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“These Elements (rare earth) perplex us in our researches, baffle us in our speculations, and
haunt us in our very dreams. They stretch like an unknown sea before us — mocking, mystifying

and murmuring strange revelations and possibilities.”

Sir William Crookes (Address to the British Association, 1876)
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Abstract.— The thesis presented here deals with solvent-solute interactions of rare-earth
ions in bis(trifluoromethanesulfonyl)amide ([TfN)- and trifluoromethanesulfonate ([OTf])-
based ionic liquids (IL). In order to elucidate the process of solvatation, rare earth iodides,
triflates and bis(trifluoromethanesulfonyl)amides are synthesized as precursors and reacted
with [Tf:2N]- and [OTf]-based ionic liquids, containing substituted pyrrolidinium or
imidazolium heterocycles as cations.

Interaction of NdI: with the room temperature ionic liquid (RTIL) 1-butyl-1-
methylpyrrolidinium [Tf2N] ([bmpyr][Tf2N]) leads to the formation of the sparingly soluble
compound [bmpyr]s[NdL][Tf2N], the anion of the RTIL being incorporated in the structure
in a non-coordinating fashion. By displacing the butyl chain in [bmpyr]* by a methyl group,
the compound [mppyrs[Ndl], a [Tf2N]-free compound is obtained. The solvatation of the
other trivalent iodides of the rare-earth elements leads to similar compounds with the
composition [bmpyr[sJLnk][T2N] (Ln = La, Pr, Sm, Dy, Er) in which the metals are
coordinated octahedrally by iodine atoms. A structural change is observed between Pr and
Nd, which is manifested in the arrangement of the [Lnls]-ocahedra with respect to each
other.

The coordination mode of the [Tf.N]-anion was determined by reaction of Ln(Tf2N); with
[bmpyr][Tf2N]. X-Ray structure determinations reveal that [bmpyr]:[Ln(Tf.N)s] is formed for
the larger lanthanides (La-Tb), whereas the smaller ones (Dy-Lu) are coordinated by four
ligands in [bmpyr][Ln(Tf-N)q. The RTIL 1-butyl-1-methylimidazolium [Tf.N]
([bmim][Tf2N]) reacts with Eu(TfN)s to give a lanthanide-based RTIL [bmim][Eu(TfN)s]
(glass-transition point: -50°C). Ligand exchange examinations reveal that [OTf]-anions are
able to displace [Tf2N]-ligands. For example the compound [bmpyr]:[Yb(OTf)e][Tf2N] can be
crystallized from Yb(TfN); and [bmpyr][OTf]. Simple halides of the salt-like divalent rare-
earth dissolve in [Tf2N]-based ILs under complete ligand exchange as can be shown by the
formation of [mppyr][Yb(TfN):] from YbL. and [mppyr][T2N]. In addition,
[mppyr][AE(Tf2N):] (AE = Ca, Sr) and [mppyr][Ba(TfN)s] were synthesized as model

compounds for the larger divalent lanthanides (Eu, Sm).



-8 -

Zusammenfassung.— In der vorliegenden Arbeit werden Solvens-Solvat Wechsel-
wirkungen von Lanthanid-Ionen in Bis(trifluoromethansulfonyl)amide ([Tf2N])- und
Trifluoromethansulfonate ([OTf])-basierten Ionischen Fliissigkeiten (IL = ionic liquids)
untersucht. Zu diesem Zweck wurden die dreiwertigen lodide, Triflate und
Bis(trifluormethansulfonyl)amide der Seltenen-Erden, und die wasserfreien Diodide des
Yb, Sm, Ca, Sr und Ba als Ausgangsverbindungen synthetisiert. Die Untersuchten
Ionischen Fliissigkeiten bestehen aus [Tf2N]- oder [OTf]-Anionen, als Kationen dienen
bisubstituierte N-Heterocyclen (Pyrrolidinium oder Imidazolium). Durch die Reaktion
von NdIs mit der RTIL (room temperature ionic liquid) 1-Butyl-1-methylpyrrolidinium
[Tf2N] ([bmpyr][Tf2N]) wurde die schwerldsliche Verbindung [bmpyr]«[NdIs][Tf2N]
erhalten. Das Anion der IL ist hierbei nicht koordinierend in die Struktur eingebaut, die
Verbindung kann daher als Solvat Addukt gemafs [bmpyr]s[Ndle]-[bmpyr][Tf2N]
aufgefasst werden. Durch Austausch des Butyl-Substituenten am Kation der IL durch
eine Propyl-Seitenkette ([mppyr]) konnte die [TfN]-freie Verbindung [mppyr]s[NdIs]
erhalten werden. Systematische Untersuchungen zum Solavatationsverhalten der
weiteren Lanthanidiodide fiihrte zu Produkten der gleichen Zusammensetzung,
[bmpyr]sLnle][Tf2N] (Ln = La, Pr, Sm, Dy, Er), wobei der Effekt der Lanthaniden-
kontraktion zu einem strukturellen Ubergang von P4:2:2 (La-Pr) zu I4:/a (Nd-Er) fiihrt,
bei dem sich die Anordung der [Lnle]> Oktaeder entlang der kristallographischen c-
Achse é&ndert. Anhand der Praseodym-Verbindungen [bmpyr]s[Prle][Tf2N] und
[bmpyr][Pr(Tf2N)s wurden die luminophoren Eigenschaften in Losung und in Festphase
untersucht. Dabei ldsst sich in Losung eine bemerkenswerte Population der
hochenergetischen Zustdnde nachweisen, die in konventionellen Losemitteln
weitestgehend strahlungslos desaktiviert wird. Die Koordination der [Tf2N]-Anionen
wurde durch Reaktion von Ln(Tf2N)s (Ln = Pr, Nd, Sm, Eu, Tb, Dy, Tm, Yb, Lu) mit
[bmpyr][Tf2N] nachgewiesen. Bei den grofieren Lanthaniden entsteht die Verbindung

[bmpyr]o[Ln(Tf2N)s5] (Ln = La-Dy) wahrend die kleineren lediglich vier Anionen gemaf
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[bmpyr][Ln(Tf2N)4] koordinieren. Die Koordinationsmodi wurden eingehen an der Eu-
und Yb- Verbindung spektroskopisch und elektrochemisch untersucht. Durch Reaktion
von Yb(Tf2N)s mit der Triflat-basierten Ionischen Fliissigkeit [bmpyr][OTf] konnte die
Verbindung [bmpyr]sYb(OTf)s][Tf2N] kristallisiert werden. Die starker basischen
Triflat-Liganden verdrangen in dieser Verbindung alle [Tf:N]-Liganden aus der
Koordinationssphare des Yb-lons. Die [Tf2N]-Einheit ist wiederum als Solvens-Addukt
gemdfs [bmpyr[s[Yb(OTf)s]-[bmpyr][Tf2N] in die Struktur eingebaut. Durch
cyclovltammetrische Untersuchungen konnte der Ligandenaustausch auch in Losung
nachgewiesen werden. Hierbei liefS sich die stirkere Lewis-Basizitit der Triflat-
Liganden gegentiber den Bis(trifluormethansulfonyl)amiden feststellen. Die [Tf2N]-freie
Verbindung [bmpyr]s[Yb(OTf)s] konnte durch Umsetzung von Yb(OTf)s mit
[bmpyr][OTf] erhalten werden. Im Bereich der zweiwertigen Seltenerd-Verbindungen
konnte durch Reaktion von Ybl: mit [mppyr][Tf2N] die homoleptische Verbindung
[mppyr][Yb(Tf2N)4] isoliert werden, bei der analog zur dreiwertigen Verbindung vier
Anionen das Metallion koordinieren. Fiir die analoge Samarium-Verbindung konnte
eine zweiwertige Spezies lediglich spektroskpopisch in Losung nachgewiesen werden.
Ndl. zeigt gegeniiber Pyrrolidinium-basierten ILs keine Reaktivitit, ein Ubergang zu
Triethylsulfonium-Kationen fiihrt zur Zersetzung der Ionischen Fliissigkeit. Durch
Reaktion von NdI und Sml: mit [S(Et)s][Tf2N] konnte das dreiwertige
Zersetzungsprodukt [S(Et)s]s[Lnls] (Ln = Nd, Sm) kristallographisch nachgewiesen
werden. Als strukturchemisches Modell fiir die zweiwertigen Ionen des Sm und Eu
wurden Erdalkalimetallionen herangezogen. Die Umsetzung von Cal: und Srl> mit
[mppyr][Tf2N] fithrte zu Yb-analogen Verbindungen [mppyr][AE(Tf2N)s] (AE = Ca, Sr).
Die Umsetzung mit Balz ergab die Verbindung [mppyr][Ba(Tf2N)s], in der die[Tf2N]-
Liganden Barium-Ionen zu unendlichen Ketten verkniipfen. Die unterschiedlichen

Koordinationsmodi wurden Raman-spektroskopisch bestatigt.
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I. General considerations

1. Introduction

The aim of this work is to gain a better understanding of the interaction of rare earth
ions with triflate- and bis(trifluoromethanesulfonyl)amide-based ionic liquids. These
systems have received considerable attention over the last few years in several fields of
chemistry, whereas most of the published work in this field appeared in the last two
years. This indicates the growing interest in this class of compounds and their high
potential for different applications.

