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Nanocrystalline Lanthanide Nitride Materials Synthesised by Thermal
Treatment of Amido and Ammine Metallocenes: X-ray Studies and DFT

Calculations
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Abstract: The decomposition process
of ammine lanthanide metallocenes
was studied by X-ray diffractometry,
spectroscopy and theoretical investiga-
tions. A series of ammine-tris(n’-
cyclopentadienyl)lanthanide(mi)  com-
plexes 1-Ln (Lanthanide (Ln)=Sm,
Gd, Dy, Ho, Er, Yb) was synthesised
by the reaction of [Cps;Ln] complexes
(Cp=cyclopentadienyl) with liquid am-
monia at —78°C and structurally char-
acterised by X-ray diffraction methods,

tures of between 240 and 290°C. X-ray
diffraction studies, mass spectrometry
and vibrational (IR, Raman) spectros-
copy were carried out for several 2-Ln
species and proved the formation of di-
meric ,-bridged compounds. Species
1-Ln are highly reactive coordination
compounds and showed different be-
haviour regarding the decomposition to
2-Ln. The reaction of 1-Ln and 2-Ln
with inorganic bases yielded lanthanide
nitride LnN powders with an estimated

90 nm at unprecedented low tempera-
tures of 240 to 300°C. Temperature-de-
pendent X-ray powder diffraction and
transmission  electron  microscopy
(TEM) investigations were performed
and showed that the decomposition re-
action yielded nanocrystalline material.
Structural optimisations were carried
out for 1-Ln and 2-Ln by employing
density functional (DFT) calculations.
A good agreement was found between
the observed and calculated structural

mass spectrometry and vibrational (IR,  crystallite
Raman) spectroscopy. Furthermore,
amido-bis(n’-cyclopentadienyl)lantha-

nide () complexes 2-Ln (Ln=Dy, Ho,
Er, Yb) were synthesised by heating
the respective ammine adduct 1-Ln in

an inert gas atmosphere at tempera-

lations

precursors

Introduction

Recently, a broad variety of novel lanthanide-containing
materials has been investigated, giving rise to promising ap-
plications. Although oxidic rare-earth materials are still
dominant,'” nitridic rare-earth compounds are gaining
more and more importance as they often exhibit even better
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parameters. Also, Gibbs free energies
were calculated for 1-Ln, 2-Ln and the
pyrolysis reaction to the nitride materi-
al, and were found to fit well with the
expected ranges.

nitrides
molecular

material properties. Advances in the fields of semi- and su-
perconductivity,®* ! heterogeneous and homogeneous catal-
ysis,''% and the development of novel phosphor materials
for highly efficient white-light-emitting phosphor-converted
diodes!'*! are prominent examples that prove that nitride
chemistry of the rare-earth elements is full of exciting reac-
tions and useful applications.

New pathways to simple nitrogen-containing compounds
are of general interest, especially in solid-state chemistry, in
which basic compounds are often obtained in a higher
purity by non-classical reaction routes. Binary lanthanide ni-
trides are amongst fundamental rare-earth materials. There
are, however, only a few synthetic approaches known for
the synthesis of such simple compounds with defined com-
position. Molecular precursor compounds, such as [Ln{N-
(SiMe;),}5],1 or the reaction of rare-earth chlorides with
lithium nitride,!'"”'® emerged as alternative procedures for
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the synthesis of LnN at temperatures of less than 500°C.
These approaches have been studied for both thin-film dep-
osition and bulk solid syntheses of metal nitrides.'”) With re-
spect to their importance for several applications in solid-
state rare-earth chemistry, a facile synthetic method to pro-
duce reactive lanthanide nitride powders at low tempera-
tures (below 300°C) is desirable.

As we are generally targeting new nitride-containing ma-
terials employing molecular-precursor syntheses, "2 we
have recently started to utilise organolanthanide molecular
precursors for the synthesis of highly activated rare-earth ni-
trido compounds.

Organolanthanide complexes have been used frequently
in the field of catalysis,'>'***’l however, they also represent
highly reactive species for the synthesis of novel functional-
ised materials.”!

Therefore, we searched for a simple molecular precursor
with ligands showing an adequate thermal lability for subse-
quent pyrolysis reactions. Nitrogen should be already pres-
ent in the complex in order to achieve preorganisation at
the metal centre. Nevertheless, other ligands or fragments
should be easily removable during the decomposition pro-
cess.

In the 1960s, Wilkinson®"! and Fischer®*! synthesised the
first rare-earth metallocenes and observed their ability to
bind ammonia. Further investigations on the ytterbium com-
pound revealed that ammine-tris(n’-cyclopentadienyl)-
ytterbium(ir) [Cp;YbNH;] (1-Yb; Cp=cyclopentadienyl)
can be isolated easily by sublimation in vacuo.”"** Subse-
quent heating under normal pressure yielded bis-[amido-
bis(1’-cyclopentadienyl)ytterbium(m)] [{Cp,YbNH,)},] [2-Yb;
Eq. (1) and (2)].B")
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These complexes show thermal stability up to almost
400°C and a high reactivity towards acids and bases. The
high stability of the ammonia ligand demonstrates the
strong interaction of nitrogen with the metal centre and
proves that this system might be appropriate for our purpos-
es.

Analytical data were available especially for the Yb com-
pound.B3331 Thus, first and foremost we had to focus on
the synthesis of [Cps;Ln] ammoniates and amides of other
rare-earth elements (Sm, Gd, Dy, Ho, Er). The existence of
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neither [Cp;LnNH;] nor [{Cp,LnNH,},] has been confirmed
previously by crystal-structure determinations. The knowl-
edge of the arrangement of the complex molecules in the
unit cell gave us the possibility to consider also packing ef-
fects for their solid-state reactivity. Therefore, we report
here the first crystal-structure determinations of
[Cp;GANH;] (1-Gd), [CpsDyNH;] (1-Dy), [Cp;HoNH;] (1-
Ho), [Cp;ErNH;] (1-Er), [Cp;DyNH;] (2-Dy),
[{Cp,HoNH,},]  (2-Ho), [{Cp,ErNH,},]  (2-Er) and
[{Cp,YbNH,},] (2-Yb).

To the best of our knowledge, the next step, a solid-state
decomposition reaction of either 1-Ln or 2-Ln to nitride
compounds, has not yet been described in the literature. The
pyrolysis of these reactive complexes in the presence of in-
organic bases yielded LnN in most satisfying quality, reactiv-
ity and at very low temperatures.

Based on the experimentally postulated reaction mecha-
nism, DFT calculations were carried out on the amido and
ammine complexes and for the reaction to the nitride com-
pounds. Calculations on lanthanide complexes are of in-
creasing interest, but are still rather scarce in the literature.
The 4f electrons do not participate in the chemical bond-
ing,*"! which allowed the use of relativistic effective core po-
tentials (RECPs)* ! including these electrons into the core
(not treated explicitly). Moreover, DFT (B3PW91)“4 cal-
culations on lanthanide complexes were successfully per-
formed on a wide variety of reaction mechanisms involving
lanthanide centres.**% The lanthanide centres were treated
with the previously described large-core RECPs together
with their adapted basis sets. All other atoms (carbon, hy-
drogen or nitrogen) were treated with an all-electron
double-¢ basis set augmented by a set of polarisation func-
tion (p for hydrogen and d for carbon and nitrogen). All the
structures were optimised without symmetry constraints by
using the Gaussian 98 suite of programs.*”! The natures of
the minima were verified by analytic determination of vibra-
tional frequency. The optimised geometry can be compared
directly to the refinement results of the X-ray data, because
the experimental complexes involved real Cp (CsHs) rings
and no ligand modelling was necessary. This comparison will
be useful for checking the validity of the theoretical ap-
proach. Due to the complexity of the reaction mechanism
involving phase changes, only thermodynamic data of the re-
actions in the gas phase at room temperature and at 300°C
were computed. Furthermore, as it was shown previously
that calculated reaction energies are not very sensitive to
the change of lanthanide centre!! (energy change of 1-
2 kcalmol '), reaction energies at 300°C were computed for
selected lanthanides only (Dy and Sm).

Results and Discussion
Ammine-tris(n’-cyclopentadienyl) lanthanides (1-Sm, 1-Gd,
1-Dy, 1-Ho, 1-Er): Cp; complexes of lanthanides show a

high affinity for the coordination of NH;. All these com-
plexes (Ln=Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb) are re-
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ported to decolourise upon stirring in liquid ammonia.***

However, the true composition of the products formed is
still unknown. The formation of large NH-bridged com-
plexes (oligomers) seems probable, in which more than one
NH; molecule can be involved in the coordination sphere of
the central atom.

