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The solvent-free melt reactions of benzotriazole (BtzH,
CeH4N,NH) with rare earth metals result in three different
types of benzotriazolate coordination polymers. Early 4f met-
als yield L[Ln(Btz)3(BtzH)] [Ln = Ce (1), Pr (2)], from neodym-
ium to ytterbium the type L[Ln(Btz);{Ph(NH,),}] is observed
[Ln = Nd (3), Tb (4), Yb (5)], whereas the late 4f metal Ho
gives L[Ho,(Btz)s(BtzH)(NHj3)] (6). Depending on the reaction
conditions and the respective rare earth element, ligand frag-
ments originating from decomposition products are incorpo-
rated in the coordination polymers. Compounds 1-3 and 6
were obtained as single crystals and their crystal structures
determined by single-crystal X-ray analysis, whilst 4 and 5
were obtained as powders. X-ray powder diffraction shows

the isotypic character of polymers 3, 4, and 5. The benzotria-
zolates contain trivalent lanthanide ions with complete nitro-
gen coordination. Decomposition of the ligand accompanies
the formation of the coordination polymers. X-ray analysis
was combined with thermal analysis and mass spectrometry
to investigate the influence of reaction temperatures on li-
gand decomposition. Ln-benzotriazolates exhibit aspects of
materials science such as luminescence {°D,—"F;, J = 4-6 for
L[ Tb(Btz)3{Ph(NH,),}] (4)} without quenching by concentra-
tion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Nearly all syntheses in coordination chemistry, including
rare earth chemistry, are carried out in solution, mostly in
classical solvents such as THF, toluene, DME etc.l'"7I These
syntheses are used to form a range of complexes, from the
first cyclopentadienyl complexes® and metallocenes™ to
the oxo and amido complexes of today.l'~”! In contrast sol-
vent-free syntheses by high-temperature reactions have been
successfully utilized to obtain organic amides of the rare
earth elements over the past seven years.'°2%1 It has been
shown that novel coordination chemistry is possible with-
out classical solvent procedures. The products obtained
from the extreme conditions of melt reactions are unique
and exhibit interesting features such as the formation of
homoleptic compounds!'>'® and coordination poly-
mers,l10-16:17.19.20 ywhereas for syntheses in solvents, ligand
criteria such as multi-chelating>'2"! are necessary to obtain
homoleptic complexes. The reactivity of rare earth metals
has proven to be high enough so that they can directly react
with amine melts without the need for multi-chelation or
high steric congestion. We have systematically developed

[i] Btz : benzotriazolate anion, C¢H4Ns; BtzH: benzotriazole,
C¢H,N,NH
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this kind of solvent-free synthesis including the crystalli-
zation of products under the reaction conditions.[®-12-17-19.20]
Independent from the synthesis, a systematic approach that
involves the amine ligand leads from ammonia to unsubsti-
tuted and substituted 1-N heterocycles such as pyrrole!?8-32I
and carbazole,'®?% to 2-N ligands such as imidazole!**! and
pyrazole,l'-1217-191 and to ring systems that contain three
or more nitrogen atoms per ring. The tendency to release
N, upon heating N-heterocycles increases as the number of
N atoms they contain increases. It becomes exothermic for
triazoles, whereas tetrazoles tend to become explosive.’4!
Accordingly, high-temperature chemistry with these ligands
is a synthetic challenge. 1 H-Benzotriazole (BtzH) marks the
first step in our approach as it is thermally more stable than
one-ring 3-N ligands. Nonetheless, our results (1-6) already
illustrate the influence of thermal decomposition on this
chemistry. To the best of our knowledge no benzotriazolates
of the rare earth elements have been previously known.

Results and Discussion

The solvent-free ampoule reactions of cerium, praseo-
dymium, neodymium, terbium, holmium, and ytterbium
with 1H-benzotriazole were carried out in the amine melt.
The reactions with cerium and praseodymium yield single
crystals of L[Ln(Btz);(BtzH)] (1, 2) [Equation (1)], whereas
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reactions with neodymium, terbium, holmium, and ytter-
bium metal result in compounds that contain additional li-
gands, 1,2-diaminobenzene and ammonia. Two different
types are observed depending on the metal, L[Ln(Btz);-
{Ph(NH,),}] for Ln = Nd (3), Tb (4), and YD (5) [Equa-

tion (2)], andl[Ln,(Btz)s(BtzH)(NH3)] for Ln = Ho (6)
[Equation (3)].
AT
Ln + 4 H Btz — L[Ln(Btz)y(BtzH)] + H, (1)
AT
Ln + 4 H-Btz — L[Ln(Btz);{Ph(NH,),}] + % N, )
AT

2Ln+ 8 H-Btz — ;[an(BtZ)G(BtZH)(NH:;)] + Nz + H2 + C6H6 (3)

Of the decomposition products of 1H-benzotriazole,
both 1,2-diaminobenzene and ammonia are incorporated
into the products and in the coordination spheres of the
metal atoms, whilst the neutral molecules N,, H,, and ben-
zene are not. Consequently, 6 was formed at the highest
reaction temperatures used as Ho is the metal with the
highest melting point in 1-6. In order to illuminate this de-
composition influence, we investigated the thermal behavior
of 1H-benzotriazole and of the products of the synthe-
ses.[33-361 It can be concluded that rare earth metals promote
and induce the decomposition of BtzH by a redox reaction.
With compound 5 a red phase is reproducibly formed in a
ratio of 4:1, which probably contains Yb" though this has
not yet been confirmed as we have not succeeded in crys-
tallizing it. In order to crystallize the products from Equa-
tion (2), solvothermal reaction and crystallization from pyr-
role were carried out for 3, whereas the melt synthesis re-
sults in powders to microcrystalline products as for 4 and
5.