Gaillard et al. investigated the behaviour of Eu(Ill) and its halides in RTILs in the context
of actinide/lanthanide separation [1]. Already in 1999, a patent had been filed for the
recovery of uranium and plutonium from spent nuclear fuels [2]. Especially Tf2N- based
RTILs (Tf2N- = bis(trifluormethanesulfonyl)-amide) are expected to be applicable to
various uses in electrochemistry such as batteries, electroplating and electrochemical
syntheses [3]. Also in organic chemistry rare-earth/ionic liquid-based systems are
identified as very useful catalysts e.g. in the Friedel-Crafts acylation of aromatics with
Yb(Tf2N)s/[bmim][Tf2N] [4]. However, one major application of rare-earth compounds
follows from its luminescence properties which are widely applied. Lighting devices
(economical luminescent lamps, light emitting diodes), television and computer
displays, optical fibres, optical amplifiers, lasers, as well as responsive luminescent
stains for biomedical analysis, medical diagnosis, and cell imaging rely heavily on
lanthanide ions [5]. Their optical properties can be modified by the use of ionic liquids.
For example, high quantum yields and enhanced photostability have been recently
reported for Eu(Ill) in a weakly coordinating imidazolium ionic liquid [6]. Since there is
very little known about complexation effects of rare earth ions in ionic liquids, the aim
of this work is to get deeper insights into the dissolution process of rare-earth

compounds in certain ionic liquids as they crucially determine the material’s properties.
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The main focus is set on the electrochemical and optical properties of these systems, and

the structure determination of newly composed complexes.
2.  State of the art

21 Whatis an ionic liquid?

According to a common definition, ionic liquids (ILs) are compounds which consist
entirely of ions and have a melting point below 100°C. The definition of a melting point
< 100°C comes from the patent literature in order to distinguish this class of compounds
from traditional high temperature molten salts. Many are even liquid at room
temperature (RTIL's — room temperature ionic liquids). Because of their salt-like nature,
ionic liquids have a high Coulomb potential which can be used to stabilize other ionic
compounds. But not only! It has been well established that ionic liquids can even
dissolve metals [7]. The character of an ionic liquid can be comparatively easily tuned
(and thus tailored for a certain application) by the choice of the respective cation/anion
combination. Physical and chemical properties that are dependent on the cation/anion
combination include miscibility of the IL with water, organic solvents, dissolution of
gases, basicity, coordination power, viscosity, thermal stability and many further
properties [8]. The unique constituency of ionic liquids allows not only the choice
between different cations and anions (c.f. Figure 1) but also further functionalization of
the ionic liquid via modification of the cationic alkyl chain. For example, it has already
been shown that air-sensitive transition metal catalysts can be kinetically stabilized in
certain ionic liquids [9]. Furthermore, ionic liquids as a solvent for synthetic reactions
have the advantage of a negligible vapour pressure, which offers, aside from “green
chemistry” aspects (low volatility, no flamablitity etc.), the possibility to distill off any

volatile reaction products and at the same time keep the catalyst cation in solution.
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Fig. 1: The ionic liquid “construction kit”
2.2 Divalent lanthanide-mediated organic reactions

Rare-earth Compounds in the oxidation states +III are widely applied in conventional
solvents for numerous organic transformations. For the +II state, the most prominent is
the Kagan-reagent, Smlz. This compound is usually synthesized in situ in THF from Sm
metal and CH:l> [10]. It is used for selective reduction of functional groups and
reductive C-C coupling (e.g. Pinakol-coupling, Barbier-Grignard-reaction [11], cleavage
of C-heteroatom-bonds [12]). Sm(II) together with Sm(III) is used for selective reduction
of carboxylic acids in presence of aldehydes [13] and also in cascade-Aldol-Tishchenko-
reaktions [14]. Eu(Il) und Yb(II) are less investigated due to their lower redox-potential.
The more reducing divalent species are too reactive to be utilized in molecular solvents
at ambient temperatures. Nd(II) for example decomposes in THF above -20°C. Divalent
organometallic species of Tm are stable as solid compounds, but decompose in solution
in about several hours [15-22]. Recently is was shown, that Dyo(THF)s, due to its higher
reduction potential, can be utilized for reductive coupling of alkyl-halides which are

not coupled by Sml2[23]. Also the system NdIs/Na yields interesting coupling reactions,
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although the route of the transformation and the active species is not determined clearly
[24]. Yet, ionic liquids are not utilized as a reaction media for divalent rare-earth species,
although the effect of the Coulomb potential could stabilize metal-ions in solution. Only
one work appeared before the start of this work, dealing with the spectroscopical

investigation of Eulz in a [PFs] based ionic liquid [25].

—Eu [Yb[Sm{Tm[Dy |Nd|Pm|Ho|Er [Pr|Tb|La|Ce |Gdm

E°(M3*E—=M2")}V

—

Fig. 2: Reduction potentials Ln(III)/Ln(II) [26]
2.3  Trivalent lanthanide-catalyzed organic reactions

Trivalent lanthanide compounds can be used like to AlCls as a Lewis-acid-catalyst and
are utilized for C-C and C-heteroatom bond formation [27] (c.f. Michael-reaction [28],
Tishchenko-reduction [29], Baeyer-Villiger-reaction [30], (Mukaiyama) aldol-
condensation [31], Diels-Alder-reaction or Claisen-reaction). Stereoselective
transformations can are accomplished with chiral rare-earth compounds e.g. with
Lanthanum-BINOL [32]. Regarding the effectiveness as a catalyst several rare-earth
trihalides were compared and investigated in reactivity towards the Meerwein-
Ponndorf-Verley-reduction [33] and Hetero-Diels-Alder-reactions [34]. There is a direct
connection between the ionic radius and the catalytic activity in these systems. By

choosing the size of the metal-ion, the acidity and therefore the reactivity is tuneable.
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Lewis-acid catalysis with rare-earth compounds in ionic liquids is known, e.g. with
trilfates of Sc, used for cyclodimerization [35], 1,3-dienes, for Aza-Diels-Alder-reactions
[36] and Claisen-rearrangements [37]. Lanthanoid-triflates in ionic liquids can be used
for a three-component reaction of aldehyde, amine und P(OEt); to yield o-
aminophosphonates, an important class of pharmaceutical products [39]. This reaction is
catalyzed by M(OTf)s, M=Yb, Sc, Dy, Sm in [bmim][PFe], [bmim][SbFs], [bmim][BFs] und
[bmim][OTf] in high yields (>90% in ionic liquid compared with 70% in
dichloromethane) [40]. M(OTf)s (M=Y, Ho, Tm and Lu) catalyze the Friedel-Crafts-
alkylation of arenes if they are dissolved in ionic liquids; in molecular solvents they
exhibit no catalytic activity [41]. In the Friedel-Crafts acylation of aromatic compounds
with carboxylic acids and aldehydes, rare-earth [Tf2N]-compounds can be utilized [42].

In all cases, the structure of the catalytic active species is to a great extend unknown.

24  Spectroscopy of rare-earth compounds in ionic liquids

Ionic liquids with weakly coordinating anions are solvents with interesting properties to
study the luminescence of rare-earth ions. In conventional solvents, the excited state can
be easily quenched by multiphonon relaxation due to high frequency oscillators (e.g., O-
H, N-H, C-H bonds) which can transfer the energy from the luminescent centre to
vibronic modes of the ligands. Especially low energy transitions in the near-infrared (1-
1.6 um) are quenched effectively. However, lanthanide near-infrared emitters are of
huge interest as potential stains for immunoassays or for the imaging of biological cells,
since biological tissues are to a great extent transparent in this range [43]. By designing
the ionic liquid, luminescent properties can be tuned in a way that is desired for the
respective application. For example, NdIs and Erls dissolved in a hydrophobic
imidazolium ionic liquid show an intense luminescence in the near-infrared [44]. By
designing the ionic liquid in a way that there are no high frequency oscillators present in

the coordination sphere of the dissolved metal-species, it is possible to enhance the
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efficiency of photoemission. In conventional solvents this is partially achieved by the
use of deutorated carbohydrates [45] or by the use of sterical demanding, well shielding

podant-systems [46].

2.5 Electrochemistry of rare-earth compounds in ionic liquids

Bhatt et al. were the first to report on the reduction of Eu(Il) to Eu(0) in [MesX][Tf2N]
molten salts, where X = N, P, As [47]. These salts are solid at room-temperature, but
become liquid below 170°C. Since the Eu(Ill)/Eu(0) couple is more negative than the
U(III)/U(0) or Pu(Ill)/Pu(0) couple, there is a potential for U/Pu or An/Ln separation. In
2005 Bhatt et al. investigated the electrochemistry of La, Sm and Eu in the ionic liquid
[MesN"Bu][Tf2N] and the reduction of the hydrated lanthanide cations to the zerovalent
state is claimed. For Sm(III) and Eu(Ill) the reductions were achieved via the divalent
species, whereas the La(Ill) was directly reduced to La(0). In the same context further
groups investigated the behavior of U(IV)-hexachloro complexes [48] and Th(IV)-[Tf2N]
complexes in [MesN"Bu][Tf2N], also Np(IV) and Pu(IV) were investigated in the
imidazolium- based ionic liquid [bmim][TfN] [49].

Katayama et al. reported on the electrochemical behavior of Eu(IIl), Sm(III) and Yb(III)
as models of the half-cell reactions for redox-flow batteries with [Tf2N]-based RTIL’s
[50]. The reduction to the trivalent state was in all cases quasi- or irreversible which was
interpreted by the shielding of the [Tf2N]-ligand which is surrounding the redox-centre.
Formation of Ln-[Tf2N] species was suggested from chronoamperometric and
chronopotentiometric data and the donor-number of the solvent was estimated from the
half-wave potentials of the divalent and trivalent lanthanides to be 7+2. The etfect of

anion exchange in RTILs is not reported and will be investigated in this work.
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II. Ln(III)-compounds in ionic liquids

1.  NdIs in Tf2N-based ionic liquids

1.1 Introduction

Already in 2005 we showed that anhydrous neodymium(Ill)iodide and erbium(Ill)
iodide dissolved in carefully dried batches of the ionic liquid 1-dodecyl-3-
methylimidazoliumbis(trifluoromethanesulfonyl)amide, [Ciomim][Tf2N] exhibit intense
near-infrared luminescense [1]. In order to investigate this system further, the cation is
modified in a way that it is possible to obtain single crystals of a composed Nd-ionic
liquid-compound. The general route to obtain crystalline samples of sufficient quality
for single-crystal X-ray analysis in this systems is to completely dissolve the educts in
the heat (~393 K) and to subsequently cool the solution slowly to room temperature (1-2
K/h). By using two different ionic liquids which only slightly differ in the length of the
alkyl chain of the pyrrolidinium-cation ([mppyr]* and [bmpyr]*) two new rare-earth
ionic liquid compounds ([mppyr]s[Lnls] and ([bmpyr]s[NdIs][Tf2N]) were obtained,
which point an interesting crystallographic correlation.

The products were structurally characterized in terms of single-crystal and powder X-

ray structure analysis.

1.2  Preparation

NdIs: To synthesize NdlIs, the respective amounts of the elements were placed in a silica
tube which was sealed off under vacuum and subsequently heated for 30 h at 200 °C.
The crude product was purified by sublimation under high vacuum at 800°C [2].

[mppyrl[T£2N] and [bmpyr][Tf2N]: Both ionic liquids were synthesized in a similar
manner following a modified literature procedure [3]. First, the tetraalkyl-
ammoniumhalide was obtained by solvent-free alkylation of N-methylpyrrolidin with 1-

bromo-butane(-methane) respectively at 80°C. The crude product was recrystallized
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from acetonitrile/toluene, dried in vacuum to remove the solvent mixture and
subsequently dissolved in water. One equivalent of lithium bis(trifluoromethane-
sulfonyl)amide in water was added and the mixture was stirred for 24 h at room
temperature. The product which formed a second phase to water was separated,
purified by addition of activated charcoal and filtration through aluminum oxide. It was
dissolved in dichloromethane and washed with small aliquots of water until no halide
residues could be detected in the extract (AgNO:s test). The ionic liquid was dried for 48
h in a Schlenk tube at 150°C under reduced pressure and rigorous stirring. Anal. Calc.
for CuiH20FeN204S: ([bmpyr][Tf2N]): C, 31.28; H, 4.77; N, 6.63%. Found: C, 31.53; H, 5.88;
N, 6.63%. Anal. Calc. for CoHisFsN204S: ([mppyr][Tf2N]): C, 29.41; H, 4.44; N, 6.86%.
Found: C, 29.42; H, 4.90; N, 7.31%.