After evaporating and pumping off residual NH;, most of
the compounds become coloured again and form ammoni-
ates. The stability of the isolated species towards sublima-
tion varies significantly for the different lanthanide metals:
The ammonia adducts of [Cp;Yb], [Cp;Er], [Cp;Ho] and
[Cp5Gd] are easily formed and were obtained with satisfying
purity and yields. In contrast, those of [Cp;Dy] and [Cp;Sm]
showed only moderate yields after sublimation, and
[CpsCe], [CpsEu] and [Cp;Nd] did not form sublimable
ammine complexes, even after prolonged stirring in liquid
ammonia. Actually, [Cp;Ce], [CpsNd] and [Cp;Eu] decol-
ourise upon stirring in NHj, but after evaporation of the
liquid, the original colour reappeared again and the starting
compounds were recovered. In contrast, the Yb, Er, Ho, Gd,
Dy and Sm compounds obtained showed a remarkable ther-
mal stability up to 300°C.

To understand this variation of reactivity towards ammo-
nia in the solid state, we performed a more detailed investi-
gation of these complexes. As only partial analytical data
was available for the ammonia adducts of the known lantha-
nide-Cp; complexes (elemental analysis for Pr,*” Sm "
nothing for Eu,f” for Yb only:*¥34 elemental analysis,
IR/NIR/UV/Vis), we also characterised the synthesised com-
pounds by using IR/Raman spectroscopy, mass spectrometry
and single-crystal X-ray diffraction analysis.

Spectroscopic measurements for 1-Ln: Each of the obtained
ammonia adducts of the lanthanide-Cp; complexes (1-Sm,
1-Eu, 1-Gd, 1-Dy, 1-Ho, 1-Er, 1-Yb) was characterised by
IR and Raman spectroscopy. The coordinated ammonia can
be identified easily by the strong N—H stretching vibrations
at around 3365, 3330 and 3250 cm ! and by the intense
asymmetrical and symmetrical N—H deformation modes at
around 1600, 1225 and 500 cm ™' seen in the infrared spectra
of 1-Sm, 1-Gd, 1-Dy, 1-Ho, 1-Er and 1-Yb (Figure 1). The
vibrations differ only slightly, within a range of +7cm™,
from one complex to the other. Complexes 1-Sm and 1-Gd
show additional shoulders in these regions. The seven typical
stretching (2 v(cy), 2 V(ccy) and deformation (1 6cy) parallel,
2 Oy perpendicular) vibrations of the cyclopentadienyl
rings at 3090, 3070, 1440, 1360, 1010, 790 and 775 cm ~' were
also observed and differ only slightly from one complex to
the other.’>3! Only very weak NH-absorption signals were
found for the Nd and Eu compounds. Therefore, there was
no convincing evidence for the formation of significant
amounts of either 1-Nd or 1-Eu.

The Raman spectra correspond well with the IR results,
but show only weak intensities for the N—H vibrations
(Figure 1 for 1-Er). The most intense signal at 1130 cm™!
can be attributed to a symmetrical expansion of the Cp
rings. The strong signals of less than 400 cm™' correspond to
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Figure 1. Raman (right, bottom) and IR (left, top) spectra of [Cp;ErNHj;]
(1-Er).

the expected signal-rich spectrum for a metal centre sur-
rounded by three Cp ligands in a trigonal pyramidal manner
(metal-ring deformation and stretching modes for the mo-
lecular skeleton).

Mass spectrometry data for 1-Dy were collected and ex-
hibit the typical defragmentation pattern for metallocene
complexes. Sequential loss of CsHs (m/z=65) occurred,
forming [Cp;Ln*], [Cp,Ln"] and [CpLn™], respectively. The
most intense peak corresponds to the CsHs* fragment. The
[M™*] peak of the compound was not observed, due to the
severe conditions of the EI (electron ionisation) experiment.
Once ionised, the NH; ligand seems to detach immediately.
Therefore, measurements for lower m/z were carried out
and clearly showed the presence of free NH; at m/z=17.

Structural data: The complexes 1-Gd, 1-Dy, 1-Ho and 1-Er
were definitively characterised by X-ray crystallography. Ac-
cordingly, all were found to consist of mononuclear species,
however, these complexes are not isostructural as they do
not crystallise in the same space group. Table 1 shows that
1-Gd crystallises in a cubic primitive lattice exhibiting a
higher symmetric molecular structure than 1-Dy, 1-Ho and
1-Er, which crystallise in a monoclinic primitive space
group. Figure 2 shows the molecular structure of 1-Er. Com-
parative crystallographic data for all of the characterised
compounds are given in Table 1, and bond lengths and
angles are listed in Table 2 (Ln—Ctr=distance between the
centre of the Cs-plane (centroid) and the central atom).

The distances between the Cp rings and the lanthanide
atoms correspond well to the expected ranges given in the
literature for the solvated Cp; complexes. Figure 3 shows
the variation of the metal-ligand distances as a function of
the atomic number of the respective lanthanides.

The Ln—Cp distances decrease slightly as atomic number
increases, due to the lanthanide contraction. The Cp-Ln dis-
tances vary slightly (within 2 pm) for 1-Dy, 1-Ho and 1-Er.
This effect was observed and discussed for several metallo-
cenes with three or four Cp ligands and is normally based
on attraction by the ligands of neighbouring complexes in
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Table 1. Crystallographic data for the [Cp;LnNHj;] complexes 1-Gd, 1-Dy, 1-Ho and 1-Er.

the structure.”*! In this type

1-Gd 1-Dy 1-Ho 1-Er of compounds the attraction of
formula CsH,NGd CysH,sNDy CsH,sNHo C,sH NEr the ammonia ligand seems to
M, 369.55 374.80 377.23 379.56 be a crucial structure-deter-
TIK] 130 130 150 130 mining factor. Except for 1-
size [mm’] 0.12.x0.11x0,11 0.10x0.(?5>.(0.04 0.13x0.1.2>.(0.10 0.20x0.1.4)-<0.06 Gd, the Ln-N distances match
crystal system cubic monoclinic monoclinic monoclinic R
space group Pa3 P2/c P2,Jc P2,Jc the shortest M-Cp distances of
a [pm)] 1411.5(2) 825.9(2) 826.8(2) 823.0(2) the complexes exactly. Interest-
b [pm] - 1102.1(2) 1103.8(2) 1099.1(2) ingly, the Cp ligand closest to
2[[13]“‘] - 13?16?8 13?2688 13?7538 the central atom also exhibits
V [x10°pm’] 2812.2(6) 1321.0(5) 1325.0(5) 1309.0(5) the closest contact to the NH,
4 8 4 4 4 ligand of the neighbouring
Oeatca [Mgm™] 1.746 1.885 1.891 1.926 complex. Only in 1-Gd does
F(000) 1 1432 724 728 732 the Ln-N distance differ signif-
2« [mm™] 4.695 5.633 5.948 6.388 . B o
refl. collected 22913 30071 12412 18375 icantly from the Cp-Gd distan
independent refl. 1137 5801 2986 2984 ces. '
no. of parameters 53 213 163 140 Until now, no explanation
R(int) 0.0922 0.0792 0.0452 0.0676 has been given as to why 1-Sm
R1 [I>20(1)] 0.0444 0.0374 0.0204 0.0302 and 1-Gd do not undergo de-
wR2 (all data) 0.1301 0.0584 0.0395 0.0658 it to th i
max. peak/min. hole [e A~ 1.517/-1.032 1.371/-2.520 0.788/—0.640 1780/—1.827 ~ ‘composition to the respective
T
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Figure 2. Molecular structure of [Cp;ErNH;] (1-Er) at 130 K (50 % prob-
ability ellipsoids). The hydrogen atoms were calculated (Cp rings) or un-
equivocally found in the difference Fourier map (ammine group), respec-
tively, and refined with fixed isotropic thermal parameters.

Table 2. Selected bond lengths [pm] and angles [°] for [Cp;LnNH;] com-
plexes 1-Gd, 1-Dy, 1-Ho and 1-Er.

Compound 1-Gd 1-Dy 1-Ho 1-Er
Ln—N 250.1(6) 244.5(3) 243.7(4) 242.3(5)
Ln—Ctr(1) 247.1(2) 244.2(2) 243.8(3) 242.5(3)
Ln—Ctr(2) - 244.3(2) 244.77(2) 243.3(3)
Ln—Ctr(3) - 246.0(2) 245.5(2) 244.3(3)
N-Ln-Ctr(1) 101.0(2) 97.22(2) 97.19(2) 97.28(3)
N-Ln-Ctr(2) - 98.35(2) 98.56(2) 98.41(3)
N-Ln-Ctr(3) - 99.01(2) 99.01(2) 99.07(3)
Ctr(1)-Ln-Ctr(2) 116.6(2) 117.89(2) 117.83(2) 117.93(3)
Ctr(1)-Ln-Ctr(3) - 118.04(2) 118.01(2) 117.93(3)
Ctr(2)-Ln-Ctr(3) - 118.08(2) 118.08(2) 118.06(3)
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Figure 3. Metal-ligand distances (pm) as a function of the atomic number
of the respective lanthanides of the ammine complexes of Gd(64),
Dy(66), Ho(67), Er(68). v: Ln-N distances; @: Ln-Cp distances; error
bars are depicted for each value.

amido complexes at higher temperatures [Eq.(2)]. The
structural observations made above, and the distances of
Ln-N shown in Figure 3 for all of the complexes character-
ised, could give a reasonable explanation for this difference
in the reactivity of 1-Sm, 1-Gd, 1-Dy, 1-Ho, 1-Er and 1-Yb
towards pyrolysis to the amido derivatives. Due to its higher
molecular symmetry, all the Cp-Ln distances in complex 1-
Gd are equal, but at the same time the distance Gd-N in-
creases to almost 250 pm. The Gd-N and the Dy-N distan-
ces differ by about 6 pm.