The thermal decomposition of each type of lanthanide
benzotriazolates was investigated by simultaneous DTA/
TGB7 on the bulk as well as on single crystalline materials
of 1, 3, and 6. This analysis provides additional information
with regard to the completeness of the reactions, the pos-
sible phase impurities, and the decomposition path of the
product of the melt reactions and the ligand used. We have
already shown the value of this method for the comprehen-
sion of comparable melt reactions with 2,2-(pyridyl)benz-
imidazole, 2,2'-dipyridylamine, as well as with pyr-
azole.[10.14.38.39]

The DTA/TG versus temperature diagrams of the rare
earth benzotriazolates presented here show an ensemble of
endothermic as well as exothermic signals in the heat flow
and are accompanied by several steps of mass losses, which
end in the decomposition of the coordination polymers. In-
vestigations of the bulk materials show additional signals
that can be identified with excess ligand (BtzH: m.p. 98 °C,
b.p. 204 °C, measured 95 °C, 205 °C). The diagram of the
single crystalline material is free of these signals and exhib-
its the thermal processes of the products only (see Figure 1).
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Figure 1. The thermal decompositions of L[Ce(Btz);(BtzH)] (1,
top), LINd(Btz);(BtzH)] (3, middle) and L[Ho,(Btz)s(BtzH)(NH;)]
(6, bottom), which were purified by sublimation. The compounds
were investigated by simultaneous DTA/TG in the temperature
range 20-700 °C. The release of amine ligands is observed first and
is endothermic, whereas the decomposition of the amido backbone
of the polymers is exothermic releasing N».

L[Ce(Btz);(BtzH)] (1) releases coordinating benzotriazole
in two endothermic steps at 250 °C and 320 °C [signals (i)
and (if)], which adds up to the mass loss of one equivalent
of BtzH per formula (calculated 19%, observed 18%) and
thus all coordinating BtzH. A strong exothermic peak [sig-
nal (7ii)] follows at 470 °C, indicating decomposition of the
2001
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homoleptic polymer [Ce(Btz);] with the release of N..
Furthermore, Ph(NH,),, its decomposition products, and
NH; can be observed in the mass spectrum.

Because of the different chemical formulas of L[Nd-
(Btz);{Ph(NH,),}] (3) and 1, differences in their simulta-
neous DTA/TG/MS 1 can be seen. Compound 3 shows a
multistep decomposition with endothermic and exothermic
signals but also three mass loss steps. At 270 °C [signal (i)],
the release of coordinated Ph(NH,), begins [Ph(NH,),: cal-
culated 17.8%, observed 18%] before the polymer [Nd-
(Btz);] decomposes without a stable temperature plateau
[310 °C: at least two steps, endothermic signal group (ii);
440 °C: exothermic step (iii)]. Prior to the exothermic re-
lease of N,, Ph(NH,), as well as NH; are formed again
from the coordinating Btz anions.

L[Hos(Btz)s(BtzH)(NH;3)] (6) exhibits only two thermal
decomposition steps. The first step at 240 °C [signal ()] is,
again, endothermic and can be identified with the release
of the coordinated equivalent of BtzH and NHj (calculated
13.8%, observed 15.5%). Signal (i) at 450 °C represents de-
composition of [Ho(Btz);] accompanied by the release of
the same products as for 1 and 3 (observed 17%).

It can thus be deduced that none of the coordination
polymers melts congruently, that additional coordinating
amine ligands in 1-6 are released prior to amide anions,
and that the release of amide groups results in overall de-
composition of the polymers. A general formula for a
homoleptic decomposition intermediate is assumed to be
[Ln(Btz)3], though investigation of 3 shows that it is ques-
tionable to isolate these polymers for all lanthanide ions.
Thermal stabilities of these coordination polymers are high,
up to 450 °C for 5. The exothermic release of N, is delayed
to higher temperatures for 1-6 than for the free ligand.

Each of the far-infrared as well as Raman spectra of
1-6 show bands that cannot be identified with the ligand
and thus represent the v(Ln—N) and 6(N-Ln—N) stretching