[mppyrls[NdIe]: NdIs (~52 mg, 0.1 mmol) was put in a silica tube (11 mm in diameter),
then [mppyr][Tf2N] (~ 0.5 ml, 0.73 g, 1.8 mmol) was added. The tube was sealed off
under dynamic vacuum and heated to 393 K until the rare earth salt was completely
dissolved. To obtain [mppyr]s[Ndls], the solutions was subsequently cooled to room
temperature (2 K/min). Under these conditions, crystals of the composition
[mppyr]s[Ndle] precipitated from the solution. The product was separated by canaula-
filtration. Estimated yield: 40%.

[bmpyrl[NdI][Tf2N]: NdIs ( ~ 52 mg, 0.1 mmol) were put in a silica tube (11 mm in
diameter), then [bmpyr][Tf2N] (~ 0,5 ml, 0.7 g, 1.67 mmol) was added. The tube was
sealed off under dynamic vacuum and heated to 393 K until the rare earth salts were
completely dissolved. To obtain [bmpyr]sLnle][Tf2N], the solutions was subsequently
cooled to room temperature (2 K/min). Under these conditions, crystals of the
composition [bmpyr[sLnls][Tf2N] precipitated from the solution. The product was
separated by canula-filtration. Estimated yield: 75%.

To obtain a powder for powder-XRD measurements, the samples were cooled rapidly in

a water bath and the pale greenish solid transferred to a glass-capillary.
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1.3  Structural aspects

The compound [mppyr]s[Ndls] crystallizes in the tetragonal noncentrosymmetric space
group P4:2:2 (no. 92) with eight formula units in the unit cell (Figure la). The
asymmetric unit contains two symmetry-independent neodymium cations which are
each surrounded by an only slightly distorted octahedron of iodine anions with a mean
neodymium-iodide interatomic distance of about 311.4 pm (Figure la and c). It is
noteworthy that the acentricity of the whole crystal structure is introduced by these
(highly symmetric) octahedra which are tilted with respect to the c crystallographic axis
and wind themselves along the parallel 4: screw axis. Above each of the triangular faces
of the [NdIs]*-octahedron a [mppyr] cation is located tangentially (Figure 2b) like it was
already predicted from molecular dynamic studies for hexachlorocomplexes of trivalent

lanthanide cations [4].

Table 1: Crystallographic and refinement details for [mppyrls[NdIs] and [bmpyrlslNdI¢][T£:N]

[mppyrT:[NdLg] [bmpyrlu[NdIg][THN]
Empirical formula C24 Hssa I N3 Nd Cs6 Hso Is Nd S2 F6 N5 Oa
Formula weight 1290.34 1446.69
Crystal system tetragonal tetragonal
Space group P412:2 (no. 92) I41/a (no. 88)
Unit cell dimensions a=b=1888.10(8) pm a="b=1496.85(6) pm
c=2198.39(10) pm c=2853.91(14) pm
Volume 7.83709(6) nm3 6.38582(5) nm3
V4 8 4
Density (calculated) 2.19 g-cm? 1. 88 g-cm?
Absorption coefficient 6.068 mm-" 1.362 mm!
Reflections collected 121794 25654
Independent reflections / Rint 8543 /0.1138 2759/ 0.0538
Absorption correction numerical numerical
Parameters 316 91 (62 restraints)
GooF on F? 0.963 0.953
Final R indices [[>26(])] R1=10.046, wR2=0.105 R1=10.0439, wR2=0.1228
R indices (all data) R1=10.0654, wR2=0.1136 R1=10.0646, wR2>=0.1312

A small change of the ionic liquid, from [mppyr][Tf2N] to [bmpyr][Tf2N] (bmpyr = 1-
butyl-1-methyl-pyrrolidinium), results surprisingly in single crystals of a (at first sight)

rather different compound, [bmpyr]sNdIs][Tf2N] (Figure 2c). That exclusively either
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[mppyr]s[Ndle] or [bmpyr]s[NdIs][Tf2N] are formed depending on the choice of the ionic
liquid, hence the cation of the ionic liquid, is reliable, as confimed by X-ray powder
diffraction. The powder diffractogramms of the respective bulk samples are well
matched with the from single-crystal data expected one. [bmpyr]sNdls][Tf2N]
crystallizes in the (centrosymmetric) space group I4i/a (no. 88) with four formula units

in the unit cell.
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Fig. 1: XRD-pattern of [mppyrl[NdIs] and [bmpyrlsl NdIe][Tf2N]
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Again, the main structural feature is neodymium cations surrounded by a nearly ideal
octahedron of iodine anions (mean neodymium-iodine interatomic distance d(INd-I) )
310.6 pm). Not only is the first coordination sphere around the neodymium cation in
[bmpyr]s[NdIs][Tf2N] the same as in [mppyr]s[Ndle] but also the second. Again, eight
cations of the ionic liquid (here: bmpyr) are residing tangentially above the faces of the
[NdIs]*> octahedron (Figure 1d). The most important difference between both crystal
structures is that in case of [bmpyr]s4[NdIs][Tf2N] not only the cation of the ionic liquid
participates in the structure but also the anion, [Tf2N];, is incorporated in the crystal
structure. By extending the alkyl side chain of the quaternary 1-methylpyrrolidinium
cation by one carbon atom, optimal space filling for a structure containing only
pyrrolidinium cations and [NdIe]*> octahedra seems not to be possible. The cation has

become too large. To get optimal packing in the solid, one formula unit of the ionic
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liquid itself has to get included into the structure. This is, thereby, an example of

chemospecific crystal engineering [5].

ececeeoor

Fig. 2 a-d: Molecular and crystal-strutures of [mppyr][NdIs] and [bmpyrl«[NdIs][T£2N]
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1.4 Discussion

By rewriting the formula [bmpyr[s[NdIs][Tf2N] as [bmpyr[s[Ndls]-[bmpyr][Tf2N] not
only the relationship to [mppyr]s[Ndls] becomes obvious but this formulation also
shows that the compound may be viewed as [bmpyr[s[Ndls] with one formula of the
“solvent”, [bmpyr][Tf2N], added. This view is backed by the fact that the
bis(trifluoromethanesulfonyl)amide anion gets incorporated in a non-coordinating
mode. It has been well established that the bis(trifluoromethanesulfonyl)amide anion
shows the essential feature that is necessary for a low tendency to coordinate:
delocalization of negative charge over an extended area of functional groups [6]. After
many unsuccessful attempts [7] to crystallize rare earth complexes with the Tf2N-ligand
bonded to the metal-center only recently the first structure determinations appeared,
featuring La* in La(Tf2N)3-3H20 [8], Pr*, Nd*, Tm?* in [bmpyr]s[Ln(Tf2N)s], Tm?, Lu®*
in [bmpyr][Ln(Tf2N)4] [9], and Yb? in [mppyr]2[Yb(Tf2N)4] [10]. In [bmpyr]s[NdIs][Tf2N],
the bis(trifluoromethanesulfonyl)amide anion is disordered over two positions which
are occupied equally, and adopts a transoid conformation with respect to the -CFs
groups (Figure 2c), which is generally preferred in the absence of suitable coordination
centers as structure determinations of ILs show [11]. The transoid conformation of the -
CFs groups is also found in the free acid [TEN]JH (i.e.,(CFsS50O2)NH) [12]. Recent
theoretical calculations revealed that transoid [Tf2N]H is about 8 kJ/mol more stable
than cisoid [Tf2N]H and that transoid [Tf2N]- compared to cisoid [Tf2N]- about 4 kJ/mol
[10]. During the formation of both [bmpyr]s[Ndls] and [bmpyr]s[NdIs][Tf2N], the ionic
liquid solution depletes of iodide. According to the stoichiometrical reaction equations
2NdIs + 6[bmpyr][Tf2N] = [bmpyr]s[NdIe][Tf2N] + [bmpyr]2[Nd(Tf2N)s]
2NdIs + 5[mppyr][T£2N] = [mppyr]s[Ndls] + [mppyr]:[Nd(Tf2N)s]

aside from the two insoluble reactions products which both have the [NdI¢]* octahedron
in common, a second neodymium complex which features the lanthanide cation in a

coordination of bis(trifluoromethanylsulfonyl)amide must form. In chapter 3.3 this
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species is characterized in case of the [bmpyr]-ionic liquid. The compound

[bmpyr]:[Nd(Tf:N)s] is formed. Here, the neodymium-ion is surrounded by five Tf2N-

ligands.
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2. Pr(II)-compounds in [bmpyr][T£2N] - structural and optical aspects

2.1 Introduction

Considering the equation from the last chapter

2NdIs + 6[bmpyr][Tf2N] = [bmpyr]sNdIs][Tf2N] + [bmpyr][Nd(Tf2N)s]

it becomes obvious, that there must be beside the crystallographic characterized
[bmpyr]s[NdIs][Tf2N] also a Nd-species present, which is coordinated by the [Tf:N]-
anions of the ionic liquid. Apart from XRD, such ligand effects can be studied well
utilizing optical spectroscopic methods. Since Nd(III) has no optical transitions in the
visible region, the analogue Pr(Ill) compounds can be regarded as model compounds,
which are examined by emission spectroscopy.

Lanthanide contraction leads to a slightly smaller ionic radius for Nd** (11.23 pm)
compared to Pr* (11.3 pm) for the coordination number six [1], which is negligible
considering the coordination environment of the metal-ions dissolved in the ionic liquid.
Astonishingly, the solid state structures of [bmpyr]s{NdIs][Tf2N] and
[bmpyr]s[Prle][Tf2N] differ significantly. Emission spectra of the latter compound are
compared with solutions of Prls in [bmpyr][Tf2N]. To verify the coordination of the
[Tf2N]-entity to the rare-earth ion, Pr(Tf2N)s was synthesized and its interaction with
[bmpyr][Tf2N] studied by XRD and emission spectroscopy. The crystal structure of the
compound [bmpyr]s[Pr(Tf2N)s], which is isostructural to the respective neodymium-
compound, proves unequivocally the coordination of the [Tf2N]-anion to the metal ion,

viz five ligands completing the coordination sphere around the rare earth ions.
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2.2  Preparation

Solution of Pr® in [bmpyr][Tf:N]: Prls (~ 26 mg, 0.05 mmol) was put in a silica tube (11
mm in diameter), then [bmpyr][Tf2N] (~ 0,5 ml, 0.75 g, 1.8 mmol) was added. The tube
was sealed off under dynamic vacuum and heated to 120°C until the rare-earth salt was
completely dissolved. All spectra were recorded with the substance sealed in the silica
tube.