Furthermore, there are no differences in the intermolecu-
lar distances to the neighbouring Cp ligands for
[Cp;sGdNH;], in contrast to 1-Dy, 1-Ho and 1-Er (see
above). Thus, the neighbouring Cp ligands can no longer in-
teract well with the coordinated ammonia in an intermolec-
ular manner. Figure 4 shows these packing differences clear-
ly for 1-Ho and 1-Gd. Presumably, these solid-state effects

Chem. Eur. J. 2006, 12, 4785-4798
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Figure 4. Projection of the unit cell of 1-Ho (top) and 1-Gd (bottom) on
the ac plane.

could be responsible for the absence of decomposition lead-
ing to [{Cp,GdNH,},] and [{Cp,SmNH,},].

DFT calculations for [Cp;LnNH;]: Geometry optimisations
were carried out for 1-Sm, 1-Gd, 1-Dy, 1-Ho and 1-Er. The
characteristic geometrical parameters are presented in
Table 3.

The optimised bond lengths, either Ln—Cp or Ln—N, are
in good agreement with the experimental values. The maxi-
mum deviation is obtained for the Dy—N bond, which is
overestimated by 9 pm. Notably, all the calculated bond
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lengths are slightly larger than the experimental ones, but
remain within the range of the admitted precision of calcula-
tions (10 pm). Moreover, the experimental trend (decrease
of the bond lengths as atomic number increases) is repro-
duced by the calculation. This decrease is apparently associ-
ated with the lanthanide contraction, as mentioned before.
It has been reported that the lanthanide contraction is cor-
rectly reproduced by DFT calculations (B3PW91). Contrary
to experimental results, for all lanthanide complexes, the
Ln-N distance is found to be slightly longer than the Ln—Cp
distance (3-6 pm), and the 1-Gd complex does not exhibit
any special behaviour. However, the observed discrepancy
between Ln-N and Ln-Cp distances is lower than the
common accuracy of the theoretical method used. The cal-
culated bond angles are also found to be in agreement with
the X-ray data (maximum deviation of 3° for Gd).

The Gibbs free energies of bonding of NH; to [Cp;Ln]
complexes were calculated at two different temperatures (25
and 300°C) and are presented in Table 4. These bonding en-
ergies were obtained by considering the Gibbs free energies
of the complex with the two relaxed fragments.

Table 4. Bonding Gibbs free energies [kcalmol™']
plexes 1-Sm, 1-Gd, 1-Dy, 1-Ho and 1-Er.

in [Cp;LnNH;] com-

25°C 300°C 25°C 300°C
Sm -7.12 2.55 Gd —6.97 -
Dy —6.57 3.25 Ho —6.43 -
Er —6.30 -

Notably, the reactions are found to be exergonic at room
temperature for all lanthanides, but slightly endergonic at
300°C. This can be explained simply by the fact that the re-
action is under entropy control, as there is a loss of transla-
tional entropy between free ammonia and coordinated
ammine. The stability (up to 280°C) is fairly well repro-
duced by the calculations as, at 300°C, the reactions are
only slightly endergonic. The calculated bonding energy is
found to decrease along the series and this is in agreement
with an increase of steric repulsion between the Cp rings.

Amido-bis(n’-cyclopentadienyl) lanthanides (2-Dy, 2-Ho, 2-
Er, 2-Yb): Amido-Cp, complexes of erbium and ytterbium
have been discussed in the literature and can also be pre-
pared by using other synthetic approaches (2-Er, 2-Yb).3+
However, difficulties in synthesising further [{Cp,LnNH,},]
species with different lanthanides have been reported.F:*"

Table 3. Selected bond lengths [pm] and angles [°] for [Cp;LnNH;] complexes 1-Sm, 1-Gd, 1-Dy, 1-Ho and 1-Er.

[CpsLnNH;] Ln—Cp' Ln—Cp> Ln—Cp’ Cp'Ln-Cp? Cp'-Ln-Cp’ Cp*Ln-Cp’ Ln-N  N-Ln-Cp' N-Ln-Cp*>  N-Ln-Cp’
[CpsSmNH;] 254 254 254 118.7 118.7 118.6 260 96.7 97.0 96.6
[CpsGdNH;] 252 252 252 118.6 118.6 118.6 256 97.0 96.7 96.7
[Cp;DyNH;] 249 249 249 118.6 118.6 118.6 253 96.7 96.7 97.0
[CpsHOoNH;] 247 249 250 118.6 118.4 118.7 252 96.9 96.9 97.0
[CpsErNH;] 247 247 247 118.7 118.6 118.6 250 96.7 97.0 96.7
Chem. Eur. J. 2006, 12, 47854798 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 4789
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Furthermore, to the best of our knowledge, no crystal-struc-
ture investigations have been reported for 2-Ln.

The decomposition of 1-Er, 1-Ho and 1-Dy according to
Equation (2) yielded 2-Er, 2-Ho and 2-Dy, respectively.
These compounds exhibit a remarkable thermal stability.
The products show melting points of greater than 300°C
(determined by differential scanning calorimetry (DSC)
measurements). On the other hand, 2-Dy, 2-Ho and 2-Er
are highly reactive towards acids and other bases. The diffi-
culty in decomposing [Cp;LnNHj;] to [{Cp,LnNH,},] increas-
es as the atomic number of the lanthanide element decreas-
es. Thus, it has not yet been possible to obtain 2-Gd and 2-
Sm. In the same sequence of the lanthanides, the yields of
the reactions from [Cp;LnNHj;] to [{Cp,LnNH,},] signifi-
cantly decrease from 2-YDb to 2-Dy.

Spectroscopic measurements: Complexes 2-Dy, 2-Ho, 2-Er
and 2-Yb were characterised by IR and Raman spectrosco-
py. The p,-briged amido ligand can be identified easily by
the intense N—H stretching vibrations at 3350, 3290 cm™
and the intense asymmetrical and symmetrical N—H defor-
mation modes at around 1540, 670 and 440 cm™'. A strong
vibration mode at 3500 cm ™!, probably due to a combination
of two lower signals, is typical for each of the synthesised
amido compounds (Figure 5). The modes differed from one
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c
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Figure 5. Raman (right, bottom) and IR (left, top) spectra of
[{Cp,HoNH,},] (2-Ho).

metal ion to the other significantly and lay within a range of
+20 cm ™!, which is greater than for the respective ammoni-
ates. Also, the seven typical stretching (2 vy, 2 V(cc)) and
deformation (1 Oy, parallel, 2 O, perpendicular) vibra-
tions for the cyclopentadienyl rings at 3080, 3070, 1435,
1360, 1010, 790 and 775 cm™!, respectively, were identified
and differ only slightly for the different complexes.

Raman measurements correspond well with the IR spec-
troscopy results, but show only weak intensities for the N—H
vibrations. Figure 5 shows this fact clearly for 2-Ho. The
most intense signal at 1130 cm ™' can be attributed to a sym-
metrical expansion of the Cp rings. The strong signals of less
than 400 cm™! represent the expected signal-rich spectrum
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for a metallocene compound with additional ligands. These
signals can be attributed to metal-ring deformation and
stretching modes for the molecular skeleton. The stretching
vibration for the Ln—NH, bond is represented by a very
weak signal at 850 cm™".

Mass spectrometry data for 2-Dy and 2-Ho were collected
and showed a defragmentation pattern similar to that pub-
lished for 2-Yb.P>*! Sequential loss of CsHs (m/z =65) and
decomposition of NH, was observed, forming [Cp;Ln,N,H,*],
[CpsLn,NH*], [Cp,Ln,N,H,*], [Cp,Ln,NH*], [Cp,Ln,"],
[CpsLn*], [Cp,Ln*], [CpLn*] and Ln*. The most intense
peak in the spectrum changed for the different compounds.
Compounds 2-Dy and 2-Yb exhibit their most intense peak
at m/z =552 ([CpsLn,N,H,*]) and m/z =294 ([Cp,Ln"]). For
2-Ho, the most intense peak was centred at m/z=66 and
represents the CsHgt fragment. Also, the intensity of the
[M*] signals changed significantly. Compounds 2-Dy and 2-
Yb showed intensities at the 15% level, whereas the [M™]
signal of 2-Ho showed a relative height of 3%.