modes {L[Ce(Btz);(BtzH)] (1) FarIR: 244, 200, 183, 169,
Raman 123 cm™!; L[Pr(Btz)y(BtzH)] (2) FarIR: 250, 195,
179, 171, Raman: 120 cm™'; L[Nd(Btz);(Ph(NH,),)] (3)
FarIR: 249, 195, 178, 147, Raman 150, 124 cm™'; L[Tb-
(Btz);(Ph(NH,),)] (4) FarIR: 247, 193, 175, 146, Raman:
150 sh, 125 cm™!; L[Yb,(Btz)s(BtzH)(NH;)] (5) FarIR: 254,
214, 173, 144 cm™!; L[Hos(Btz)s(BtzH)(NH;)] (6) FarlR:
249, 230, 210, 191, 176, 158, 146, Raman 122 cm™'}. These
bands match well with other Ln—N containing compounds
like rare earth porphyrin complexes,*”) dipyridyl
amides,l'%-13-38] pyridylbenzimidazolates,!'®-!314 and carba-
zolates['%-16-201 with regard to the coordination spheres, val-
ences, and ionic radii. Ligand lattice stretching modes are
reflected by rather broad bands (FarIR: 423, 286 cm™"). The
MIR and Raman spectra additionally present vibrational
bands of the benzotriazolate, diaminobenzene, and ammo-
nia ligands, which are shifted by about ten wavenumbers
relative to those of the free ligand, or show band splitting
as a result of coordination to the metal centers and thus
weakening of the C-N and C-C bonds. The v(N-H) vi-
brational bands*! of the amine ligands are also observed
[1, 2: BtzH: 3430 and 3422 cm™!, respectively; 3, 4, 5:
Ph(NH,),: 3360 and 3339, 3362 and 3333, 3363 and
3342 cm™!, respectively; 6: BtzH and NH;: 3390 and
3367 cm™!, respectively] and are confirmed by the MIR
spectrum of the free ligands.?* Furthermore, 3 shows a
strong and broad band at 1975 cm™! in the Raman spec-
trum according to the luminescence *I;,,—*1y/, for Nd"#2!
resulting from the frequency of the Nd-YAG laser of the
IR-/Raman spectrometer.

The crystal structures of 1-6 consist of structurally re-
lated one-dimensional coordination polymers. Benzotria-
zolate ligands connect the metal centers and are thus vital
for the formation of the strands. The coordination spheres
of the 4f ions contain N atoms only of both amido and
amino character. No m coordination is observed. As the

-

e0]

Scheme 1. p-n%n'- and n? coordination of the benzotriazolate and 1H-benzotriazole ligands in the coordination polymer L[Ce(Btz)s-
(BtzH)] (1). Pr'!! exhibits an identical coordination in 2.
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structure analyses of 1 and 2 show, four Btz anions link a
cerium or praseodymium center with two adjacent metal
cations in a p-n%n' manner such that two nitrogen atoms
of one ligand coordinate to one metal ion and the third to
the next metal center (see Scheme 1). Another Btz anion
and the coordinated BtzH molecule do not participate in
the polymer backbone and are coordinated to a single ce-
rium atom in an n? fashion; a hydrogen bond between the
two noncoordinating N atoms is present. The n? coordina-
tion shows a slight asymmetry of 5-10 pm in the corre-
sponding Ln—N distances of 1 and 2. Despite an octahedral
arrangement of ligands the C.N. is ten for each Ce/Pr. Fig-
ure 2 depicts a part of the polymeric structure of L[Ln-
(Btz);(BtzH)] [Ln = Ce (1) and Pr (2)] and Figure 3 the unit
cell of the crystal structure.

The backbone of polymer 3 is identical to that of 1, the
difference stems from coordinated 1,2-diaminobenzene li-
gands that replace the benzotriazole molecules (see
Scheme 2). The diaminobenzene ligands coordinate in a
n'n' manner, with no hydrogen bond to the noncoordina-
ting N atom of the third benzotriazolate equivalent. Re-
placement of the BtzH ligand in 1 and 2 with a Ph(NH;),
ligand neither changes the C.N. nor the coordination poly-
hedron for 3-5. Figure 4 displays part of the polymeric
structure of L[Nd(Btz);{Ph(NH,),}] (3) and Figure 5 the
unit cell of the crystal structure.

Figure 3. The crystal structure of L[Ce(Btz);(BtzH)] (1) with a view
along the chain direction [001]. N-N connection lines mark only
the coordination polyhedra and not bonds.

Figure 2. Section of the polymeric structure of L[Ln(Btz);(BtzH)], Ln = Ce (1, top) and Pr (2, bottom). The hydrogen bond between the
terminal Btz and BtzH ligands is represented by a dotted line. In this, and the following Figures, the thermal ellipsoids are scaled to a
probability density level of the atoms of 50%. N—N connection lines mark only the coordination polyhedra and do not represent bonds.
Metal atoms are depicted by large mid grey balls, nitrogen atoms by dark grey balls, and carbon atoms by small light grey balls.
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Scheme 2. p-n%n'- and n';n' coordination of the benzotriazolate and 1,2-diaminobenzene ligands in the coordination polymer L[Nd-
(Btz);{Ph(NH,),}] (3). Tb!' and Yb'" exhibit identical polymers in 4 and 5.

Figure 4. Section of the polymeric structure of L[Nd(Btz);{Ph(NH,),}] (3) displaying thermal ellipsoids (top) and coordination polyhedra

(bottom).

Polymer 6 differs from 1 and 3 in its backbone and ad-
ditional ligands. The holmium ions are arranged in a tri-
angular fashion that resembles a ladder-like structure (see
Figure 6). No Ho-Ho bonds are observed in the triangles
2004
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as benzotriazolate ligands again link the metal centers to
build up a polymeric strand (see Scheme 3). Benzotriazole
and ammonia molecules complete the coordination spheres
of Ho. In contrast to 1-5, the holmium polymer 6 exhibits

Eur. J. Inorg. Chem. 2006, 2000-2010
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Hol