[bmpyrl[PrIe][Tf2N]: Prls (~ 52 mg, 0.1 mmol) was put in a silica tube (11 mm in
diameter), then [bmpyr][Tf2N] (~ 0,5 ml, 0.75 g, 1.8 mmol) was added. The tube was
sealed off under dynamic vacuum and by heating the reaction mixture to 393 K and
subsequent cooling to room temperature (2 K/min), crystals of the composition
[bmpyr]s[Prle][Tf2N] precipitated from the solution. The solid was isolated by canula-
filtration.

Pr(Tf2N)s: The compound was synthesised by dissolving the praseodym metal in
aqueous HTf:N and subsequent removal of the liquid phase [2]. The crude products
were sublimed at 280 °C under reduced pressure (10° mbar) to give Pr(Tf2N)s.
[bmpyrl[Pr(Tf2N)s] was synthesised from Pr(Tf2N)s (123 mg, 0.125 mmol) and
[bmpyr][Tf2N] (355 mg, 0.25 ml, 0.8 mmol). The educts were placed in a silica tube
which was sealed under vacuum. The reaction was carried out at 120°C for 36 h. Single
crystals form as an insoluble product after cooling the reaction mixture to room
temperature (5 K/min). The product was separated by cannula-filtration from the ionic

liquid.
2.3  Structural aspects

2.3.1 Comparison of [bmpyrls[Prl¢][Tf2N] and [bmpyr]ls[NdIs][Tf2N]

The praseodym compound [bmpyr]s[Prle][Tf2N] crystallizes in the axial space group
P45212 (no. 96) with four formula units in the unit cell, while the neodymium compound

[bmpyr]s[NdIs][Tf2N] crystallizes in the centrosymmetric space group [41/a (no. 88), with



-31 -

four formula units in the unit cell as well (see Table 1). In both cases, the asymmetric
unit — corresponding to one formula unit of [bmpyr]sLnls][Tf2N] — contains four cations
of the ionic liquid, [bmpyr]*, one (slightly distorted) [Lnls]> octahedron (Fig. 1, Tab. 2)
and one anion of the ionic liquid, [Tf2N]. Formally, the compound can thus be seen as a
solvent adduct of the pseudo-binary salt [bmpyr]s[Lnls] with the ionic liquid
[bmpyr][Tf2N] (“crystal  solvent”)  itself  according to  the  formula
[bmpyr]s[Lnle]-[bmpyr][T2N].

Table 2: Crystallographic and refinement details for [bmpyr]s[PrIc][Tf2N]and [bmpyrl«[NdI¢][T£2N]

[bmpyrL[PrIl[TELN] [bmpyrLINAILI[TE:N]
Empirical formula Pr IsS2 Fs O4 N5 Cas Hso Nd Is Sz Fs Os4 N5 Css Hso
Formula weight 1751.5 1754.8

Crystal system tetragonal tetragonal

Space group
Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections / Rint
Absorption correction
Parameters

GooF on F?

Final R indices [[>20o(])]
R indices (all data)

P435212 (no. 96)
a=>b=1454.52(7)pm

c =2852.4(2) pm
6034.6(6) -10° pm?

4

1.839 g-cm®

3.998 mm!

55865

6731/0.1524

numerical

348

1.027

R1=0.0582, wR2=0.1116
R1=0.0924, wR2=0.1223

I41/a (no. 88)
a="b=1496.85(6) pm
c=2853.91(14) pm
6385.82(5) -10° pm?

4

1. 88 g-cm

1.362 mm-!

25654

2759 / 0.0538

numerical

91

0.953

R1=0.0439, wR2=0.1228
R1=0.0646, wR2=0.1312

Fig. 1: Crystal structure of [bmpyrls[PrIs][Tf2N], view along [100]. H-atoms are omitted for clarity
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The local surrounding of each [Lnl¢]* octahedron is comparable for both compounds as
described in 1.3. Also the orientation of the [bmpyr]-cations is similar, which are
situated above the faces of the [Lnls]* octahedra such that the pyrrolidinium rings are
almost parallel to the octahedral faces. The Tf2N- anions fill the gaps of the
{[Prls]@8[bmpyr]}>* units winding also along the 4s screw axis parallel to the
crystallographic c-axis. The anions are displaced against the cationic fragment. The Tf2N-
anions themselves are strongly disordered (Figure 2). High conformational flexibility
and a strong tendency to packing frustrations of both the cation and anion are believed
to be the key to low melting salts and thus, to (room temperature) ionic liquids. This is
aggravating to obtain a crystal of sufficient quality for single crystal X-ray structure
analysis. Many specimens showed an extreme disorder of the cation and anion
belonging to the included “solvent”. The crystal structure refinement of the best
specimen that is reported here exhibits even at 170(2) K large displacement factors for

the [bmpyr] cations and the [Tf2N] anions.

% o

A ™~
I !

“ee S e

Fig 2: Disorder of the Tf2N-anion in [bmpyr]s[PrIs][Tf2N]

The main structural difference between the praseodymium and neodymium-compound
becomes clear by comparing the heavy-atom positions in the two compounds.
In the praseodymium-compound, the [Prls]> octahedra wind themselves along the 4s

screw axis parallel to the crystallographic c-axis. The octahedra are tilted from the c axis
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as can be seen from Figure 3. In case of the neodymium-compound, the [NdIs]*
octahedra orient themselves parallel to the crystallographic c-axis. Thus, the latter
compound has a higher symmetry and crystallizes in the space group I4i/a, a
supergroup of P4s212. In both crystal structures, the [Tf2N]-anions fill in the gaps
between two [Lnls] units along the crystallographic c-axis. It is therefore clear why the
[Lnle] octahedra are tilted in one compound and not in the other. In case of the smaller
Nd?* cations the size between the {[Lnls] @ 8 bmpyr}>* units is just right to accommodate
the Tf2N- anions in the remaining voids, whereas in the larger Pr3* analogue the cavity
would be too large for the Tf2N-groups. Thus, the space is reduced by tilting of the
[Prle]* octahedra to allow for an appropriate fit of the Tf2N-unit. The metal-iodine
distances are listed in Table 2 and indicate the larger size of the [Prls]*> compared to the
neodymium one. This assumption is supported by the observation that the analogous
lanthanum compound crystallizes isotypically with the [bmpyr]s[Prle][Tf2N] and that
there exists an erbium-compound [3], isotypic with the neodymium analogue. Thus, the
borderline for the structural transition from P4s2:2 to [4i/a of [bmpyr]sLnls][Tf2N]

compounds is in between Pr®* and Nd*.

Table 3: Metal-iodine distances (pm) in [bmpyrldLnle][Tf2N]

Pr(1)-I(1) | Pr()-1Q2) | Pr1)-I(3) | Nd(1)-I(1) | Nd(1)-I(2)

315.91(10) | 311.71(8) | 311.64(10) | 310.02(10) | 310.99(8)




Fig. 3: Arrangement of the [NdI¢]* units (Ieft) and the [Prle]> (right) in [bmpyr]s[Lnle][T£2N]

2.3.2 The coordination mode of the [Tf2N]-anion in [bmpyr]2[Pr(Tf2N)s]

In order to achieve an exclusive coordination of Pr3* by [Tf2N], Pr(Tf2N)s was reacted
with the ionic liquid [mppyr][TE2N] and a compound of the composition
[bmpyr]o[Pr(Tf2N)s] was obtained. The compound crystallizes in the triclinic centro-
symmetric space group P1 with two formula units in the unit cell. The structure of
[bmpyr]o[Pr(Tf2N)s] is built up by [Pr(Tf2N)s]> complex anions which are forming sheets
parallel to the crystallographic a-b-plane and are separated in the c-direction by [bmpyr]
cations (Fig. 4). By this — as often observed in the case of Tf2N-complex compounds —
separate hydrophobic (Tf2N) and hydrophilic (bmpyr) regions are formed in the
structure. The  praseodymium  cation itself is coordinated by five
bis(trifluoromethanesulfonyl)amide ligands in the form of a (distorted) monocapped

square antiprism. Four Tf2N- ligands coordinate bidentately, one just monodentately
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(Fig. 4) with an average Pr-O distance of 249 pm. Three of the bidentate ligands adopt a

trans-conformation while one exhibits cis- conformation (with respect to the —CFs

groups).

Table 3: Crystallographic details for [bmpyr]:[Pr(Tf2N)s]

[bmpyr]o[Pr(TH,N)s
Empirical formula Pr S10 Fz0 O20 N7 C26 Hao
Formula weight 1802.16
Crystal system triclinic
Space group P1 (no.2)

Unit cell dimensions

Volume

V4

Absorption coefficient
Reflections collected
Independent reflections / Rint
Absorption correction
Data/Parameters

GooF on F?

Final R indices [[>26(])]

R indices (all data)

Fig. 4: Coordination sphere of Pr®* in [bmpyrl2[Pr(Tf:N)s] (1.) and the respective crystal structure (r.)

a=1232.04(12) pm
b=1242.61(14) pm
c=2264.0(2) pm

o =94.440(9)°

B =102.632(8)°
v=105.792(8)°
3219.8(6)-10¢ pm?
2

1.235 mm-!

40163

11337 /0.1106
numerical
11337/894

0.954

R1=0.0743, wR2=0.0827
R1=0.1316, wR2=0.1742

.
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The monodentate ligand shows trans-conformation. Coordination of oxygen atoms
influences the 5-O bonding distance. For S-O bonds involving a coordinating oxygen
atom, a mean interatomic S-O distance of 145 pm is found while for “free” oxygen

atoms a shorter mean S-O distance of 143 pm is observed.

24  Spectroscopical aspects

By dissolving Prls and Pr(Tf2N)s in [bmpyr][Tf2N] in both cases transparent, pale yellow
green solutions are obtained. The absorption spectrum of the solutions shows the
expected transitions from the *Hs ground level to 3P, 3P, °P2, D2 levels according to the
well-known energy level diagram of trivalent rare earth elements [4]. The strong
absorption above 400 nm can be assigned to ligand—metal charge transfer absorptions
which are stronger in case of iodide containg solution. Above 245 nm, absorptions of the

ionic liquid itself are observed.

2,5 T T T T T 10

e
°

05

absorbance [a.u.]
absorbance [a.u.]

=
'

0,0 1 1 1 1 1 1 1 1 1 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700

Wavelength [nm] Wavelength [nm]

Fig. 5: Absorption spectra of Prls (left) and Pr(Tf2N)s (right) in [bmpyr][Tf:N]

In principle, transitions from the P, °Po and the D2 level can be observed for Pr* in the
visible region of light. The luminescence spectra of Prls (Fig. 6) and Pr(Tf2N)s (Fig. 7)
dissolved in [bmpyr][Tf2N] as well as those of [bmpyr]s[Prle][Tf2N] (Fig. 9) and
[bmpyr]o[Pr(Tf2N)s] (Fig. 10) were recorded at room temperature under excitation into

the 3Hs — 3P:2 level (corresponding to a wavelength of 443 nm). The emission spectra of
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both a solution of Prls (Fig. 7) and Pr(Tf2N)s (Fig. 8) dissolved in [bmpyr][Tf2N] show

similar features.

