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The solvent-free melt reaction of Eu and Yb with the

N-heterocycle 1,2,4-triazole, gives the first three-dimensional

networks of the lanthanides with complete nitrogen coordina-

tion spheres, further being the first unsubstituted triazolates of

the lanthanides and exhibiting different valences.

3
‘[Yb(Tz)3] and 3

‘[Eu2(Tz)5(TzH)2] (Tz2 = 1,2,4-triazolate,

C2H2N3
2, TzH = 1,2,4-triazole, C2H3N3) mark interesting amides

of the rare-earth elements ytterbium and europium as both exhibit

network structures. Framework and network chemistry has

recently attracted attention and is known for oxygen coordinating

ligands, mainly metal carboxylates1 including the 4f elements.2

Adsorption materials and nano composites are in the current focus

of material science concerning coordination networks.3 Apart

from networks with oxygen coordinated lanthanide atoms the

formation of three-dimensional structures proves difficult. We

have now succeeded in the synthesis of the first coordination

networks of the rare-earth elements displaying complete nitrogen

coordination. This was achieved via the oxidation of the metals

with 1,2,4-triazole under amalgam activation conditions.{ We

previously elaborated this type of solvent free melt reactions with

rare-earth elements and amines for a number of N heterocycles4

observing a trend to one-dimensional coordination polymers.4,5 By

use of the ligand triazole that contains three N atoms in one ring

additional backside coordination enabled the formation of multi-

dimensional networks.

The syntheses benefit from the high reactivity of the lanthanide

metals, which can be directly oxidized with a melt of the amine:

Yb + 3 TzH A 3
‘[Yb(Tz)3] + 1.5 H2 (1)

2 Eu + 7 TzH A 3
‘[Eu2(Tz)5(TzH)2] + 2.5 H2 (2)

Different from reactions in solution, these high-temperature

reactions are a synthetic challenge as aromatic N heterocycles

containing three or more N atoms decompose exothermically

under release of N2. Though this release is kinetically hindered the

temperatures available for the melt reactions are limited by the

decomposition temperatures.§ The thermal product stabilities of

the networks 3
‘[Yb(Tz)3] (1) and 3

‘[Eu2(Tz)5(TzH)2] (2) are much

higher than of triazole in presence of the metals due to strong

bonds of the triazolate anions to the metal cations." In contrast to

a complex ligand design including several syntheses steps, amines

of relatively low cost like triazoles can be used for network

syntheses instead, rendering them attractive for commercial use,

viz. we are currently investigating the absorption abilities of small

guest molecules such as H2 and N2.
3
‘[Yb(Tz)3] (1) is a homoleptic

amide containing only triazolate anions as ligands. Ytterbium is

trivalent and shows a nitrogen coodination number of nine,

consisting of three triazolate ligands that coordinate g1, and three

that coordinate g2. These coordination modes are e.g. also

observed for pyrazolates with two neighbouring nitrogen atoms.5,6

All ligands in 1 are connecting to another Yb ion resulting in a

pseudo-octahedral coordination as polyhedron and establishing

the three-dimensional network. 1 thus adopts a common structure

type, the ReO3 structure counting each triazolate ligand as one

corner of the octahedron.7 Fig. 1 depicts the coordination and

crystal structure of 1.

Yb–N distances are 235(2)–241(2) pm and thereby in the range

of other YbIII amides.8 Furthermore 3
‘[Yb(Tz)3] (1) shows an

interesting crystallography. The Tz2 ligands are ordered only
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Fig. 1 The crystal structure of 3
‘[Yb(Tz)3] (1). The coordination

polyhedra around the Yb atoms as well as one set of ligand orientations

are depicted. H atoms are omitted for clarity.
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along one-dimensional chains of the octahedra whilst the other

two respective directions including neighbouring chains of

octahedra are free to adopt any of four possible overall

orientations of the ligand rings. This results in a three-dimensional

disorder phenomenon that can be identified by diffuse scattering

along the hkl planes throughout the complete reciprocal space. No

diffuse scattering is observed between the hkl planes. Refinement in

the cubic crystal system and the space group Pm3̄m reflects all four

possible ligand orientations.I**
3
‘[Eu2(Tz)5(TzH)2] (2) is mixed valent, contains EuII and EuIII as

well as triazolate anions and triazole molecules. The presence of

molecules is supported by the vibration n(N–H) at 3417 cm21 in

the mid-IR spectrum. The overall metal to ligand ratio is 1:3.5.