Hol

Figure 6. The arrangement of Ho atoms in 6 (top). Triangular units
Figure 5. The crystal structure of L[Nd(Btz);{Ph(NH,),}] (3) with  are combined to di-triangles with a common edge and form a lad-
a view along the chain direction [010]. The relation between the  der-like arrangement with no Ln-Ln bonds. The depiction at the
structures of the types L[Ln(Btz);{Ph(NH,),}], Ln = Nd (3), Tb  bottom displays the ligands linking the metals to form double tri-
(4), Yb (5), and L[Ln(Btz)3(BtzH)], Ln = Ce (1), Pr (2), is evident.  angles. No triangular arrangement is observed for 1-5.
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Scheme 3. p-n%n'-, 0> and n';n' coordination of the benzotriazolate and 1H-benzotriazole ligands as well as the n' coordination of
ammonia in polymeric L[Ho,(Btz)4(BtzH)(NH;)] (6).
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a C.N. of 9 with two different holmium ions. Hol is sur-
rounded by four p-n?n' Btz ligands, one n';n' coordinated
BtzH molecule, and one p-(n';n') Btz anion that is linked
to Ho2. Ho2 is also coordinated by four p-n%n' Btz li-
gands, one p-(m';m!') Btz anion that is linked to Hol, and
one n'-coordinated NH; molecule. Thus, one of the benzo-
triazolate ligands does not coordinate with its center nitro-
gen atom to any Ho atom. Two of the n?-coordinated Btz
anions show a strong asymmetry of >25 pm in their Ho-N
distances, so that this coordination mode can also be re-
ferred to as p-n';n'm!. Figure 7 displays part of the poly-
meric structure of L[Ho,(Btz)s(BtzH)(NH;)] (6) and Fig-
ure 8 the unit cell of the crystal structure.

NI9-N21, #\

C31-C36
NI16-N18,
NI3-NI5, C31-C36
C25-C30
2 N7-N9,
C13-CI8
: '-1\.'.
N10-N12, Pea” _ N4-NG,
C19-C24 o i C7-C12
o
£} .

Figure 7. Part of the polymeric structure of L[Ho,(Btz)s-
(BtzH)(NH3)] (6) displaying thermal ellipsoids (top) and coordina-
tion polyhedra (bottom).

The contraction of the radii of the lanthanide ions*¥ in-
fluences both the C.N. as well as the Ln-N distances and
is observed throughout the course of the products. In gene-
ral, the C.N.s are high also for lanthanides, which mainly
derives from the n';n! mode of the coordinated neighboring
N atoms of the ligands. All rare earth ions are trivalent in
2006
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Figure 8. The crystal structure of L[Ho,(Btz)s(BtzH)(NH;)] (6)
with a view on the chains along [010].

1-6. The Ln-N distances range from 232.6(9)-253(1) pm
for Ho—N amide and amine distances, to 248(2)-264(2) pm
for Nd, through to 251.6(9)-265.0(9) pm for Ce. These dis-
tances match well with those of other trivalent lanthanide
amido and amino complexes in which the metal ions are
linked such as dipyridylamides [Ln,(Dpa)gs], Dpa =
(CsH4N),N-, with 236-255 pm for Ho', 244-268 pm for
Nd™, and 247-273 pm for Ce"".[3%] For a detailed selection
of interatomic distances and angles see Table 1. Deviations
of the coordination polyhedron from a regular octahedron
are less than five degrees for all metal ions.

Powder diffraction of L[Tb(Btz);{Ph(NH,),}] (4) and
L[Yb(Btz);{Ph(NH,),}] (5) shows that the compounds crys-
tallize in a manner isotypic to that of L[Nd(Btz);-
{Ph(NH,),}] (3). Thus, the description of the crystal
structure in the space group Pl is analogous to that of 3.
According to the larger ionic radius of Nd'' than those of
Tb™ and Yb"L[43] the unit cells of 4 and 5 are smaller than
that of 3 {3: 1314.2(2), 4: 1258.2(3), 5: 1232(1) [x10° pm?]}.

L[Tb(Btz);{Ph(NH,),}] (4) exhibits a strong green emis-
sion when exposed to UV light. The luminescence can be
identified with the emission processes of the Tb** ions
’D4—"F,4 at 590 nm, ’D,—’F5 at 545 nm, and °D,—"F, at
490 nm.[***1 Though 4 contains 100% Tb and is not a
doped compound, no quenching of the luminescence by

Eur. J. Inorg. Chem. 2006, 2000-2010
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Table 1. Selected distances and angles for L[Ce(Btz);(BtzH)] (1),
L[Pr(Btz);(BtzH)] (2), L[Nd(Btz);{Ph(NH,),}] (3), and L[Ho»-
(Btz)¢(BtzH)(NH3)] (6). Deviations are given in brackets.