3 3
F=P,

Counts [a.u.]

Counts [a.u.]
T

Fig. 6: Emission spectrum of PrIs Fig. 7: Emission spectrum of Pr(Tf2N)s
dissolved in [bmpyr][Tf2N] dissolved in [bmpyr][Tf2N]

This is not astonishing taking into consideration that both solutions must contain Pr*
solvated by Tf2N". Most probably the complex is [Pr(Tf2N)s]* as can be concluded from
the single crystal X-ray structure analysis (see above). In addition the solution of Prls in
[bmpyr][Tf2N] should contain Pr3* in the form of [Prleé]*, as can again be deduced from
the single crystal X-ray structure analysis.

As previously reported, for Pr3* the 'D: — °Ha transition generally yields the most
intense emission [5]. Radiative transitions from the 'D: level are more probable than
transitions from the 3Pj levels as radiative transitions are more likely to occur when
energy gaps are larger. The 'D: level exhibits the largest energy gap (~ 6.500 cm?,
compared to 3.500 cm! for 3Po — D2) to the next lower lying level in the region under
investigation [6]. Especially for solutions of trivalent praseodymium compounds, the
emission from the 'D:level is expected to be far more intense compared to the emission
from the level 3P0 as multiphonon relaxations due to the presence of high frequency
oscillators present in or of the solvent lead readily to a depopulation of the *Po level. For
example, anhydrous Pr(DPM)s (DPM = di-t-butyl-1,3-diketonate) shows in absolute

DMSO the *Hs«'D2 as well as the *Hes«—3Po transitions whereas in the presence of water
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only the 3Hs«!D: transition is observed [7]. It is especially noteworthy that both the
solutions of Prls and of Pr(Tf2N)s in [bmpyr][Tf2N] show emissions from the 3Pj levels
with unusual high intensities, even at room temperature. Usually the radiationless
population of the 'D: level from the excited °Pj states is preferred at this temperature.
The luminescence from the *Po level is more intense compared to luminescence form the
IP1 level as its population takes place via the *P1 level by a strong radiationless relaxation
[8]. This usually leads to total quenching of luminescence from the P level. Even under
direct excitation into the 3P1 level often only luminescence from the *Po level is observed
[9]. Thus, our system is representative for the comparatively rare case where
luminescence form the 3P1 state is observed in the liquid state even at room temperature.
In case of Pr(Tf2N)s in [bmpyr][Tf2N] even the *Hi < °P1 and 3Hs < 'Is transitions can be
distinguished.

The emission spectra of the solid compounds [bmpyr]s[Prle][Tf2N] (Fig. 8) and
[bmpyr]2[Pr(Tf2N)s] (Fig. 9) show — as expected — weaker Hi « 'D: transitions than the
solution. This is particularly observed in the iodine compound and can be attributed to
the pure iodide surrounding of the rare earth cation and thus the absence of any low
frequent oscillator bonds in the surrounding of praseodymium. In this compound

predominantly high energy transitions (*Hs «— 3P1,3Ha «— Is,3Ha «<— 3Po) are observed.

3 1
3 3
- Hle *Hatp, .

Counts [a.u.]
Counts [a.u.]

450 500 650 450

550 600
Wavelength [nm]

Fig. 8: Emission spectrum of Prls Fig. 9: Emission spectrum of Prls
dissolved in [bmpyr][Tf:N] dissolved in [bmpyr][Tf:N]
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The emission spectrum of [bmpyr][Pr(Tf2N)s] shows broader lines which might be
attributed to the lower site symmetry and stronger crystal field around Pr?. transitions
almost exclusively transitions from the °Pj levels. Aside from a reversed intensity
distribution of the 3Hi « 3Po and *Hi «<— D, the spectrum of [bmpyr]2[Pr(Tf2N)s] shows a
close resemblance to the solution spectra. From this it can be derived that in solution the

predominant Pr3* species is most probably the complex ion [Pr(Tf2N)s]*.

2.4 Discussion

According to the reaction equation

2Prls + 6[bmpyr][T2N] = [bmpyr]s[Prls][Tf2N] + [bmpyr]2[Pr(Tf2N)s]

Prls dissolves in the ionic liquid [bmpyr][Tf2N] similar to NdIs. Thereby, at least two
different praseodymium species are formed. One contains praseodymium octahedrally
coordinated by iodine anions, as established by the crystal structure analysis of
[bmpyr]s[Prle][Tf2N]. By reacting Pr(Tf2N)s with [bmpyr][Tf2N] we were able to obtain
[bmpyr]2[Pr(Tf2N)s] which was be structurally characterized. It shows Pr** coordinated
by nine oxygen atoms of five bis(trifluoromethanesulfonyl)amide ligands in the form of
a monocapped square antiprism. In consequence, the remaining praseodymium cations
must be solvated by the anion of the ionic liquid. All systems show strong transitions
from the °Pj levels which can be attributed to the absence of any low frequency
oscillators in the immediate neighbourhood of the praseodymium cation. As expected
for the solid compounds the intensities for the 3Hs «<— 3Po are enhanced compared to the
SHs «<— D2 transition. Our investigations show that ionic liquids are promising media to
study the luminescent properties of rare earth cations in the liquid state as they
generally quench to a lesser extend the optical transition than conventional solvents.
This may open up the way to new liquid luminescent materials.

The coordination-effect of the Tf:N-anion can even better be studied in europium-

complexes, since the °Do>7F: transition is sensitive to the local environment of the
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Eu® [10]. Also the effect of lanthanide contraction can yield in different behaviour of the

respective trivalent cation in the ionic liquid which is shown in the next chapter.

2.5

[5]

[7]

[9]
[10]
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3.  Behaviour of Ln(Tf2N)sin [bmpyr][Tf:N]

3.1 Introduction

In this chapter the focus is set on the structural and physical properties of [Tf2N]-
compounds of a series of rare-earth cations (Sm, Eu, Gd, Tb, Tm, Yb, Lu). The lanthanide
contraction leads to a structural transition from [bmpyr]o[Ln(Tf2N)s] (La-Tb, type I) to
[bmpyr][Ln(Tf2N)4] (Dy-Lu, type II). The complexes are characterized by XRD and
elemental analysis. Thermogramms evidence, that the lighter rare-earth cations compose
complexes which themselves are ionic liquids, featuring melting points < 100°C. The
respective europium and ytterbium compound are chosen as representatives for the
type I and II compounds and were investigated further by cyclic voltammetry and
spectroscopy. By exchanging the [bmpyr]* cation in [bmpyr]:[Eu(TfN)s] by a [bmim]-
cation (bmim = 1-butyl-1-methylimidazolium) a RTIL is obtained, consisting of a
complex rare-earth anion. The coordination mode of the [Tf2N] anion is further studied
in the respective europium-compound by means of spectroscopy. Addition of the RTIL
[bmpyr][OTf] to the systems Ln(Tf2N)s/[bmpyr][Tf2N] leads to ligand exchange within
the coordination spheres of the rare-earth ions. This is evidenced by single-XRD,

electrochemical methods and spectroscopy.

3.2  Preparation

Ln(T£:N)s: The compounds were synthesized as described before (see 2.2). Anal. data:
Nd(Tf2N)s NdCeF1sN3O12S6: C, 7.32; H, 0.00; N, 4.27%. Found: C, 7.34; H, 0.00; N, 4.15%.
Eu(Tf2N)s EuCeF1sN3O12S6: C, 7.26; H, 0.00; N, 4.23%. Found: C, 7.23; H, 0.00; N, 4.20%.
Tb(Tf2N)s TbCsF18N3O12Se: C, 7.21; H, 0.00; N, 4.20%. Found: C, 7.31; H, 0.00; N, 4.28%.
Dy(Tf2N)s DyCeF1sN3O12Se: C, 7.19; H, 0.00; N, 4.19%. Found: C, 7.12; H, 0.00; N, 4.08%.
Tm(Tf2N)s TmCsF1sNsOn2Se: C, 7.14; H, 0.00; N, 4.16%. Found: C, 7.28; H, 0.08; N, 4.08%.
Yb(Tf2N)s YbCsF1sN3O12Se: C, 7.11; H, 0.00; N, 4.15%. Found: C, 7.26; H, 0.00; N, 4.00%.
Lu(Tf2N)s LuCeF1sN3O012Se: C, 7.10; H, 0.00; N, 4.14%. Found: C, 7.34; H, 0.06; N, 4.22%.
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[bmpyrl[Ln(Tf:N)s] (Ln = Y, La-Tb) were synthesized from the respective Ln(Tf:N)s
compound (0.5 mmol) and [bmpyr][Tf2N] (422.4 mg, 1 mmol). The educts were placed in
a schlenk tube and stirred for 2 h at 120 °C until a homogeneous compound is obtained.
By cooling to room temperature typically pale colored solids are obtained, the color
depending on the Ln(Tf:2N)s. The products were analyzed by powder-XRD and
elemental analysis. To obtain single crystals with sufficient quality for XRD, Ln(Tf2N)s
(0.125 mmol) and [bmpyr][Tf2N] (355 mg, 0.25 ml, 0.8 mmol) were placed in a silica tube
which was sealed under vacuum. The reaction was carried out at 120°C for 36 h. Single
crystals of [bmpyr]:[Ln(Tf2N)s form as an insoluble product after cooling the reaction
mixture to room temperature (5 K/min). Anal. Data:

[bmpyr]2[Nd(Tf2N)s] NdCasHaoF30N7O20S10: C, 18.38; H, 2.20; N, 5.36%. Found: C, 18.79;
H, 1.56; N, 5.42%.

[bmpyr]o[Eu(Tf2N)s] EuCasHaoF30N7O20S10: C, 18.31; H, 2.19; N, 5.34%. Found: C, 18.39; H,
2.41; N, 5.36%.

[bmpyrl[Ln(Tf:2N)s] (Ln = Dy-Lu) were synthesized from the respective Ln(Tf:N)s
compound (0.5 mmol) and [bmpyr][Tf2N] (211.2 mg, 0.5 mmol). The educts were placed
in a schlenk tube and stirred for 2h at 120 °C until a homogeneous compound is
obtained. By cooling to room temperature a colorless solid is obtained. The products
were analyzed by powder-XRD and elemental analysis. To obtain single crystals with
sufficient quality for XRD, the procedure for [bmpyr]o[Ln(Tf2N)s] was followed. Anal.
data:

[bmpyr][Tm(Tf2N)s] TmCizH20F24N5O016Ss: C, 14.26; H, 1.41; N, 4.89%. Found: C, 14.26; H,
1.31; N, 4.96%.