Structural data: Single crystals were obtained for 2-Dy, 2-
Ho, 2-Er and 2-Yb and were characterised by X-ray crystal-
lography. All four complexes are dimeric, but exhibit differ-
ent packing of the molecules in the solid, and different
space groups exist. Compound 2-Er crystallises in the highly
symmetric space group Im3, in contrast to 2-Dy, 2-Ho and
2-Yb, for which the monoclinic space group P2,/n was ob-
served (Table 5).Changes in types of structure and crystal
symmetry due to variation of the lanthanide ion are quite
common. However, in the series 2-Dy, 2-Ho, 2-Er and 2-Yb
the cubic erbium compound seems to be an exception to the
rule, as the neighbouring lanthanides on both the right and
left sides form isotypic monoclinic amido lanthanide metal-
locene complexes. As already suggested from the mass-spec-
trometric investigations, the amido complexes are dimeric
with two p,-bridged amido ligands (Figure 6). Compound 2-
Er shows a crystal structure with a remarkably high symme-
try. The four Cp rings are oriented to each other in an
eclipsed position, so that only three of the five carbon atoms
are situated in the asymmetrical unit (Figure 7). Compara-
tive crystallographic data for all of the characterised com-
pounds are given in Table 5, and bond lengths and angles
are listed in Table 6.

The distances between the Cp rings and the metal atoms
in 2-Dy and 2-Yb (calculated as the distances between the
centre of the Cs-plane (Ctr) and the central atom) are small-
er than those in the respective ammine complexes. The for-
mation of dimeric lanthanocene species with u,-briged
ligand atoms is well known for the chloro-bis(cyclopenta-
dienyl) lanthanides.”"* These compounds were considered
as reference structures for the discussion of intramolecular
distances obtained for the 2-Ln complexes. Although the
Ln-Cp distances of 2-Dy and 2-Yb are up to 5 pm longer
than those of the chloro species, the angles Cp-Ln-Cp are
quite similar. They coincide quite precisely at values be-
tween 129 and 130°. The angles Ln-N-Ln vary only slightly,
by less than 2°, from those of [{Cp,LnCl},]. Figure 8 shows
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Table 5. Crystallographic data for the [{Cp,LnNH,},] complexes 2-Dy, 2-Ho, 2-Er and 2-Yb.
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The two crystallographically

2-Dy 2-Ho 2-Er 2-Yb independent distances from
formula CyH,N,Dy, CyHN,Ho, CyHyuNyEr, CyHN,Yb, the Cp ligands to the central
M, 617.42 622.27 626.94 638.49 atom vary only slightly, howev-
T[K] 150 150 130 150 er, the values for the contacts
crystal system monoclinic monoclinic cubic monoclinic Ln-N are remarkablv different
size [mm’] 0.09x0.08x0.06 0.11x0.09x0.06 0.22x0.18x0.16 0.17x0.16x0.15 y .
space group P2,/n P2,/n Im3 P2,/n for 2-Dy, Z_HO. and in particu-
a [pm] 842.4(2) 843.2(2) 1435.1(2) 848.9(2) lar for 2-Yb (Figure 8). In con-
b [pm] 1065.6(2) 1064.6(2) - 1057.5(2) trast to the measurements at
¢ [pm] 1232(2) 1119.3(2) - 1137(2) room temperature, this effect
B 106.86(3) 107.07(3) N 107.72(3) increases at low temperatures.
V [x10°pm’] 964.9(4) 960.5(3) 2955.6(6) 952.4(4) ! W temp :
7 2 ) 6 2 The analogous chloro com-
Oeatca [Mgm™] 2.125 2.152 2.113 2.224 plexes did not show this behav-
F(000) 580 584 1764 596 iour.” Due to the high crys-
u [mm™] 7.686 8.180 8.462 9.761 N At
refl. collected 8072 8649 21358 1720 tal S,ymmetry’ the L,ln N distan
independent refl. 2295 2290 638 1720 ces in 2-Er are equivalent.
no. of parameters 131 154 44 110 The two nitrogen and metal
R(int) 0.0395 0.0529 0.0547 0.0517 atoms of the dimeric complex
R1 [I>20(1)] 0.0210 0.0258 0.0258 0.0417 form a rhombus in 2-Er and a
wR2 (all data) 0.0403 0.0552 0.0526 0.1121 llel in 2-D 2H
max. peak/min. hole [e A~ 0.918/—0.566 1.057/—0.618 0.698/—0.656 1.930/-1.8¢7 ~ Paratielogram in 2Ly, 2-HO

and 2-Yb. For the earlier lan-

‘0
o Erl

[
]
[

N1

Figure 6. Molecular structure of [{Cp,ErNH,},] (2-Er) at 130K (50%
probability ellipsoids). The positions of all hydrogen atoms were unequiv-
ocally located in the difference Fourier map and refined with fixed iso-
tropic thermal parameters.

Table 6. Selected bond lengths [pm] and angles [°] for [{Cp,LnNH,},]
complexes 2-Dy, 2-Ho, 2-Er and 2-Yb.

Compound 2-Dy 2-Ho 2-Er 2-Yb
Ln—N 235.3(4) 233.8(6) 232.5(2) 229(1)
Ln—N* 236.8(4) 234.7(6) - 233(1)
Ln—Ctrl 240.2(3) 238.5(3) 236.0(2) 234.6(7)
Ln—Ctr2 240.3(3) 237.9(4) 236.0(2) 234.3(6)
Ctrl-Ln-Ctr2 129.7(3) 129.7(3) 130.8(1) 130.2(7)
N-Ln-Ctrl 106.8 107.1 108.5 107.4
N*-Ln-Ctrl 109.6 109.7 - 109.2
N-Ln-Ctr2 108.3 108.5 108.5 108.3
N*-Ln-Ctr2 111.1 110.8 - 110.7
N-Ln-N* 79.5(2) 79.6(2) 80.8(1) 80.2(4)
Ln-N-Ln* 100.5(2) 100.4(2) 99.2(1) 99.8(4)
Ctrl-Ln-Ln-Ctr2 4.4 39 0.0 3.0

the variation of the distances between the metal atoms and
the ligands as a function of the atomic numbers of the lan-
thanides 2-Dy and 2-Yb.

Chem. Eur. J. 2006, 12, 4785-4798
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Figure 7. Projection of the unit cell of [{Cp,ErNH,},] (2-Er) on the ab
plane.

thanides the formation of infinite double chains could be
possible, as reported for chloro-bis(cyclopentadienyl)-
dysprosium(m).”Y) However, to the best of our knowledge,
attempts to synthesise [{Cp,LnNH,},], with Gd or any earli-
er lanthanide, have not yet been successful.

Thermal treatment of the ammine complexes causes a
loss of one hydrogen atom of the ammonia group and for-
mation of the respective dimeric amido complexes. Al-
though the NH group exhibits a higher Lewis basicity, a fur-
ther deprotonation of the amido group could be possible. To
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Figure 8. Bond lengths (pm) of the amido complexes of Dy(66), Ho(67),
Er(68), Yb(70) as a function of the atomic number of the corresponding
lanthanide. v and A: Ln-N distances; ®: Ln-Cp distances; error bars are
depicted for each value.

investigate the thermal behaviour of the amido lanthanide
metallocene complexes, temperature-dependent X-ray
powder diffraction (XRD) and differential scanning calorim-
etry (DSC) experiments of 2-Ho and 2-Yb were performed
at temperatures of up to 700°C.

A further dehydrogenation and the formation of nitrides
was observed. The amido complexes 2-Ho and 2-Yb show
melting points of between 320 and 360°C and decompose to
the nitrides at temperatures less than 400°C. The tempera-
ture-dependent XRD measurements also shed light on the
observation of different types of structure with different
space groups for 2-Er, 2-Ho and 2-Yb. These compounds
undergo phase transitions at temperatures of between 220
and 300°C to form higher symmetrical cubic phases. These
are the same temperatures necessary to sublime this com-
pound under vacuum. Nevertheless, until now we had not
succeeded in obtaining suitable single crystals of monoclinic
2-Er or cubic 2-Ho.

DFT calculations for [{Cp,LnNH,},]: The computational
cost/demands of DFT calculations increases rapidly as the
number of atoms increases. Consequently, the dimers
[{Cp,LnNH,},] were not studied explicitly. The geometry op-
timisations were, thus, performed for the monomers
[Cp,LnNH,] of 2-Er, 2-Ho, 2-Dy and 2-Sm. The characteris-
tic geometrical parameters are presented in Table 7. The di-
merisation of the complex should affect the Cp—Ln bond
lengths only slightly, so that a comparison between the theo-
retical and experimental Ln—Cp distances is relevant. In
contrast, the Ln-N distances probably increase from the
monomer to the dimer, so that the calculated distances
should be underestimated with respect to the X-ray data.

Table 7. Selected bond lengths [pm] and angles [°] for [{Cp,LnNH,},] complexes 2-Sm, 2-Dy, 2-Ho and 2-Er.