L[Ce(Btz)(BtzH)] L[Pr(Btz);(BtzH)]
1 2
Atoms Distance [pm] Atoms Distance [pm]
Ce-N1 259(1) Pr-N1 256.2(6)
Ce-N2 252.1(9) Pr-N2 251.7(5)
Ce-N38l 265.3(9) Pr-N3fal 265.6(5)
Ce-N4 259.1(8) Pr-N4 258.1(8)
Ce-N5 264.1(7) Pr-N5 262.5(7)
Ce—Cel? 535.8(1) Pr-Prlal 534.9(1)
N-C(range) 136(2)-138(2) N-C(range)  135.3(9)-137.109)
N-N(range) 132(1)-135(1) N-N(range)  132.8(8)-133.6(8)
Atoms Angles [°] Atoms Angles [°]
N1-Ce-N2 30.2(3) NI-Pr-N2 30.5(2)
N1-Ce-N3 102.1(3) NI1-Pr-N3 102.0(2)
N2-Ce-N4 86.5(4) N2-Pr-N4 86.6(3)
N2-Ce-N5 102.4(3) N2-Pr-N5 103.6(3)
N3-Ce-N2 74.0(3) N3-Pr-N2 73.7(2)
N3-Ce-N5 97.4(3) N3-Pr-N5 98.0(3)
N4-Ce-N5 29.1(3) N4-Pr-N5 29.5(2)
LINd(Btz);{Ph(NH,),}] L[Ho,(Btz)s(BtzH)(NH3)]
3 (6)
Atoms Distance [pm] Atoms Distance [pm]
Nd-N1 262(2) Hol-N1 244(1)
Nd-N2 250(2) Hol-N2 279.5(8)
Nd-N3I 259(2) Hol-N4 245(1)
Nd-N4 258(2) Hol-N5 236.5(9)
Nd-N3 250(2) Hol-N7 244.5(9)
Nd-Ne 257(2) Hol-NI13 244.3(9)
Nd-N8 243(2) Hol-N14Ml 236.5(9)
Nd-N9 255(2) Hol-N15M 253(1)
Nd-N10 261(2) Hol-N18 244.8(9)
Nd-N11 264(2) Ho2-N8§ 283(1)
N-C(range) 136(2)-145(3) Ho2-N9 234.4(9)
N-N(range) 132(2)-136(2) Ho2-N10 232.6(9)
Nd-NdP 521.6(1) Ho2-N11 242.4(9)
Nd-Nd! 514.8(1) Ho2-N16 241(1)
Ho2-N19 249(1)
Ho2-N20 241.2(9)
Ho2-N21kl 247.4(9)
Ho2-N22 245.6(9)
Hol-Ho2 591.5(1)
Hol-Ho1l 493.6(1)
Ho2-Ho2l¢! 478.5(1)
N-C(range) 134(2)-138(2)
N-N(range) 132(1)-136(2)
Atoms Angles [°] Atoms Angles [°]
NI1-Nd-N2 30.1(4) NI1-Hol-N4 86.7(4)
NI1-Nd-N3 107.2(5) N2-Hol-N7 88.2(3)
N2-Nd-N4 101.6(5) N5-Hol-N13 99.8(3)
N5-Nd-N6 30.1(5) N9-Ho2-N10 88.0(4)
N4-Nd-N5 78.5(6) NI11-Ho2-N16 89.6(3)
N8-Nd-N9 30.2(4) N8-Ho2-N9 27.7(3)
N10-Nd-N11 63.3(5) N19-Ho2-N22 78.8(4)
[a]—x, y, z+ 1/2. [b] x + 1, -y, =z + 1. [c] x + 2, -y, z + 1.

[d-—x+2,—y+1,—z+1.[e] x+2,—y+1, =

Eur. J. Inorg. Chem. 2006, 20002010
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concentration is observed. The emission spectrum of 4, and
the absorption spectra of 4 (room temperature and 120 K)
and 1H-benzotriazole (room temperature) can be seen in
Figure 9. A comparison of the absorption spectra of the
free ligand with that of polymer 4 shows excitation of the
ligand into the Soret band in the UV region. Benzotriazole
and its derivatives are commercially used as UV absor-
bers.[*047] We assume an energy transfer from the ligand to
the metal ions as the luminescence is present independent of
whether the excited states of Tb or the ligand are populated;
additionally both absorption maxima of L[Tb(Btz)s-
{Ph(NH,)»}] (4) at 310 and 205 nm cannot be identified
with Tb'"! absorptions. We chose 310 nm as the excitation
wavelength for the emission spectrum of 4. Furthermore,
an energy back-transfer from the metal centers to the ligand
is possible, which would lead to quenching. Presently, we
cannot explain why no quenching by concentration is ob-
served. High resolution excitation spectra of 4 as well as of
BtzH, emission efficiency, and decay time measurements are
planned to further investigate the luminescence properties
of L[Tb(Btz);{Ph(NH,),}].

Conclusions

The formation of 1-6 shows that triazolates can also be
utilized for high-temperature oxidations of rare earth met-
als with amines. Though the release of N, from BtzH is
exothermic, coordination polymers of the 4f elements can
be obtained below the decomposition temperature. De-
pending on the temperature and lanthanide, three chemi-
cally different polymers can be obtained. With the largest
lanthanide ions and the lowest melt temperatures,
L[Ln(Btz)3(BtzH)] is formed up to praseodymium.
L[Ln(Btz);{Ph(NH,),}] is formed from neodymium to
ytterbium. L[Ln,(Btz)s(BtzH)(NH;)] has so far been iso-
lated for holmium only, and at the highest reaction tem-
peratures investigated. Compounds 1-6 are the first triazol-
ates of the lanthanides. Partial decomposition of the benzo-
triazole ligands accompanies the syntheses and yields 1,2-
diaminobenzene as well as ammonia, which are both incor-
porated in the coordination polymers of the heavier 4f ele-
ments. Thermal analyses of 1, 3, and 6 lead to the assump-
tion that homoleptic polymers [Ln(Btz);] are formed upon
release of the coordinated amine ligands, though these poly-
mers could not be isolated as single crystalline material so
far. The coordination polymers also exhibit aspects of mate-
rials science such as a green luminescence {°D,—’F,
J = 4-6 for L[Tb(Btz);{Ph(NH,),}] (4)} without quenching
by concentration, and an energy transfer from the ligand to
the Tb** ions.