[bmpyr][Yb(Tf2N)4] YbCi7H20F24NsO16Ss: C, 14.22; H, 1.40; N, 4.88%. Found: C, 14.55; H,
1.76; N, 4.91%.

[bmpyr][Lu(Tf2N)s] LuCizH20F24Ns0165s: C, 14.20; H, 1.40; N, 4.87%. Found: C, 14.62; H,
1.14; N, 4.87%.
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[bmpyrl[OTf] was prepared following a method of Welton [1]: [bmim][CI] (44.4 g, 0.25
mol) was dissolved in 50 ml CH:Cl: and Li(OTf) (39.0 g , 0.25 mol) was added. The
suspension was stirred overnight and filtered. The decanted solution was washed with
several aliquots of water until no halide residues could be detected (AgNO:s test). The
solvent was removed and the ionic liquid dried in vacuum at 393K overnight. Typical
yields > 90%.

[bmim][Tf.N] was prepared analog to [bmpyr][Tf2N] (see 1.2).

[bmim]:[Eu(T£2N)s] was synthesized analogously to the respective [bmpyr] compound.

3.3  Structural aspects

The type I and type II compounds are case isostructural; therefore only one compound
of each type is described. Powder XRD data (Fig. 1) in combination with elemental
analysis evidences that exclusively one type of compound is composed depending on
the size of the rare-earth cation. Crystallographic data and selected distances are shown
in Table 1 and 2. In both cases, the trivalent lanthanide cations are coordinated by
oxygen atoms exclusively belonging to the [Tf:N]-ligand and are forming discrete
anionic units. The larger lanthanide cations exhibit a nine-fold oxygen coordination
which can best be described as a monocapped square antiprism (cf. Fig.2, left). The
mean oxygen-lanthanide distances of 248 pm for Nd*, and 241 pm for Tb* well reflect
the lanthanide contraction and are shorter than in the nonahydrates of the respective
trivalent lanthanide cations (Nd—O = 251 pm, Tb—O = 243 pm) [2] but can be compared
to values found for typical metal-organic complexes with the same coordination number
for the respective lanthanide cation as e.g. hexafluoroacetylacetonate complexes of
neodymium and terbium [3].The oxygen surrounding of the f-element cation is achieved
by four bidentate bis(trifluoromethanesulfonyl)amide ligands and one monodentate
ligand. The monodentate bis(trifluoromethanesulfonyl)amide ligand adopts a transoid

conformation (with respect to the S-N-S plane) which is also found to be the more stable
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conformation for the free Tf2N anion [4]. For the bidentate ligands both conformations
are observed. One of the four ligands adopts a cisoid-conformation and another one a
transoid-conformation, while the other two ligand positions show a mixed occupation by
ligands in cisoid- and transoid-conformations (cf. Fig. 2, right). The transoid-chelating
coordination mode turns the bis(trifluoromethanesulfonyl)amide into a dissymmetric
molecule. One transoid chelating ring exhibits a A-configuration whereas one of the
positions with mixed occupancy show a -, the other one a d-configuration. A distinct
change of the S—O interatomic distances within bis(trifluoromethanesulfonyl)-amide

upon coordination is observed when compared to the free ligand (5-O ~ 141 pm) [5]. For
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Fig. 1: Powder-XRD of [bmpyr][Eu(T£:N)s] (Ieft) and [bmpyrl[Yb(T£2N)4] (right)

Fig. 2: Coordination of Ln* by oxygen-atoms in [bmpyr]2[Ln(Tf:N)s] (left) and disorder of the
chelating (Tf:N)-moiety in [bmpyrl2[Eu(T{2N)s] (right)
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[bmpyr][Nd(Tf2N)s] the mean S—O interatomic distance of 147 pm is found for a
coordinating oxygen atom, the mean “free” S—O interatomic distance is 142 pm.

The same values are found for [bmpyr]:[Tb(Tf2N)s]. A mean N-5-N angle of 127°, and a
mean S—N distances of 156 pm are found for [bmpyr]o[Nd(Tf2N)s], for
[bmpyr]o[Tb(Tf2N)s] values of 126° and 157 pm are found. These values match well the
values found for the free ligand (126° and 157 pm).

While the larger trivalent lanthanide cations Pr3*-Tb* show a ninefold coordination by
oxygen, the smaller lanthanide cations Dy3*-Lu® prefer an eightfold coordination by
oxygen (Fig. 3). The asymmetric unit of the crystal structure of [bmpyr][Ln(Tf2N)4], Ln =
Tm, Yb, Lu, contains two crystallographically distinct lanthanide cations. Both exhibit
an oxygen surrounding which resembles a trigonal dodecahedron. This coordination
polyhedron is most times preferred over a cube when ligand-ligand repulsion becomes
important for coordination number eight. The mean oxygen—f-element distances in
[bmpyr][Ln(Tf2N)4] lie with values of 231 pm for Tm* and 230 pm for Lu* in the

expected range and can be compared acetylacetonato complexes [6].

Fig. 3: Coordination of Ln* by oxygen- Fig. 4: Disorder of the chelating (Tf:N)-
atoms in [bmpyr][Ln(Tf2N)4] moiety in [bmpyr][Yb(Tf2N)4]
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One crystallographically independent lanthanide cation is coordinated by four chelating
Tf2N-ligands with two ligands in a cisoid- and two in a transoid-conformation. The
transoid-Tf2N ligands both have A configuration. The other crystallographically
independent lanthanide cation in [bmpyr][Ln(Tf2N)4] is, again, coordinated by four
chelating Tf2N-ligands of which two adopt a cisoid- and two a transoid-conformation. But
here disorder between A- and 8- configurated transoid ligands is observed (see Fig. 4).

As noted above for [bmpyr]o[Ln(Tf2N)s] a distinct change of the S—O interatomic
distances within the bis(trifluoromethanesulfonyl)amide ligand upon coordination can
be detected. For [bmpyr][Tm(Tf2N)s] the mean interatomic distance of 147 pm is found
for S—O involving a coordinating oxygen atom, whereas the mean 5—O interatomic
distance for the “free” S—O bonds is 141 pm. For [bmpyr][Lu(Tf:N)s] values of 146 pm
and 140 pm are found. A mean N-S5-N angle of 127° is found for [bmpyr][Tm(Tf2N)4]
with and a mean S—N distances of 156 pm. For [bmpyr][Lu(Tf2N)4] the values are 126°
and 156 pm, respectively. Thus, for compounds of the compositions [bmpyr]2[Ln(Tf2N)s]
and [mppyr][Ln(Tf2N)4] coordination of the bis(trifluoromethanesulfonyl)amide anion
to trivalent f-element cations leads to a significant lengthening of the S—O bond
involving the coordinating oxygen atom basically unchanged when compared to the
free anion. The change of the S—O bond distance is far more pronounced in the trivalent
complex compounds than in the analogous divalent complex compound
[mppyr]2[Yb(Tf2N)s] where values of 144 pm for the S—O bond with the coordinating
oxygen atom and 141 pm for the non-coordination were observed [4]. This indicates
together with a shorter Yb—O interatomic distance (in [mppyr]:[Yb(Tf2N)4] a Yb*—O
interatomic distance of 250 pm is found) a stronger interaction of the bis-
(trifluoromethanesulfonyl)amide oxygen atoms with the lanthanide In all cases no
significant change neither in the mean N-S5-N angle nor in the S—N bonding distance

could be observed.



Table 4: Crystallographic and refinement details for [bmpyrl:[Ln](Tf2N)s] and [bmpyr] [Ln](T£2N)4]

Emp. Formula
Form.weight
Crystal system
Space group
Cell dim.

Volume

Z

Density (calc.)
Abs. coefficient
Refl. collected
Ind. Refl. / Rint
Abs. correction
Data/Param.
GooF on F2
Rind. [I>2e(1)]

Rind. (all data)

[bmpyr],[Nd(Tf;N)s]
Nd1C2sH40F30N7020S10

1829.51

triclinic

P1 (no.?2)
a=1230.18(11) pm
b =1242.50(11) pm
c=2258.91(19) pm
o = 94.401(7)°

B =102.493(7)°
v=105.768(7)°
3210.2(5)-106 pm?
2

1.893 g-cm®

1.290 mm-!

42148

13981 / 0.0621
numerical
13981/890

1.069

R1=0.0671
wR2=0.1839
R1=0.0831
wR2=0.1974

[bmpyr],[Eu(Tf,N)s]
Eu1C2sH0F30N7020S10  Th1C2sH40F30N 7020510

1837.23

triclinic
P1 (no.2)
a=1232.26(13) pm
b=1235.77(13) pm
c=2263.7(2) pm
0= 95.244(8)°
B =102.786(8)°.
v=106.066(8)°
3187.2(6) -10° pm?
2
1.914 g-cm®
1.468 mm-1
36883
10618 / 0.0775
numerical
10618/977
0.894
R1=0.0470
wR2=0.0875
R1=0.0859
wR2=0.0979

[bmpyr,[Th(T£,N)s]

1844.19

triclinic
P1 (no.?2)
a=1231.56(10) pm
b=1236.23(11) pm
¢ =2258.06(19) pm
o =95.260(7)°
B =102.886(7)°.
v=106.036(7)°
3177.5(5) -106 pm?
2
1.928 g-cm3
1.599 mm-1
48596
13850 / 0.0620

Numerical
13850/877

1.038
R1=0.0647
wR2=0.1680
R1=0.0946
wR2=0.1835

[bmpyr][Tm(Tf;N),]
Tmi1C17H20F24N5016Ss
1431.79

Monoclinic

P2/c (no. 13)
a=2015.75(19) pm
b =1488.47(8) pm
c =1619.68(12) pm

B= 113.234(6)°.

4465.5(6) -10° pm?
4

2.130 g-cm®
2.528 mm-1
65568

9747/ 0.0682

Numerical
9747/580

1.066
R:1=0.0938
wRz =0.2520
Ri=0.1212
wR2=10.2796

[bmpyr][Yb(Tf,N),]
Yb1C17H20F24N5016Ss
1435.90

monoclinic

P2/c (no. 13)
a=2013.33(15) pm
b =1486.17(9) pm
¢ =1620.65(11) pm

B= 112971 (5)°.

4457.7(5) -10° pm?
4

2.140 g-cm3
2.649 mm-1
68174

9973/ 0.0743
numerical
9973/626
1.048
R1=0.0913
wR2=0.2412
R1=0.1229
wR2 = 0.2690

[bmpyr][Lu(Tf,N),]
Lu1Ci7H20F24N5016Ss
1437.83

monoclinic

P2/c (no. 13)
a=2010.47 (12) pm
b=1485.72 (8) pm
¢ =1621.22 (11) pm

B= 102.786(8)°.