Similarly to the calculations elaborated for 1-Ln, the cal-
culated Ln—Cp bond lengths for 2-Ln are in good agreement
with the X-ray data, with a maximum error of 3 pm for the
Ho-Cp distances. The Ln—Cp distance still decreases from
Sm to Er, due to the lanthanide contraction. These results
confirm that the Ln—Cp bond lengths are not affected by di-
merisation. However, the modelling of the dimers 2-Ln by
monomers has several effects. Firstly, the Ln-N distances
are found to be smaller in the monomers than in the dimers
by about 17 pm. Moreover, in the monomers, the calculated
angles are larger than the experimental ones (about 8° for
the Cp-Ln-Cp angles and 3-6° for the N-Ln-Cp angles).
This can be understood by the fact that in the dimer, the
steric repulsion between the Cp rings of each [Cp,LnNH,]
moiety is enhanced. This repulsion should decrease the Cp-
Ln-Cp angle of each moiety. In any case, the experimental
trend from 1-Ln to 2-Ln is qualitatively reproduced: in the
latter, the Ln—N bonds are shorter and the N-Ln-Cp angles
are smaller.

As only the monomer was optimised, the thermodynamic
data were computed for the reaction: [Cp;LnNH;]—
[Cp,LnNH,]+ CpH. The Gibbs free energy of this reaction
was calculated at room temperature and at 300°C (Table 8).

Table 8. Gibbs free energy of the decomposition [kcalmol '] to 2-Sm, 2-
Dy, 2-Ho and 2-Er.

25°C 300°C 25°C 300°C
Sm 21.58 5.83 Dy 17.03 1.60
Ho 15.80 - Er 15.79 -

The decomposition reaction is calculated to be quite en-
dergonic at room temperature and more favorable at high
temperature. The calculated enthalpy of reaction is very
high (about 31 kcalmol™" at 25°C) and stable with respect to
the temperature (about 30 kcalmol™' at 300°C). Thus, the
important difference in Gibbs free energies can be ex-
plained by the entropic effect. Indeed, the calculated en-
tropic term is positive, because two molecules are released.
Consequently, at high temperature, at which the effect of
entropy is larger, the reaction becomes thermodynamically
favorable. This can explain the high temperature that is re-
quired experimentally for this decomposition reaction. The
highly positive reaction enthalpy might be explained by the
loss of electronic delocalisation between the aromatic Cp
ring in the lanthanide complex and the released CsHg. More-
over, the theoretical results could provide a qualitative ex-
planation for why the decomposition of 1-Sm to 2-Sm could
not be observed experimental-
ly; this reaction was calculated

[Cp,LnNH,] Ln—N Ln—Cp' Ln—Cp’ N-Ln-Cp' N-Ln-Cp? Cp'-Ln-Cp*>  to be about 4 kcalmol™! more
[Cp,SmNHL] 23 249 249 110.8 110.9 1383 endergonic for 1-Sm than 1-Dy
[Cp,DyNH,] 217 241 241 1112 1113 137.5 at 25 and 300°C.

[Cp,HoNH, ] 216 241 241 1112 111.3 137.4

[Cp,ErNH,)] 215 238 239 1112 1112 137.6
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Pyrolysis to lanthanide nitrides: Because of the strong Ln—
N bond, the dimeric amido complexes [{Cp,LnNH,},] (2-Ln)
decompose at temperatures greater than 400°C to form the
respective binary lanthanide nitrides. Large amounts of
graphite are formed as a byproduct, because the Cp ligands
start to carbonise at this temperature. To avoid the forma-
tion of carbon, nanocrystalline and purer nitride powders
LnN, in which Ln=Sm, Gd, Dy, Ho, Er or Yb, were pre-
pared by using solid-state metathesis reactions, according to
Equations (3)-(5):

[Cp,LnNH,] + 2 LiNH,25,LaN + 2 LiCp 4+ 2NH, (3)
[CpsLnNH;] + 3 LiNH,~5LaN + 3 LiCp 4+ 3NH, (4)
[Cp,LnNH,] + CaH,%LnN + CaCp, + 2 H, (5)

Due to the basicity of the amido ligand, a strong base was
necessary to achieve deprotonation of the coordinated
amide. Both alkaline and alkaline-earth amides, as well as
their hydrides, were used as reactants. Lithium amide and
calcium hydride were found to be most appropriate for our
purposes, because LiCp and [Cp,Ca], respectively, are
formed as byproducts. These compounds can be easily re-
moved from the reaction system by sublimation at tempera-
tures greater than 200-250°C in vacuo. Only traces of
carbon remained in the product after evacuation and, thus, a
brownish solid LnN was obtained after the pyrolysis.

Powder diffractometry and determination of crystal size:
The formation of nitride material LnN was monitored by
conducting temperature-dependent X-ray diffraction experi-
ments. According to Equations (3)-(5), 2-Dy, 2-Ho, 2-Er
and 2-Yb, and 1-Sm, 1-Gd, 1-Ho, 1-Er and 1-Yb formed ni-
trides at temperatures of between 220 and 240°C. The
amido compounds seem to form purer products, evidenced
by the formation of smaller amounts of graphite during the
decomposition process. Elemental analysis of the products
obtained showed graphite impurities of 1-3 and 2-5% upon
using 2-Ln or 1-Ln, respectively. Given the observation that
not all lanthanides seem to form the amido compound
easily, the synthesis of nitrides directly from the ammoniates
represents an acceptable alternative. Figure 9 shows the
XRD patterns obtained within a temperature range from
room temperature up to 640°C for the reaction of 2-Er with
LiNH,, and an XRD pattern after annealing 2-Dy with
LiNH, at 400°C. The formation of the byproduct LiCp con-
firms the reaction of LiNH, with 2-Dy [Eq. (3) and (4)]. X-
ray data of crystalline LiCpP® was used to calculate a simu-
lated XRD pattern of LiCp and was compared with the pat-
tern of the crude reaction product (Figure 9, bottom).
Crystalline LnN can be recognised easily by the appear-
ance of two broadened reflections at 14.5 and 16.8° (Ayo.xa),
which can be attributed to the (111) and (200) reflections,
respectively. Whereas the LnN reflections start to grow sig-
nificantly above 240°C, the LiCp reflections (at 7.0, 7.6, 8.0,
10.8 and 11.5° Ayox.) are already present at 180°C and
remain until decomposition occurs at 500°C. The early for-
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Figure 9. Top: temperature-dependent XRD patterns of the reaction of
2-Er with LiNH, between 20 and 300°C under Ar atmosphere (Ayjoxa=
0.71073 A). Bottom: XRD pattern of the crude product of the reaction
of 1-Dy with LiNH, after annealing at 350°C. The simulated XRD of
LiCp is depicted at the bottom.

mation of this byproduct can be regarded as proof for the
subsequent elimination of the Cp rings. LiNH, exhibits one
characteristic reflection at 13.8° (Ayoko), Which rapidly
looses intensity at between 220 and 320°C as the binary ni-
tride LnN is formed. The decomposition temperature for
formation of the nitrides according to Equation (3) did not
change for the different lanthanides (Dy, Ho, Er, Yb). Tem-
perature-dependent XRD measurements of mixtures of the
ammoniates 1-Ln with LiNH, [Eq. (4)] showed that nitride
powders can be obtained without preliminary synthesis of
the amido compounds. Consequently, nanocrystalline SmN
and GdN can be synthesised easily, starting directly from 1-
Sm or 1-Gd, although synthesis of the amido derivative has
so far been unsuccessful. Figure 10 shows XRD patterns
(13-19°, Apo.xq) Of the nitride material obtained from the py-
rolysis reaction of 1-Sm (a), 1-Gd (b), 1-Dy (c), 2-Ho (d), 1-
Er (e), 2-Er (f), 1-Yb (g). Figure 10 shows clearly that differ-
ences in the crystallinity do not occur by using the ammine
or the amido complex (e.g., patterns e and f). In contrast,
the use of CaH,, according to Equation (5), resulted in the
formation of more crystalline HoN material (Figure 10d).
Additionally, the powder pattern of the product shows clear-
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Figure 10. Diffraction patterns showing the most intense (111) and (200)
reflections of LnN registered during temperature-dependent XRD meas-
urements at 300°C (Ayox,=0.71073 A). Precursors used: a)1-Gd+
LiNH,, b)1-Sm+LiNH,, ¢) 1-Dy+LiNH,, d)2-Ho+CaNH,, ¢) 1-Er+
LiNH,, f) 2-Er+LiNH,, g) 1-Yb + LiNH,.

ly the presence of impurities identified as CaH, reflections
at 13.5 and 18.6°.

According to the Scherrer equation, broadened reflections
indicate that crystallites in the powder are smaller than ap-
proximately 100000 unit cells of the substance. With a=
483.9 pm for the cubic structure of ErN, the particle sizes in
a powder diffraction pattern with broadened reflections
must be significantly smaller than 225 nm (edge length).
From the Scherrer equation, based on the XRD line width,
the ErN crystallite sizes should be within the range 10—
40 nm. This value cannot be confirmed clearly by the results
of scanning electron microscopy (SEM) experiments be-
cause of the formation of agglomerates. SEM images of the
bulky material are depicted in Figure 11a,b.