Experimental Section

All reactions were carried out under argon using a dry box and
standard Schlenk and ampoule techniques because of the air- and
moisture-sensitivity of 1-6. The lanthanide metals (ChemPur,
STREM, 99.9%) and 1H-benzotriazole (ACROS, 99 %) were used
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Figure 9. The absorption spectra of L[Tb(Btz);{Ph(NH,),}] (4) at 293 and 120 K and that of 1H-benzotriazole at 293 K (top), and the
emission spectrum of 4 with an excitation wavelength of 2 = 310 nm (bottom).

as purchased. Mercury (Fluka, 99.9%) was used for activation of
the metals. The IR spectra were recorded with a BRUKER FTIR-
IS66V-S spectrometer, the Raman spectra with a BRUKER FRA
106-S spectrometer. For MIR investigations KBr pellets and for
FIR measurements PE pellets were used under vacuum. The ab-
sorption spectroscopy was carried out at 293 and 120 K with a
VARIAN Carey 0SE (BRUKER) spectrometer on samples sealed
under argon between CaF, windows. Emission spectroscopy was
carried out with a SPEX-Flurolog DM3000F fluorescence spec-
trometer (JOBIN YVON GmbH) on samples sealed under vacuum
in quartz tubes. The thermal decompositions of 1, 3, and 6 were
studied using simultaneous DTA/TG (NETZSCH STA-409) on
samples that were previously purified of excess BtzH and pyrrole
by evaporation (16.1 mg of the Ce product 1, 18.5 mg of the Nd
product 3, and 12.0 mg of the Ho product 6). The samples were
heated from 20-700 °C at a heating rate of 10 °C/min in a constant
Ar flow of 60 mL/ min.

1|Ce(Btz)3(BtzH)] (1): Cerium metal (70 mg, 0.5x 1073 mol), the
amine 1 H-benzotriazole  (BtzH, CcH4N,NH; 179 mg,
1.5x103mol), and Hg (20 mg) were sealed in an evacuated
DURAN glass ampoule. The reaction mixture was heated over 5 h
to 100 °C and over another 80 h to 140 °C. The temperature was
held constant for 48 h. The melt was cooled down to 90 °C over

2008

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

150 h and then to room temperature over 14 h. Except for a slight
excess of Ce metal and BtzH, the reaction reached completion to
give highly reflective colorless crystals of 1 (0.2-0.3 mm in size).
Yield: 275 mg (91%). MIR: 3430 (m), 3343 (m), 3260 (m), 3076
(m), 1577 (m), 1502 (m), 1483 (m), 1444 (m), 1388 (w), 1280 (s),
1259 (m), 1208 (m), 1188 (s), 1143 (s), 1084 (m), 991 (m), 937 (m),
914 (s), 781 (vs), 753 (vssh), 744 (vs), 694 (m), 633 (s) cm . FarIR:
551 (s), 438 (m), 420 (w), 286 (w), 244 (m), 200 (s), 183 (m), 169
(s), 101 (w) cm™'. Raman: 3307 (w), 3247 (s), 3078 (w), 1575 (w),
1387 (m), 1283 (w), 1128 (w), 1020 (m), 782 (m), 631 (s), 123 (s),
100 (msh) cm™!. CeC,4H 7N, (613.36): caled. C 47.28, H 2.79, N
27.55; found C 47.8, H 3.0, N 27.6.

11Pr(Btz);(BtzH)] (2): Praseodymium metal (71 mg, 0.5 % 103 mol),
the amine 1H-benzotriazole (BtzH, CgH4N,NH; 179 mg,
1.5x 1073 mol), and Hg (20 mg) were sealed in an evacuated DU-
RAN glass ampoule. The reaction mixture was heated over 18 h to
135 °C. The temperature was held constant for 672 h. The melt was
cooled down to room temperature over 18 h. Except for a slight
excess of Pr metal and BtzH, the reaction reached completion to
give highly reflective greenish yellow crystals of 2 (0.05-0.15 mm in
size). Yield: 260 mg (84%). MIR: 3422 (m), 3341 (m), 3135 (s),
1577 (w), 1502 (w), 1484 (w), 1442 (m), 1401 (vs), 1281 (m), 1259
(w), 1208 (w), 1175 (s), 1151 (m), 1085 (w), 1008 (w), 988 (w), 962
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(w), 914 (m), 781 (s), 744 (vs), 694 (w), 633 (m) cm'. FarIR: 550
(m), 433 (w), 422 (w), 290 (w), 242 (w), 195 (m), 179 (m), 171 (m),
101 (w) cm'. Raman: 3216 (w), 3066 (m), 1574 (m), 1485 (w), 1442
(w), 1386 (s), 1283 (m), 1127 (m), 1020 (s), 783 (s), 633 (m), 551 (w),
120 (vssh), 110 (vs) em™'. Co4H 7N 5Pr (614.24): calcd. C 46.91, H
2.77, N 27.34; found C 47.0, H 2.9, N 27.3.