3187.2(6) -10° pm?
4

2.142 g-cm®
2.756 mm-1
50262

6999 /0.0537
numerical
6999/625
1.082
Ri=0.0770
wR2 = 0.2134
R1=0.0881
wR2 =0.2240




Table 5: Selected distances (pm) in [bmpyr]a[Ln(T£2N)n+s] (disordered atoms are omitted)

Ln=Nd Ln=Eu Ln=Tb Ln=Tm Ln=Yb Ln=Lu
Ln(1)-O(31)* 242.1(5) 237.6(4) 235.4(5) Ln(1)-O(11) 233.7(7) 2.334(7) 2.334(7)
Ln(1)-O(41) 248.1(5) 244.5(4) 241.8(5) Ln(1)-O(12) 228.3(6) 2.272(6) 2.263(7)
Ln(1)-O(51) 253.5(4) 252.7(4) 252.9(5) Ln(1)-O(21) 231.6(8) 2.303(7) 2.306(7)
Ln(1)-O(61) 248.9(4) 244.3(4) 241.1(5) Ln(1)-O(22) 228.4(7) 2.275(7) 2.273(8)
Ln(1)-O(71) 249.1(4) 246.1(4) 243.3(5)
Ln(1)-O(43) 249.9(4) 246.1(4) 243.1(5)
Ln(1)-O(53) 246.4(4) 242.6(4) 239.2(5)
Ln(1)-O(63) 244.0(4) 240.0(4) 238.3(4)
Ln(1)-O(72) 245.8(4) 241.0(4) 238.2(5)
S(31)-O(31)* 144.8(5) 144.9(4) 145.0(6) S(11)-O(11)* 145.8(8) 145.7(8) 1.458(8)
S(31)-O(32) 141.7(5) 141.6(5) 141.8(6) S(11)-O(14) 144.1(9) 142.8(9) 1.438(9)
S(32)-O(33) 142.0(5) 142.5(5) 142.1(6) S(12)-0O(12)* 145.7(7) 145.0(7) 1.447(8)
5(32)-O(34) 142.9(5) 143.2(5) 142.8(6) 5(12)-0O(13) 140.7(8) 140.4(8) 1.41009)
S(41)-O(41)* 145.4(5) 144.6(4) 144.8(5) 5(21)-0O(22)* 148.2(9) 147.3(9) 1.467(9)
S(41)-0O(42) 141.4(6) 142.7(5) 140.7(7) 5(21)-0O(23) 140.0(9) 139.9(9) 1.401(9)
S(42)-O(43)* 144.2(5) 144.2(4) 145.1(5) 5(22)-0O(21)* 149.6(9) 148.5(9) 1.465(9)
S(42)-O(44) 142.0(6) 142.9(5) 142.4(6) 5(22)-0O(24) 140.8(2) 141.6(9) 1.419(0)
S(51)-O(51)* 145.1(4) 145.1(4) 145.5(5)
S(51)-O(52) 141.2(5) 141.9(4) 140.9(6)
S(52)-O(53)* 146.0(4) 145.6(4) 146.1(5)
S(52)-O(54) 139.4(5) 141.0(5) 140.6(6)
S(61)-O(61)* 146.0(4) 145.6(4) 145.6(5)
S(61)-O(62) 140.8(5) 141.6(5) 141.8(6)
5(72)-O(72)* 144.1(5) 144.4(4) 145.3(6)
S(72)-O(73) 140.1(9) 144.0(6) 142.5(8)

#) = monodentate coordination *)=oygen bond to metal-atom
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3.4 Thermal investigations

The structurally characterized substances of the general formula [bmpyr]|n[Ln(Tf2N)z:n]
were examined further by DSC measurements. The Sm, Eu, Gd and Tb compounds
exhibit melting points < 100°C and can therefore be qualified as an ionic liquid. The
heavier rare-earth ions compose complexes with melting points up to 105°C. The
compound [bmpyr]:[Sm(Tf2N)s] shows a very simple thermogramm. The substance
melts at 83.8°C and crystallizes at 43.3°C. The super-cooling of approx. 40 °C is a

common feature in ionic liquid compounds [7].
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Fig. 5: Thermogramms of [bmpyr].[Ln(Tf2N)s] a) Sm (left) b) Eu, 1st cycle (middle) c) Eu, 24 cycle (left)

The Eu and Gd compound exhibit a more complicated thermal behavior. The
compounds show a strong endothermic peak at 73.9 °C and 61.1 °C respectively. The
europium-compound then melts at 92.1°C and the gadolinium-compound at 94.7°C (see
Fig. 5 b), c) & 6 a)). The endothermic peaks prior to the melting peaks could be caused
by a structural transition involving a change in the stereochemistry of the [TfN]-
moieties, however, further investigations are required to verify this hypothesis. Upon
cooling, again supercooling is observed and the compounds turn to a solid at 53.6 °C
(Eu) and 44.3°C (Gd). Suprisingly the crystallization appears not to be complete, after
further cooling to -50°C and reheating, an exothermic peak is observed at 14.4°C (Eu,

Fig. 5 b)) and 22.2°C (Gd, data not shown). This peak is shifted to higher temperatures
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by changing the heating rate from 5°C/min to 10°C/min and is therefore likely to be an

effect of post crystallization.
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Fig. 6: Thermogramms of [bmpyrl[Ln(T£:N)x] a) Gd (left) b) Tb (middle) ¢) Tm (left)
The other compounds show a more simple thermogramm, bearing melting points
between 96.°C (Tb) and 105.1°C (Lu). In all cases a very weak endothermic peak prior to
the melting peak is observed, while upon cooling the compounds crystallize in one step

without post crystallization upon reheating.
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Fig. 7: Thermogramms of [bmpyr][Ln(Tf2N)4] a) Yb (left) b) Tm (middle) and [bmim]2[Eu(T£:N)s] (left)

By exchanging the [bmpyr]-cation in [bmpyr[[Eu(Tf2N)s] by a [bmim]-cation, a RTIL is
obtained. Upon cooling the compound [bmim]:[Eu(Tf2N)s], a glass-transition is
observed at -50°C which is followed by a weak exothermic peak which could turn up
due to partial crystallization. The heating curve shows the solid - liquid transition at
the same temperature as the glass formation occurred upon cooling. The pure
[bmim][Tf2N] exhibits a similar thermogramm, the glass-transition point being shifted to
lower temperatures (-80°C). It appears that the lower tendency of the [bmim]-cation to

crystallize composes a europium-based RTIL which is liquid even at temperatures
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below 0°C. However, an applicable viscosity of the ionic liquid is reached at elevated
temperatures (~ 50°C).

In Figure 8 the increase of the melting points of [bmpyr].[Ln(Tf2N)s:] dependent on the
rare-earth ion is shown. The higher the mass of the incorporated rare-earth ion, the
higher is the melting point of the substance. Surprisingly the structural transition from
[bmpyr]o[Ln(Tf2N)s] to [bmpyr][Ln(Tf2N)4] has little influence on the melting points of

the substances.
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Fig. 8: Ion mass-dependence of the melting point of [bmpyrla[Ln(T{2N)s:n]

3.4 Spectroscopical investigations

The crystal structure of [bmpyr]2[Eu(Tf2N)s] features a nine-coordinated europium atom,
surrounded by the oxygen-atoms of five [Tf2N]-anions. Billard et al. investigated the
system Eu(Tf2N)-[bmim][Tf2N] by means of EXAFS-spectroscopy and molecular
dynamic simulation [8]. The conclusion of their measurements leads to a europium-ion
which is coordinated by five [Tf2N]-anions, the coordination-number being 9.8(+20%).
The question which arises is: Is there a difference between the coordination numbers of

the europium ion in a solution of Eu(Tf2N)s in [bmpyr][Tf2N], the solid
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[bmpyr][Eu(Tf2N)s], and the RTIL [bmim]:[EuTf2N)s]? The hypersensitive 5Do=>7Fs
transition of europium gives information on the local surrounding of the luminescent
centre and allows to compare the modes of coordination on the europium-ion. The
spectra were measured of a solution of Eu(Tf2N)s/[bmpyr][Tf2N], pure
[bmpyr][Eu(Tf2N)s and pure [bmim][EuTf2N)s]. All spectra show the most intense
SDo>7Fs transition at 622 nm (data not shown). The regions between 670-720 nm are

displayed in Fig 9.
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Fig. 9: Hypersensitive transition of Eu* in a solution of Eu(Tf:N)s in [bmpyr][Tf2N] (left),
[bmpyrl2[Eu(Tf2N)s] (middle) and [bmim][Eu(T{2N)s] (right)

The RTIL [bmim]o[EuTf2N)s] exhibits a similar hypersensitive transition as a solution of
Eu(Tf2N)s in [bmpyr][Tf2N] does. The maximum is located at 695 nm and there is a
shoulder at 689 nm which overlaps with the main peak. In the solid [bmpyr]2[Eu(Tf2N)s],
the main peak is also located at 695 nm. The peak at lower energy is split in two
shoulders, which have their maxima at 687 and 690 nm. This differs significantly from
the constitution of the other peaks and indicates a different local surrounding compared
to the other two samples. It appears that it is not only the better resolution of the solid-
state measurement which makes the two shoulder-peaks appear: at 689 nm, where the
maximum of the liquid samples are located, the solid sample exhibits a minimum.
Therefore it can be concluded that the Eu®** coordination in [bmim]:[Eu(Tf2N)s] and in
solutions of Eu* in [bmpyr][Tf2N] is similar (C.N. 9.8 + 20%), while in the solid
compound the europium shows a nine fold coordination by oxygen-atoms, one ligand

only coordinating monodentate. One possible explanation of these difference could be
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the monodentate ligand binding in a chelating mode to the metal-centre, when the
[Eu(Tf2N)s]* moiety is more flexible (liquid state, dissolved state) and all five ligands can
bind in a chelating mode. In the solid state, there appears not to be enough space around

the Eu® to accomodate five [Tf2N]-units in a chelating fashion.

3.5 Ligand exchange reactions

By adding [bmpyr][OTf], which is a RTIL, to the system Yb(Tf2N)s — [bmpyr][Tf2N],
ligand exchange is evidenced by the formation of the compound
[bmpyr]s[Yb(OTf)s][Tf2N]. Consequentially the compound [bmpyr]s[Yb(OTf)s] is
synthesized, a homoleptic rare-earth triflate compound. Attempts to synthesize the
analogue europium-compound in order to elucidate its structure by single-XRD
asumably failed as a result of the polymeric nature of the formed compounds. However,
ligand exchange could be evidenced by electrochemical methods in solution. Further,
the possible combinations of solutions of Eu(Tf2N)s, Eu(OTf)s, Yb(Tf2N)s, Yb(OTf)s in the
ionic liquids [bmpyr][OTf] and [bmpyr][Tf2N] were investigated by electrochemical

methods.