Consequently, transmission electron microscopy (TEM)
measurements were recorded. The crude product showed
particle sizes of between 80 and 100 nm (Figure 11c). Elec-
tron diffraction (ED) experiments on these particles proved
the crystallinity of the product and confirmed the formation
of LnN (Figure 11d). Unfortunately, contamination with
oxygen cannot be avoided during the preparation of the
probe for the TEM measurement. Therefore, the quality of
the crystallites was not as good as that obtained directly
after the decomposition reaction. Agglomerated nanocrys-
tals only were found during the TEM experiment, therefore,
diffraction experiments on the polycrystalline material were
elaborated.
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Figure 11. a) SEM image of ErN showing the bulky nitride powder.
b) Enlarged SEM image of the ErN powder. ¢) TEM image of ErN crys-
tallites. d) Corresponding ED pattern showing the ErN phase.

From Figure 11d a very crude estimation for some lattice
distances could be made. Powder patterns calculated subse-
quently were in good agreement with the literature 26
values for crystalline ErN powder. Thus, the X-ray diffrac-
tion experiments of the LnN powder and the electron mi-
croscopy measurements agreed well with each other and
proved the formation of nanocrystalline nitride material.

Calculations for the pyrolysis reactions: Because the experi-
ment involved solid compounds and phase transitions, the
calculated Gibbs free energy of reaction in the gas phase
will certainly not be in agreement with the experimental ob-
servations. However, some qualitative information could be
extracted from these calculations. Thus, Gibbs free energies
for Equations (3) and (4) were computed at 25 and 300°C
(Table 9). As expected, the Gibbs free energies decreasing
as the temperature decreases, which can be explained by en-
tropic considerations. However, for both temperatures and a
given lanthanide, the two reactions are calculated to be
highly endergonic. This is qualitatively in agreement with
the fact that extreme experimental conditions are needed to
achieve nitride formation.

Table 9. Gibbs free energies for Equations (3) and (4) for Dy and Sm
[kcalmol'].

Reaction 25°C 300°C
3 Sm 84.00 63.80

Dy 96.71 75.70

4 Sm 67.54 40.76

Dy 75.73 33.09
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Conclusions

The reaction of [Cps;Ln] complexes with liquid ammonia
(Ln=Sm, Gd, Dy, Ho, Er, Yb) yielded sublimable ammine
complexes. Other lanthanide metallocenes (Ce, Nd, Eu) also
reacted with NH;, but did not show thermal stability. Struc-
tural analysis, carried out for the first time for [Cp;LnNHj;]
compounds, showed that the Ln-N distances do not increase
linearly from 1-Er to 1-Gd. The Gd complex showed surpris-
ingly long Ln—NH; bonds, and structural analysis of 1-Sm
remains problematic, due to the difficulties of crystallisation.
Geometry optimisations and calculations of the Gibbs free
energies for the ammine products suggested little difference
in behaviour. Therefore, intermolecular effects during the
solidification process are considered to be responsible for
the stabilisation of the NH; group for 1-Sm to 1-Yb.

Thermal decomposition yielding [{Cp,L.nNH,},] (2-Ln) oc-
curred for 1-Yb, 1-Er, 1-Ho and 1-Dy only. In contrast,
1-Sm and 1-Gd sublime before the decomposition to the
amido complex. X-ray data of amido-cyclopentadienyl-
lanthanide(1r) complexes were collected for the first time
and proved the formation of a dimeric species. DFT calcula-
tions performed for the respective monomers showed that
decomposition to the amide [Eq. (2)] at higher temperatures
changes significantly from 1-Dy (1.60 kcalmol™') to 1-Sm
(5.83 kcalmol '), and confirmed the experimental results.

Further pyrolysis of 1-Ln and 2-Ln with inorganic bases
[Eq. (3)—(5)] resulted in the formation of reactive nanocrys-
talline lanthanide nitride powders with an estimated particle
size of about 40-90 nm. LiCp was observed as a byproduct
and could be separated easily by using organic solvents or
sublimation in vacuo. Results of temperature-dependent X-
ray powder diffraction experiments proved the formation of
LnN at temperatures less than 300°C. The decomposition of
1-Ln and 2-Ln without the use of inorganic bases resulted in
the need for higher temperatures for the formation of LnN
and higher contamination by graphite, due to the complete
decomposition of the Cp ligand.

DFT calculations carried out for the decomposition pro-
cess of the amido [Eq. (3)] and the ammine [Eq. (4)] com-
plexes in the gas phase showed that the reaction still re-
mains endothermic at 300°C. Surprisingly, Reaction 4
[Eq. (4)] showed slightly lower endergonic Gibbs free ener-
gies than Reaction3 [Eq.(3)]. These theoretical results
could not be verified by the experimental observations
made (temperature-dependent X-ray powder diffraction
measurements). Thus, no difference between these two reac-
tion pathways was observed. Therefore, advanced solid-state
effects seem to be responsible for the fact that nitride mate-
rial was formed easily at temperatures less than 300°C. Fur-
ther investigations on packing effects, base catalysis and in-
termolecular activation could elucidate the mechanism and
reasons for this new convenient pathway to reactive lantha-
nide nitrides.
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Experimental Section

All manipulations described below were performed with rigorous exclu-
sion of oxygen and moisture in flame-dried Schlenk-type glassware on a
Schlenk line, interfaced to a vacuum (10~ mbar) line or in an argon-
filled glovebox. Argon was purified by passage over columns of silica gel,
molecular sieve, KOH, P,O,, and titanium sponge (650°C), and nitrogen
by passage over columns of silica gel, molecular sieve, KOH, P,Oy,
BTSP® and Cr'" oxide catalyst."””) Ammonia was predried by passage over
columns of KOH and Cr" oxide catalyst,”” and then condensed and
stored over Na and K before use. THF was predried over KOH and dis-
tilled under argon over NaK alloy (benzophenone as indicator). Anhy-
drous lanthanide(i) chlorides were purchased from Alfa Aesar (99.99 %,
ultra dry) and were used as obtained. LiNH, and CaH, were prepared ac-
cording to the literature.”! NaCp was prepared according to a novel liter-
ature method.” [LnCp3] compounds (Ln=Nd, Sm, Eu, Gd, Dy, Ho, Er,
Yb) were prepared according to well-known procedures® and before
use were sublimed twice under vacuum (107> mbar) at temperatures of
between 150 and 250°C. The syntheses of complexes 1-Ln and 2-Ln are
based mainly on a procedure reported earlier, in particular for the Yb
compounds. Because significant experimental variations were necessary
for the syntheses of these compounds, a short protocol containing analyti-
cal data for every species is given.

FTIR and FT-Raman spectra were recorded by using a Bruker IFS 66v/S
spectrometer with DTGS detector. The samples were thoroughly mixed
with dried KBr. The preparation procedures were performed in a glove-
box under dried argon atmosphere. The spectra were collected within the
range 400 to 4000 cm ' with a resolution of 2 cm™'. During the measure-
ment, the sample chamber was evacuated. For FT-Raman measurements,
a Bruker FRA 106/S Raman module with a Nd:YAG laser (A1 =1064 nm)
and a scanning range of 0 to 3500 cm™' was used. Mass spectra were
measured by using a JEOL MStation JMS700. The source was operated
at a temperature of 200°C. Temperature-dependent in situ measurements
were performed as follows: a Schlenk tube containing the sample was at-
tached directly to the probe chamber of the spectrometer and evacuated
until the necessary pressure was reached (10~° mbar). The tube was then
fitted in a Carbolite MTF 9/15/130 furnace and heated to 300°C
(5°Cmin"). During the heating phase, EIMS* spectra were collected in
steps of 5°C. DSC curves from 20 to 800°C were recorded by using a
Metler-Toledo DSC 25, using aluminium crucibles. All measurements
were carried out under nitrogen atmosphere. Scanning electron microsco-
py (SEM) measurements were carried out by using a JEOL JSM-6500F
(field emission source). Electron diffraction and microscopy experiments
were performed by using a JEOL-JEM 2011 transmission electron micro-
scope (TEM, 200 kV). The powder diffraction investigations were carried
out in Debye-Scherrer geometry and diffraction data were collected by
using a conventional powder diffractometer (STOE Stadi P, Mo and
Cug,, radiation). Temperature-dependent measurements were performed
by using the same diffractometer (Moy,, radiation) with a STOE fur-
nace: Samples were enclosed in silica capillaries and heated from RT up
to 900°C and investigated within the angular range 4.5°<26<20.5°.
Powder diffraction patterns were recorded mostly in temperature steps of
20 K. Products were identified by using the STOE WinXPOW program
package (Version 1.22, 1999).