This corroborates the larger radius of europium cations compared

to ytterbium cations9 as well as the mixed-valent character of

europium in 2. The redox potentials EEu(II/III) = 0.35 and EYb(II/III) =

1.0410 also correspond to trivalent Yb in 1 whereas Eu in 2 is

partially divalent due to its less positive potential. The other

lanthanide triazolates can thus all be expected to be trivalent as the

ELn(II/III) potentials of the remaining rare-earth elements are more

positive than of Eu and Yb.10 A similar coherence is observed e.g.

for lanthanide pyrazolates and carbazolates.4–6 In 2, EuII and EuIII

are found in a ratio of 1:1. The coordination sphere of the larger

EuII ions is saturated with TzH molecules, whereas the coordina-

tion sphere of EuIII is identical to YbIII in 1. The Eu–N distances

range from 244(3) to 281(3) pm, the large distances originating

from EuII, the short from EuIII. Both are in good accordance with

other divalent11 and trivalent europium amides.12 The coodination

numbers are eight and nine, giving pseudo-octahedra as in 1 and

distorted square antiprisms as coordination polyhedra. EuII and

EuIII are arranged in layers co-planar with the ab plane. All Tz2

ligands are linking two metal centres and are thus responsible for

the formation of the network whereas the TzH molecules

coordinate g1 end on.

The coordination modes of Tz2 anions in 2 match with 1. Fig. 2

depicts the coordination polyhedra in 2, Fig. 3 the crystal structure

of the network. 3
‘[Eu2(Tz)5(TzH)2] (2) also exhibits a challenging

crystallography as it crystallizes in systematic twins with a mirror

plane perpendicular to the c axis as twin element. A false small

centrosymmetric monoclinic C centred unit cell is obtained. The

true metric is orthorhombic with the space group Fdd2
3
‘[Eu2(Tz)5(TzH)2] showing an additional tetragonal-pseudo

symmetry.I

Whereas the ReO3 structure of 1 is a rather close packing and is

not likely to absorb external molecules, the structure of 2 shows

void volumes of about 5 Å diameter, large enough for the

absorption of guest atoms and small molecules such as H2 and N2.

DTA/TG experiments show that 2 endothermically absorbs 8% of

N2 between 110 and 140 uC followed by desorption finished at

190 uC.

Notes and references

{ All reactions were carried out under inert conditions using dry-box as
well as standard Schlenk and ampoule techniques due to the air- and
moisture-sensitivity of 1 and 2.

Syntheses: Ytterbium (87 mg = 5 6 1024 mol) or europium metal
(76 mg = 5 6 1024 mol), 1,2,4-triazole (TzH, C2H3N3; 104 mg = 1.5 6
1023 mol) and Hg (20 mg) were sealed in an evacuated DURAN glass
ampoule. The reaction mixture was heated in 5 h to 120 uC and for a
further 210 h to 190 uC. The temperature was held for 48 h. The melt was
cooled to 110 uC in 160 h and to room temperature in 12 h.

3
‘[Yb(Tz)3] (1): The reaction gave reflective orange yellow crystals of 1

alongside the unreacted reactants. Separation was achieved by washing
with hexane. Yield: 130 mg (77%); mid-IR: 3130m, 3120m sh, 3035w,
2967w, 2865m, 1544w, 1484s, 1379m, 1272vs, 1257m, 1180m, 1147s,
1058m, 981vs, 955m, 885m, 681s, 649m cm21; far-IR: 540w, 431w, 187w,
156m, 151m sh, 114w, 93m, 71w cm21. Anal. (%): found (calc.):
C6H6N9Yb, C: 21.4 (21.35), H: 2.0 (1.78), N: 37.6 (37.36).