1INd(Btz);{Ph(NH,),}] (3): Neodymium metal (72 mg, 5% 104 mol),
pyrrole (503 mg, 7.5 % 103 mol), the amine 1H-benzotriazole (BtzH,
C¢H4NLNH; 179 mg, 1.5% 1073 mol) together with Hg (20 mg) were
frozen with liquid nitrogen, degassed, and sealed in an evacuated
DURAN glass ampoule. The reaction mixture was heated over 4 h
to 100 °C and over another 100 h to 150 °C. The temperature was
held constant for 48 h. The reaction was cooled to 90 °C over 200 h
and down to room temperature over 13 h. Except for the liquid pyr-
role, the reaction reached completion to give reflective violet crystals
of 3 (0.15-0.2 mm in size). Yield: 285 mg (94%). MIR: 3360 (m),
3338 (m), 3138 (s), 1593 (w), 1576 (m), 1484 (m), 1443 (m), 1400 (s),
1283 (m), 1259 (m), 1181 (s), 1150 (s), 1082 (m), 1010 (w), 989 (w),
942 (w), 914 (m), 848 (w), 781 (vs), 747 (vs), 696 (m), 633 (m) cm .
FarIR: 550 (m), 433 (w), 277 (w), 249 (w), 195 (m), 178 (m), 147
(w) em!. Raman: 3067 (m), 1975 (vs), 1568 (w), 1386 (m), 1282 (w),
1127 (m), 1020 (m), 782 (m), 631 (w), 551 (w), 150 (vssh), 124
(vs) em !, CoqHpoN | Nd (606.48): caled. C 47.47, H 3.30, N 25.38;
found C 48.0, H 3.3, N 25.5.

1[Th(Btz);{Ph(NH,),}] (4): Terbium metal (80 mg, 5x10*mol),
the amine 1H-benzotriazole (BtzH, CgH4N,NH; 179 mg,
1.5x 103 mol) together with Hg (20 mg) were sealed in an evacu-
ated DURAN glass ampoule. The reaction mixture was heated over
4 h to 100 °C and over another 120 h to 160 °C. The temperature
was held constant for 240 h. The melt was cooled to 90 °C over
140 h and down to room temperature over 13 h. Except for a slight
excess of the reactants, the reaction reached completion to give a
reflective colorless microcrystalline material of 4. Yield: 265 mg
(85%). MIR: 3333 (w), 3146 (m), 3069 (m), 1593 (w), 1577 (m),
1487 (m), 1443 (m), 1400 (m), 1284 (m), 1259 (m), 1183 (s), 1167
(s), 1141 (m), 1008 (w), 990 (m), 942 (w), 915 (m), 781 (vs), 742
(vs), 694 (m), 634 (m) cm™!. FarIR: 550 (s), 432 (m), 279 (w), 247
(w), 193 (m), 175 (m), 146 (w) cm '. Raman: 3066 (s), 1567 (m),
1442 (m), 1387 (s), 1285 (m), 1172 (w), 1127 (m), 1022 (s), 784 (s),
631 (m), 432 (w), 150 (mssh), 125 (vssh), 110 (vs)cm.
Co4HoN Tb (621.16): caled. C 46.38, H 3.22, N 24.78; found C
46.0, H 2.8, N 25.1.

1IYb(Btz);{Ph(NH,),}] (5): Ytterbium metal (87 mg, 5% 10* mol),
the amine 1H-benzotriazole (BtzH, CgH4N,NH; 179 mg,
1.5x 1073 mol), and Hg (20 mg) were sealed in an evacuated DU-
RAN glass ampoule. The reaction mixture was heated over 4 h to
100 °C and over another 168 h to 150 °C. The temperature was held
constant for 48 h. The melt was cooled to 90 °C over 200 h and
down to room temperature over 13 h. Except for a slight excess of
the reactants, the reaction gave reflective colorless microcrystalline
material of 5 as well as an unknown, poorly crystalline, red material
in a ratio of 4:1. Yield: 178 mg (60%). MIR: 3393 (w), 3342 (w),
3141 (m), 3065 (m), 1613 (w), 1570 (m), 1501 (w), 1487 (m), 1443
(m), 1390 (m), 1285 (s), 1258 (m), 1205 (s), 1175 (s), 1140 (m), 1129
(w), 1076 (w), 990 (m), 914 (m), 782 (vs), 742 (vs), 694 (m), 633
(s) em . FarIR: 552 (m), 431 (m), 279 (w), 254 (m), 214 (msh), 173
(msh), 148 (m)cm'. Co4H50N;;Yb (635.28): caled. C 45.35, H
3.15, N 24.23; found C 44.9, H 3.1, N 24.1.

U[Hoy(Btz)s(BtzH)(NH3)]  (6): Holmium metal (83 mg,
5x10“%mol), the amine 1H-benzotriazole (BtzH, C¢H4N,NH;
179 mg, 1.5x 103 mol), and Hg (20 mg) were sealed in an evacu-
ated DURAN glass ampoule. The reaction mixture was heated over
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8 h to 100 °C and over another 200 h to 180 °C. The melt was co-
oled without a temperature plateau to 90 °C over 100 h and down
to room temperature over 24 h. Except for a slight excess of the
reactants, the reaction reached completion to give pink crystals of
6 (0.15-0.2 mm in size). Yield: 280 mg (95%). MIR: 3367 (w), 3150
(m), 3073 (m), 1593 (w), 1502 (w), 1485 (m), 1444 (m), 1387 (w),
1285 (m), 1261 (m), 1207 (s), 1184 (s), 1149 (m), 1129 (w), 1009
(w), 989 (m), 915 (m), 782 (vs), 744 (vs), 695 (m), 634 (m)cm .
FarIR: 551 (m), 430 (m), 422 (m), 409 (w), 286 (w), 249 (w), 230
(W), 210 (ssh), 191 (s), 176 (s), 158 (m), 146 (w) cm '. Raman: 3071
(s), 1570 (m), 1443 (w), 1386 (s), 1284 (m), 1172 (w), 1127 (m), 1040
(w), 1022 (s), 1000 (w), 784 (s), 633 (m), 123 (vs), 107 (vs) cm™.
CyoH3,Ho,N,, (1174.58): caled. C 42.94, H 2.75, N 26.23; found
C43.1, H29, N 26.1.