General procedure for [Cp;LnNH;] (Ln=Sm (1-Sm), Gd (1-Gd), Dy (1-
Dy), Ho (1-Ho), Er (1-Er), Yb (1-Yb)): Anhydrous ammonia was con-
densed at —78°C (dry ice, iPrOH) onto [LnCp;] (4-10 mmol). The result-
ing colourless mixture was stirred rapidly for 1-10 h and then allowed to
stir for an additional 6-24 h without further cooling. After complete
evaporation of residual ammonia, the pale-coloured solid was dried
under vacuum (107-107% mbar, RT), removed from the glass wall of the
Schlenk tube, recollected at the bottom of the Schlenk and sublimed
under reduced pressure (1072107 mbar, 180-210°C). The sublimation
yielded crystalline 1-Ln (50-91 %). Suitable single crystals were obtained
directly from the glass wall of the Schlenk tube or after subsequent subli-
mation.

1-Sm: [Cp;Sm] (3.40g, 9.8 mmol); 30 mL NH;; stirring time 1h at
—78°C, 10 h without further cooling; subl. temp. 180°C; yield 2.98 g
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(81%), yellow/orange crystals. IR (KBr): #=3535 (w), 3365 (m), 3322
(s), 3252 (ss), 3188 (m), 3165 (m), 3086 (m), 2707 (w), 2415 (w), 1732
(wbr), 1651 (mbr), 1600 (ss), 1439 (ms), 1356 (m), 1230 (s), 1216 (s), 1124
(w), 1058 (m), 1010 (ss), 874 (w), 842 (w), 773 (vs), 620 (w), 499 cm™*
(mbr); elemental analysis caled (%) for C;sH;sNSm (362.7): C 49.7, H
5.0, N 3.9, Sm 41.5; found: C 48.9, H 4.7, N 3.5, Sm 42.0.

1-Gd: [CpsGd] (2.30g, 6.5mmol); 25 mL NHj; stirring time 2h at
—78°C, 24 h without further cooling; subl. temp. 190°C; yield 1.83 g
(76 %), colourless crystals. IR (KBr): 7=3914 (w), 3323 (m), 3254 (m),
3191 (vw), 3167 (w), 1961 (vw), 2711 (vw), 2418 (vw), 1765 (vw), 1602
(m), 1436 (w), 1358 (w), 1238 (m), 1125 (vw), 1059 (vw), 1009 (m), 877
(w), 844 (w), 775 (s), 666 (W), 622 (W), 535 cm™" (w); elemental analysis
caled (%) for C;sH;gNGd (369.6): C 48.7, H 4.9, N 3.8, Gd 42.5; found: C
47.5,H4.7,N 3.4, Gd 42.7.

1-Dy: [Cp;Dy] (2.07 g, 5.8 mmol); 30 mL NHj;; stirring time 2h at
—78°C, 14 h without further cooling; subl. temp. 210°C; yield 1.09 g
(50%), pale-yellow crystals. IR (KBr): #=3916 (w), 3571 (vw), 3368 (w),
3324 (m), 3258 (s), 3191 (w), 3168 (w), 3080 (w), 3069 (w), 2712 (vw),
2418 (vw), 1766 (w), 1649 (w), 1602 (s), 1441 (w), 1436 (w), 1358 (vw),
1226 (s), 1126 (vw), 1060 (w), 1010 (s), 878 (w), 843 (w), 776 (s), 668 (W),
621 (w), S11em™ (m); MS (70 eV): miz (%): 359 (11) [DyCp;*], 294
(36) [DyC,*], 229 (10) [DyCp*], 164 (4) [Dy*], 66 (100) [CsHq*], 65
(40) [CsH,*], 39 (33) [CHL*], 17 (5) [NH, ]

1-Ho: [CpsHo] (2.49¢g, 6.9 mmol); 30 mL NHj; stirring time 2h at
—78°C, 12 h without further cooling; subl. temp. 180°C; yield 2.17 g
(83%), orange crystals. IR (KBr): #=3917 (w), 3859 (w), 3322 (s), 3254
(s), 3194 (w), 3169 (m), 3091 (m), 2714 (w), 2421 (vw), 1768 (m), 1650
(m), 1603 (s), 1436 (m), 1358 (m), 1244 (vs), 1060 (m), 1008 (vs), 880 (m),
845 (sh), 775 (vs), 621 (w), 525cm ™" (m); elemental analysis caled (%)
for C;sH;sNHo (377.3): C 47.8, H 4.8, N 3.7, Ho 43.7; found: C 48.5, H
4.7,N 3.0, Ho 44.4.

1-Er: [Cp;Er] (3.17 g, 8.7 mmol); 30 mL NH;; stirring time 6 h at —78°C,
10 h without further cooling; subl. temp. 200°C; yield 3.01 g (91 %), pink
crystals. IR (KBr): 7=3552 (m), 3366 (w), 3331 (s), 3300 (w), 3258 (ss),
3193 (w), 3170 (w), 3090 (m), 2708 (w), 2417 (w), 1768 (wb), 1650 (wb),
1603 (s), 1548 (m), 1437 (ms), 1358 (m), 1232 (s), 1122 (w), 1060 (w),
1010 (ss), 891 (w), 844 (w), 701 (vs), 690 (m), 525 (w), 469 (w), 451 (w),
432 cm™' (w); elemental analysis caled (%) for C,sH;sNEr (379.6): C
47.5,H 4.8, N 3.7, Er 44.1; found: C 46.4, H 4.1, N 3.7, Er 43.8.

1-Yb: [Cp;Yb] (1.51¢g, 4.1 mmol); 30 mL NHj; stirring time 2h at
—78°C, 14 h without further cooling; subl. temp. 180°C; yield 1.41 g
(89%), green crystals. IR (KBr): #=3558 (mb), 3368 (w), 3333 (s), 3261
(ss), 3171 (w), 3092 (w), 2715 (w), 2421 (w), 1772 (wbr), 1661 (wbr), 1603
(s), 1442 (m), 1365 (w), 1232 (s), 1121 (w), 1060 (w), 1012 (ss), 891 (w),
781 (vs), 669 (w), 523cm™' (w); elemental analysis calcd (%) for
CisH;gNYD (385.4): C46.7, H 4.7, N 3.6, Yb 44.9; found: C 46.0, H 4.0, N
3.3, Yb 45.0.

General procedure for [{Cp,LnNH,},] (Ln=Dy (2-Dy), Ho (2-Ho), Er
(2-Er), Yb (2-Yb)): A Schlenk tube was flame dried, set under nitrogen
atmosphere and filled with [Cp;DyNH;] (500 mg, 1.33 mmol). The
Schlenk tube was heated (200-290°C) under slight argon or nitrogen
overpressure (30-85 mbar). Formation of both a colourless amorphous
and a crystalline solid were observed after sublimation (200-250°C). Iso-
lation of the crystalline part of the sublimate and further analysis proved
the formation of 2-Ln (17-70%). Single crystals were obtained directly
from the glass wall of the Schlenk reaction tube.

2-Dy: [Cp;DyNH;] (500 mg, 1.3 mmol); reaction temperature 290°C;
subl. temp. 250°C; yield 70.8 mg (17 %), colourless crystals. IR (KBr):
7=3546 (w), 3345 (vw), 3293 (w), 3074 (w), 2703 (vw), 1742 (vw), 1638
(vw), 1539 (w), 1436 (vw), 1353 (vw), 1310 (vw), 1121 (vw), 1061 (vw),
1010 (m), 885 (vw), 845 (vw), 781 (s), 762 (s), 667 (m), 438 cm ™' (w); MS
(70 eV): mlz (%): 617 (16) [M*], 552 (98) [Dy,CpsN,H,*], 535 (40)
[Dy,Cp:NH,*], 516 (10) [Dy,Cp;*]. 486 (3) [Dy.Cp.NH,*], 469 (13)
[Dy,Cp:N*], 403 (9) [Dy,CpN~], 359 (22) [DyCps*]. 294 (100) [DyCp,*
1,229 (26) [DyCp*], 164 (6) [Dy*], 66 (52) [CsHe*], 65 (23) [CsHs™], 39
(13) [G:H,™], 17 (2) [NH, ']
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2-Ho: [Cp;HoNH;] (1.86 g, 4.9 mmol); reaction temperature 240°C; subl.
temp. 210°C; yield 1.08 g (70 %), pale-pink crystals. IR (KBr): #=3915
(vw), 3549 (m), 3347 (vw), 3296 (w), 3075 (w), 2704 (vw), 1744 (vw), 1639
(w), 1542 (m), 1436 (w), 1322 (w), 1121 (vw), 1061 (vw), 1010 (s), 886
(vw), 782 (vs), 764 (s), 673 (s), 444 cm™' (m); MS (70 eV): m/z (%): 622
(2) [M*], 557 (16) [Ho,CpsN,H,*], 540 (6) [Ho,CpsNH*], 474 (2)
[Ho,Cp,N*], 360 (8) [HoCp;*], 295 (32) [HoCp,*], 230 (6) [HoCp*],
165 (2) [Ho™], 66 (100) [CsH4*], 65 (40) [CsHs*].