3
‘[Eu2(Tz)5(TzH)2] (2): The reaction gave a reflective orange crystalline

material of 2 next to a low amount of unreacted reactants. Separation was
achieved by washing with hexane. Yield: 185 mg (95%); mid-IR: 3417m,
3137s, 3052s, 2973w, 2860w, 1536w, 1485vs, 1400s, 1269s, 1250s, 1158s,
1062m, 1019m, 983m, 973m, 875m sh, 870s, 677s, 652m cm21; far-IR:
542w, 420vw, 352w, 316w, 210m sh, 188m, 147m, 102m, 73w cm21;
Raman: 3164w, 3127s, 1491m, 1377s, 1270s, 1254vs, 1159s, 1062m, 1011w,
979w, 172s, 152s, 117vs cm21. Anal. (%): found (calc.): C14H16N21Eu2, C:
21.7 (21.47), H: 2.3 (2.05), N: 37.7 (37.58).
§ For 1,2,4-triazole the critical melt temperature above which decomposi-
tion is observed is 190 uC. Decomposition is further promoted by the
presence of 4f metals. 2,4-Diamino-1,3,5-triazine was isolated as a
trimerisation product of the decomposition reaction.
" The thermal stability of 1 is 370 uC, of 2 it is 340 uC, both decomposition
reactions consisting of endothermic (lattice and binding energy) and
exothermic parts (release of N2) being overall endothermic.
I Crystallographic data: 3

‘[Yb(Tz)3] (1): C6H6N9Yb, M = 377.2, cubic,
space group Pm3̄m (no. 221), a = 678.8(2) pm, V = 312.8 6 106 pm3, Z =
1, T = 170 K, l(Mo-Ka) = 0.71073 6 102 pm, STOE IPDS-II

Fig. 2 The distorted pseudo-octahedral coordination of trivalent Eu

(left) and square-antiprismatic coordination of divalent Eu (right) in
3
‘[Eu2(Tz)5(TzH)2] (2) represented by the crystallograpic independent

atoms Eu(1) and Eu(5).

Fig. 3 Section of the network structure of 3
‘[Eu2(Tz)5(TzH)2] (2) with

alternating layers of EuIII and EuII along the c axis.
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diffractometer, 6.01 ¡ 2h ¡ 63.84u, DV = 2u, Rint = 0.088, 143 reflections
(for all I > 2s(I)) for 15 parameters, R1 = 0.027 and wR = 0.067 for all
reflections, GOOF = 1.066, residual electron density = +1.87/21.62 e
106 pm3 (0.64 6 102 pm from Yb1).

3
‘[Eu2(Tz)5(TzH)2] (2): C14H16N21Eu2, M = 782.4, orthorhombic, space

group Fdd2 (no. 43), a = 2012.4(4), b = 2010.9(4), c = 4470(2) pm, V =
18089 6 106 pm3, Z = 32, T = 170 K, l(Mo-Ka) = 0.71073 6 102 pm,
STOE IPDS-II diffractometer, 3.01 ¡ 2h ¡ 50.00u, DV = 2u, racemic twin,
Rint = 0.119, 7754 reflections, 6250 with I > 2s(I) for 629 parameters, R1 =
0.092 for I > 2s(I), R1 = 0.138 and wR = 0.213 for all reflections, GOOF =
1.085, residual electron density = +1.26/20.84 e 106 pm3 (0.90 6 102 pm
from Eu5).

CCDC 296983 and 296984. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b601450j
** 3

‘[Yb(Tz)3] (1): One crystallographically independent N atom is the g1

coordinating tip of the heterocyclic ring and is located at the site 4m.m,
the other N atom is located at m.. and marks the g2 coordinating edge of
the ring. The C atom is located at mm2.. altogether with the N atoms giving
the four different ring orientations. Reduction to the chemical formula
3
‘[Yb(Tz)3] implies that all ring atom positions have reduced site
occupancies. The N at the tip of the ring and the C atom have half
occupancies as two of the four ring orientations use the same atom
positions, whereas the N atom at the ring edge has a different position for
each orientation rendering an occupancy of only one fourth.

1 S. R. Batten and R. Robson, Angew. Chem., Int. Ed., 1998, 37, 1460;
P. J. Hagrman, D. Hagrman and J. Zubieta, Angew. Chem., Int. Ed.,
1999, 38, 2638; K. Biradha and M. Fujita, Angew. Chem., Int. Ed., 2002,
41, 3392; M. Eddaoudi, J. Kim, J. B. Wachter, H. K. Chae, M. O’Keeffe
and O. M. Yaghi, J. Am. Chem. Soc., 2001, 123, 4368; C. M. Liu, S. Gao
and H. Z. Kou, Chem. Commun., 2001, 1670.

2 D.-L. Long, A. J. Blake, N. R. Champness, C. Wilson and M. Schröder,
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