X-ray Crystal Structure Determination: The data collections for sin-
gle-crystal X-ray determinations of 1, 2, 3, and 6 were carried out
with an IPDS-II diffractometer (STOE). Structure solutions:
SHELXS-86;4% structure refinements: SHELXL-97.1) Integrity of
symmetry and geometry: PLATON.B All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were placed in
calculated positions and assigned to an isotropic displacement pa-
rameter of 1.2X the size of the isotropic displacement parameter of
the referring carbon atom. The crystal of 3 used for data collection
shows another small crystalline individual that grows on the sur-
face (RECIPE).P! The two individuals were separated (TWIN)I>2!
and refined individually.

The powder samples of compounds 4 and 5 were investigated in
sealed capillaries with a Huber Image Foil Guniner Camera 670
diffractometer with a focused single crystal germanium monochro-
mator (Mo-K,; radiation, Z = 0.709300 A for 4 and Cu-K,,; radia-
tion, A = 1.540598 A for 5). Because 4 and 5 decline in their grade
of crystallinity upon grinding, samples of both compounds could
be made only roughly homogeneous and were investigated in
0.3 mm capillaries, though this led to a higher background due to
absorption phenomena of the rare earth atoms. The diffraction pat-
terns of the terbium (4) and the ytterbium (5) compounds were
compared with simulated diffractograms of 1, 2, 3, and 6 and reveal
that 3, 4, and 5 crystallize isotypically, whereas the powder patterns
of 1, 2, and 6 are completely different. The cell constants of 4 were
refined on 23 reflections, and the best possible resolution leads to
a triclinic unit cell without unindexed lines and an average o(26)
of 0.020° [T = 293(2) K, @ = 1019.0(14) pm, b = 1061.3(21), ¢ =
1248.1(21) pm, a = 72.27(13), f = 84.12(14), y = 78.43(13)°, V =
1258.3(24) x 10° pm?]. The cell constants of 5 were refined on 20
reflections with the best possible resolution without unindexed lines
and an average 0(20) of 0.044° [T = 293(2) K, @ = 1008.7(9) pm, b
=1068.7(10), ¢ = 1214.6(11) pm, V = 1232.2(12) 10¢ pm3].53!

Crystallographic Data for CeC,4H;7N;, (1): monoclinic, C2/¢c, Z =
, T=170(1) K, a = 1385.2(3), b = 1789.7(4), ¢ = 1071.5(3) pm, S
115.90(3)°, V = 2389.7(5)-10° pm?, u = 19.5cm™ !, Mo-K,, 4.56
20=5930°-6=h=18, 24 =k=24,-12 == 13, F(000)
= 1212, R; = 0.0827 for 1523 reflections [/ > 25 (I)], R, = 0.1313
and wR, = 0.1670 for all 2333 unique reflections, GOOF on F, =
1.008.

Crystallographic Data for C,4H7N,Pr (2): monoclinic, C2/c, Z = 4,
T =170(1) K, a = 1382.1(3), b = 1792.8(4), ¢ = 1069.8(3) pm, f =
115.85(3)°, V' = 2385.5(5):10° pm?3, u = 20.1 cm™!, Mo-K,, 3.98 = 2
0 =5926° -19=h=19, 24 <k=24,-14 = [ = 14, F000) =
1216, Ry = 0.0526 for 1781 reflections [/ > 2o (I)], R; = 0.1295 and
wR> = 0.1121 for all 3309 unique reflections, GOOF on F, = 0.994.

Crystallographic Data for C,4H,0N;;Nd (3): triclinic, PI, Z=2, T
= 170(1) K, a = 1034.0Q2), b = 1075.0(2), ¢ = 1270.2(2) pm, a =

N
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72.51(3), = 84.96(3), y = 78.93(3)°, V' = 1320.9(4)-10° pm?, u =
20.4cm™!, Mo-K,, 3.76 =20 =50.0°, 12 =h=12, - 12 =k =
12, -15 = [ = 15, F(000) = 864, R, = 0.0779 for 1718 reflections [/
> 26 (D)), R; = 0.2006 and wR, = 0.1839 for all 4631 unique reflec-
tions, GOOF on F, = 0.956.

Crystallographic Data for C4,H3,Ho,N,, (6): triclinic, P1, Z = 2,
T=170(1) K, a = 1239.1(3), b = 1294.4(4), ¢ = 1443.0(3) pm, a =
85.43(2), f = 87.81(2), y = 68.99(2)°, V = 2153.5(4)-10° pm3, u =
37.1ecm™!, Mo-K,, 2.82 =20 = 54.60°, -15=h=15,-16 = k <
16, -18 = [ = 18, F(000) = 1144, R, = 0.0593 for 5192 reflections
[I > 26 (D], Ry = 0.1262 and wR, = 0.1305 for all 9449 unique
reflections, GOOF on F, = 0.896.

CCDC-294357 (1), -294360 (2), -294359 (3) and -294358 (6) con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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