubs.acs.org.

of an extent is quite seldom within a series of rare earth

compounds. One example is, however, the series of rare earthC0608952

compounds REOCI. These are reported to crystallize with (46) (a) Beck, H. PZ. Naturforsch. BL976 31, 1562-1564. (b) Beck, H.

the PbFCI-type structure for RE La—Ho and with the P.Z. Naturforsch. B1977, 32, 1015-1021.
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