2-Er: [Cp;ErNH;] (2.65 g, 7.0 mmol); reaction temperature 250°C; subl.
temp. 220°C; yield 1.40 g (65 %), pink crystals. IR (KBr): #=3553 (m),
3365 (w), 3350 (w), 3300 (s), 3087 (m), 2706 (w), 2413 (w), 2271 (w), 1747
(wb), 1642 (wb), 1548 (s), 1437 (ms), 1354 (m), 1258 (w), 1232 (w), 1121
(w), 1060 (w), 1010 (ss), 886 (w), 844 (w), 783 (vs), 765 (vs), 683 (s),
451 cm ™' (w); elemental analysis calcd (%) for C,,H,,NEr (313.47): C
38.3,H 3.9, N 4.5, Er 53.3; found: C 36.9, H 4.0, N 4.1, Er 53.6.

2-Yb: [Cp;YbNH;] (765 mg, 2.0 mmol); reaction temperature 250°C;
subl. temp. 220°C; yield 494 mg (78 %), yellow crystals. IR (KBr): 7=
3562 (m), 3545 (w), 3304 (s), 3097 (m), 2707 (w), 2410 (w), 1753 (wbr),
1640 (wbr), 1558 (s), 1438 (ms), 1370 (m), 1121 (w), 1060 (w), 1010 (ss),
891 (w), 784 (vs), 767 (vs), 703 (s), 510 cm™! (w).

Procedures for the pyrolysis reaction to LnN (Ln=Sm, Gd, Dy, Ho, Er,
Yb)

Route A ([Eq. (3)], Ln=Ho, Er, Yb): 2-Ln (0.5-1.5 mmol) was mixed to-
gether with LiNH, (1.5-3.0 mmol), ground thoroughly in a mortar and
transferred to a glazed clay crucible situated in a quartz tube, which was
connected to a Schlenk line. The boat was heated to 188°C (2°Cmin™")
under argon atmosphere. After 6d at this temperature, the tube was
cooled to RT and the brown powder was analysed by X-ray powder dif-
fraction (XRD). After opening the tube under argon atmosphere, the
typical smell of ammonia was detected. Subsequently, the mixture was
heated to 250°C (2°Cmin") for 3 d and then cooled to RT. The forma-
tion of a colourless, feltlike crystalline solid covering the brown solid in
the crucible was observed. Again, after opening the tube under argon at-
mosphere, the typical smell of ammonia was detected. Subsequently, the
solid was thoroughly ground in a mortar and heated to 250°C under
vacuum (107> mbar) for a further 2 d. The formation of a colourless mi-
crocrystalline powder was observed at the cooler part of the tube and a
dark brown solid remained inside the alumina boat. The brown solid was
identified by X-ray powder diffractometry as erbium nitride. Elemental
analysis calcd (%) for ErN (181.3): C 0.0, H 0.0, N 7.7, Er 92.1; found: C
1.5,H 0.1, N 7.9, Er 90.8.

Route B ([Eq. (4)], Ln=Dy, Ho, Er): 1-Ln (0.3-1.0 mmol) was mixed to-
gether thoroughly with (0.9-3.0 mmol) of LiNH, in an alumina crucible
situated inside a quartz tube, which was connected to a Schlenk line and
heated to 200°C (2°Cmin"") under nitrogen or argon atmosphere. After
24 h at this temperature, the following procedure was repeated three
times: the tube was heated to 260°C (2°Cmin ") for 12 h and afterwards
cooled to RT (4°Cmin~"). To achieve complete reaction of the compo-
nents the crude product was ground thoroughly in a mortar.

Formation of a colourless crystalline solid was observed at the cooler
part of the tube after heating. Opening of the tube under argon atmos-
phere revealed the typical smell of ammonia and on the top of the cruci-
ble, the formation of a colourless feltlike film over the crude product was
observed. Both products were identified by X-ray powder diffractometry
as cyclopentadienyl-lithium" and lanthanide nitride. CpLi: IR (KBr):
7=3938 (w), 3677 (w), 3087 (w), 2922 (w), 2677 (w), 2396 (w), 2023 (w),
1757 (w), 1642 (m), 1544 (m), 1433 (w), 1259 (w), 1005 (m), 748 (s),
520 cm ™' (m); elemental analysis caled (%) for ErN (181.3): C 0.0, H 0.0,
N 7.9, Er 92.1; found: C 3.2, H 0.2, N 8.3, Er 87.9.

Route C ([Eq. (5)]): 2-Yb (493 mg, 1.54 mmol) was mixed together with
CaH, (130 mg, 3.1 mmol) in a glazed clay crucible situated inside a
quartz tube, which was connected to a Schlenk line and then heated to
360°C (1°Cmin~") under argon atmosphere. After 7d at this tempera-
ture, the tube was cooled to RT (1°Cmin~"). The formation of small
amounts of colourless, green, orange, yellow and red crystals was ob-
served at the cooler part of the tube. After opening the tube under argon
atmosphere, the typical smell of ammonia was detected and inside the
crucible, a black microcrystalline solid was formed. The black solid was
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identified by X-ray powder diffractometry as ytterbium nitride. The side
products were identified by single-crystal diffractometry as [Cp;YDb],
[CaCp,] and [Yb,Ca,_,Cp,].

X-ray single-crystal data collection, structure solution and refinement

Because reflection data were collected by using different instruments,
data reduction was performed by using different program packages and
will be reported for each crystal. In the discussion of data of higher quali-
ty, only the low-temperature measurements will be mentioned in this arti-
cle. Nevertheless, both low-temperature and RT data are available at
CCDC. CCDC 287096-287111 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Subsequent calculations after the determination of the
unit-cell parameters and data reduction to the hkl-format were carried
out by using the SHELXS!! and SHELXL!! programs. The analytical
scattering factors for neutral atoms were used throughout the analysis.
Hydrogen atoms were either treated isotropically, if found in the Fourier
maps, or were included manually by using a riding model.

[Cp;GdNH;] (1-Gd): The diffraction symmetry was m3 and the systemat-
ic absences were consistent with the centrosymmetric cubic space group
Pa3, which was later determined to be correct. The structure of 1-Gd was
solved by direct methods and refined on F* by using full-matrix least-
square techniques. The Ln—N bond is located along the 3-fold axis of the
unit cell, so that only a CsH;GdNH fragment is situated in the asymmet-
ric unit and the metal atom and the nitrogen atom are located on special
positions. The STOE IPDS program package was used to determine the
unit-cell parameters, for data collection and to transform the raw data
into the reflection-data file. The refinement was carried out by using un-
merged data to obtain more precise results. Further details are given in
Table 1, and bond lengths and angles are listed in Table 2.

[Cps;LnNH;] (1-Dy, 1-Ho, 1-Er): The diffraction symmetry was 2/m and
the systematic absences were consistent with the centrosymmetric mono-
clinic space group P2,/c, which was later determined to be correct. The
structures of 1-Dy, 1-Ho and 1-Er were solved by direct methods and re-
fined on F” by using full-matrix least-square techniques. The STOE IPDS
program package was used for 1-Ho to determine the unit-cell parame-
ters, for data collection and to transform the raw data into the reflection-
data file. However, for 1-Dy and 1-Er the Collect program package (sca-
lepack cell, hkl scalepack and hkl Denzo) was used to determine the
unit-cell parameters, for data collection and to transform the raw data
into the reflection-data file. Further details are given in Table 1, and
bond lengths and angles are listed in Table 2.

[{Cp,LnNH,},] (2-Dy, 2-Ho and 2-Yb): The diffraction symmetry was 2/
m and the systematic absences were consistent with the centrosymmetric
monoclinic space group P2,/n, which was later determined to be correct.
The structures of 2-Dy, 2-Ho and 2-Yb were solved by direct methods
and refined on F* by using full-matrix least-square techniques. A 2-fold
axis is situated in the centre of the dimeric complex, therefore, only one
half of the entire molecule is situated in the asymmetrical unit. The
STOE IPDS program package was used to determine the unit-cell pa-
rameters, for data collection and to transform the raw data into the re-
flection-data file. Further details are given in Table 5, and bond lengths
and angles are listed in Table 6.

[{Cp,ErNH,]},] (2-Er): The diffraction symmetry was m3 and the system-
atic absences were consistent with the centrosymmetric cubic space
group Im3, which was later determined to be correct. The structure of 2-
Er was solved by direct methods and refined on F* by using full-matrix
least-square techniques. The molecular structure is highly symmetrical, so
that three carbon, four hydrogen, one nitrogen and one erbium atom are
situated in the asymmetrical unit of the elementary cell. The Collect pro-
gram package (scalepack cell, hkl scalepack and hkl Denzo) was used to
determine the unit-cell parameters, for data collection and to transform
the raw data into the reflection-data file. The refinement was carried out
by using unmerged data to obtain more precise results. Further details
are given in Table 5, and bond lengths and angles are listed in Table 6.
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