3.5.1 Structural investigations

By dissolving Yb(Tf2N)s in [bmpyr][OTf] a compound with the composition
[bmpyr]s Yb(OTf)s][T£2N] was crystallized. Single crystal structure determination shows
the Yb-atom to be coordinated octahedrally by triflate-anion. The [Tf:N]-anion is
incorporated in the structure in a non-coordinating manner (cf. Fig. 10, circled). The
structure suffers from disorder (cf. Table 2, right); therefore bond lengths and distances
are not discussed further. Nevertheless the connectivities are well determined and the
asymmetric unit reveals that all [Tf2N]-ligands within the coordination sphere of Yb* are

displaced by [OT{].



Fig. 10: Asymmetric unit of [bmpyrlYb(OT£)6[T£:N]
In order to obtain more reliable data of the triflate coordination on Yb*, the [TfN]-free
compound [bmpyr]s[Yb(OTf)s] was synthesized from Yb(OTf)s and [bmpyr][OTf]. From
single crystal data (cf. Table 2) it is evidenced, that the structure is very similar to

[bmpyr]s[ Yb(OTf)s][Tf2N]. The compound [bmpyr]s[Yb(OTf)s] crystallizes in the

Fig. 11: Asymmetric unit of [bmpyrls[Yb(OTf)s]
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monoclinic spacegroup P2i/c with four formula units in the unit cell. The asymmetric
unit consist of two [Yb(OTf)s]* units which are surrounded by [bmpyr] cations (see. Fig.
5). All [OTf]-ligands coordinate monodentately in a non-bridging fashion which yields
to isolated octahedra, embedded in a [bmypr]-matrix. The triflate anions are all-trans
arranged — in a way that steric repulsion in minimized (see. Fig 6). In the equatorial
positions, the CFs-groups are directed in opposite directions in way, that the trans-

regiochemistry is also realized with the axial CFs-groups.

Fig. 12: All-trans conformation of the triflate-groups in [Yb(OTf)e]*-

The Yb-O distances are in a range of 215.7(7) — 219.5(7) pm for Yb(1) and 216.7(7) —
219.3(6) for Yb(2). These values are in agreement with the sum of ionic radii according to
Shannon [9] and significantly shorter than observed in [bmpyr][Yb(Tf2N)s] (cf. Tab 5).
The S-O bond distances of the coordinating oxygen-atoms are slightly elongated
(145 pm in average) in contrast to the “free” oxygen atoms (see Table 4). The triflate-
anion is known as a weakly basic anion (weakly coordinating) and is suggested to be
used as a substitute for perchlorate-anions whenever possible [10]. The [Tf2N] anion is
also known as a weakly coordinating anion, therefore it is of interest which is anion is
the less basic one. It is possible to measure the lewis-basicity, or donor-number, of a
donor molecule by electrochemical methods. This will be described in the next

paragraph.
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Table 6: Crystallographic details for [bmpyrls[Yb(OTf)s] and [bmpyr] [ Yb(OTf)s][TE,N]

[bmpyr];[Yb(OTf)el [bmpyr]s[ Yb(OTh)s][TEHHN]
Empirical formula Yb2 S12 Fas O36 N6 Ces Hi2o Yb2 S14 Fa2 O40 Ns C77 Hiao
Formula weight 2988.49 3410.90
Crystal system monoclinic monoclinic

Space group
Unit cell dimensions

Volume

z

Absorption coefficient
Reflections collected
Independent reflections / Rint
Absorption correction
Data/Parameters

GooF on F?

Final R indices [[>26(])]

R indices (all data)

P2i/c (no. 14)
a=2539.07(13) pm

b =12027.26(6) pm

c =2472.95(13) pm

B = 119.493(4)°
11489.8(9)-10¢ pm?

4

1.972 mm-+

61158

15020 / 0.0424
numerical

15020 / 1437

1.063

R1=0.0568, wR2 =0.1407
R1=0.0806, wR2=0.1508

P2i/c (no. 14)
a=2542.0(3) pm
b=12056.78(12) pm

c =2967.3(3) pm

B = 91.990(8)°
15504(2)-10¢ pm?

4

0.306 mm-!

81633

14473 /0.1484
numerical

14473 /1727

1.048

R1=0.0886, wR2=0.2021
R1=0.1810, wR2 = 0.2352

Table 7 Selected distances (pm) in [bmpyrls[Yb(OTf)e] (disordered atoms are omitted)

Yb(1)-O(40) 215.7(7) S(10)-O(10)* 144.2(7) S(100)-O(102) 142.009)
Yb(1)-O(50) 217.5(7) 5(30)-O(30)* 141.3(8) S(100)-O(100)* 145.3(8)
Yb(1)-O(20) 218.3(7) S(30)-O(31) 140.6(9) S(200)-0(202) 140.8(9)
Yb(1)-O(30) 218.6(7) 5(30)-0(32) 166.2(9) 5(200)-O(201) 142.8(9)
Yb(1)-O(60) 218.9(7) S(40)-O(41) 137.0(9) 5(200)-O(200)* 146.3(7)
Yb(1)-O(10) 219.5(7) S(40)-O(42) 141.7(9) S(300)-O(301) 140.9(8)
Yb(2)-O(300) 216.7(7) S(40)-O(40)* 144.1(8) S(300)-O(302) 142.5(8)
Yb(2)-O(400) 218.1(6) 5(50)-O(52) 141.2(7) S(300)-O(300)* 144.9(7)
Yb(2)-O(600) 218.3(7) 5(50)-O(51) 141.4(8) S(400)-O(401) 129.4(9)
Yb(2)-O(200) 219.0(6) S(50)-O(50)* 144.4(8) S(400)-O(400)* 142.7(7)
Yb(2)-O(100) 219.1(7) 5(60)-0(62) 137.1(9) S(400)-O(402) 146.4(9)
Yb(2)-O(500) 219.3(6) S(60)-O(60)* 145.8(8) S(600)-O(601) 141.4(7)
S(10)-O(12) 141.4(7) S(60)-O(61) 146.6(9) S(600)-O(602) 142.2(8)
S(10)-O(11) 142.4(8) S(100)-O(101) 141.5(8) S(600)-O(600)* 145.1(7)

*) = oxygen bond to ytterbium
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3.5.2 Electrochemical investigations

Figure 13, left side, shows the cyclic voltammograms of a 0.025 M solution of Yb(Tf2N)3
in [bmpyr][Tf2N]. The cathodic peak at -1.21 V is assigned to the reduction of trivalent
Ytterbium to the divalent state. The anodic peak at -0.95 V points the back-oxidation to

the trivalent state.

0,10 |- = = 0,06 |-
on 0.95459 Eox = -0-80200

Eox = 0.88745V

E,, = -1.34644 _
112 E,p = 1.39282V
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Ered =-1.21338 - Ered =-1.89087
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Fig. 13: CV of Yb(T£2N)s/[bmpyr][Tf2N](left), Yb(T£2N)3/[bmpyr][OTf] (middle) and
Yb(OTH)s/[bmpyrl[OTfl(right)

The separation of the current peaks is 0.26 V and exceeds the theoretical value for a one
electron transfer reaction which is electrochemically reversible (58 mV) [11]. Therefore it
can be concluded that the electron-transfer is quasireversible or irreversible. If Yb(Tf:N)s
is dissolved in [bmpyr][OTf], the reduction peak shifts to more negative values (-1.89 V)
and the oxidation peak to more positve (0.80 V). The peak separation is increased
(1.09 V) indicating the poor reversibility. By comparing the cyclic voltammogram of
Yb(Tf2N)s/[bmpyr][OTf] (middle) with Yb(OTf)s/[bmpyr][OTf] (left) it strikes that the
reduction peaks of the trivalent species are both located at -1.89V. Also the
halfwavepotentials are very similar (-1.35 V, -1.39 V respectively) and differ significantly
from the observed one for the pure [Tf2N]-sample (-1.08 V). This observation is in good
agreement with the reported structures in 3.5.2: The [OTf] anion is a stronger donor
compared to [TfN]. It displaces the [Tf2N] ligands and shifts the halfwavepotential

towards lower values because of the stronger lewis basicity.
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In case of the Europium-samples, the situation is similar. The pure [TfaN]-system
exhibits a reduction peak at -1.04 V, the back oxidation proceeds at -0.08 V. Again the

separation of the peak potentials exceeds the theoretical value for a reversible one elec-

T T T
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. E (V) vs. Fc'IFc
E (W vs. Fe'lFe

Fig. 14: CV of Eu(Tf2N)3/[bmpyr][Tf2N]1(left), Eu(T£2N)s/[bmpyr][OTf] (middle) and
Eu(OT1)s/[bmpyr][OTS] (right)

tron transfers process. By dissolving Eu(Tf2N)s in [bmpyr][OTf] (Fig. 14, middle) a
halfwavepotential of -0.63 V is observed, while in the pure [OTf]-system (right) the
halfwavepotential is located at -0.66 V. Again these values are very similar, whereas the
first sample (left) shows a lower halfwavepotential at -0.57 V. It can be assumed that in
the Europium compounds the [Tf2N]-ligand is also displaced by triflate upon adding
[bmpyr][OTf]. Several attempts to crystallize a Europium-triflate compound failed due
to the texture of the composed products. Reactions of Eu(Tf2N)s with [bmpyr][OTf]
yielded in jelly-like products, also in the system Eu(OTf)s/[bmpyr][OTf] with different
stochiometries and temperatures a crystalline phase could not be isolated. From

spectroscopical data the formed species could not be identified cleary.
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III. Divalent (pseudo) rare-earth compounds in ILs

1.  Yblz2in Tf:N-based ionic liquids

1.1 Introduction

The electrochemical data in II-3.5.2 indicate, that divalent rare-earth species should be
stable in [OTf] and [Tf:N]-based ionic liquids. Especially the CV of Yb(Tf:N)s/
[bmpyr][Tf2N] shows the least irreversible reaction Yb(IIl) + e = Yb(II) and it can be
assumed that there is no onward-reaction of the divalent species which is generated at
the working-electrode. Therefore a metathesis strategy for characterizing the divalent
species in [TF:N]-types of ionic liquids was acquired. In principle, there a two
possibilities of obtaining a divalent Yb-species in [bmpyr][Tf2N]. Either a trivalent
species is dissolved and afterwards reduced to the divalent, or a divalent species is
directly used as an educt. In order to keep the number of components in the ionic
liquids as low as possible, the latter procedure was utilized. Ytterbiumdiiode is readily
available from Ybls by subliming the solid at 800°C in high-vacuum [1]. By dissolving
the compound in [bmpyr][Tf2N], the iodides are displaced by the [Tf2N]-anions and a
colorless compound crystallizes after oversaturation. This compound could not be
examined by XRD, since the crystals suffered from twinning and were of bad quality. By
slightly changing the cationic structure of the ionic liquid and displacing the butyl chain
by a propyl-chain — crystals of sufficient quality could be grown to analyse the
compound by single-XRD. According to the equation

Yblz + 4 [mppyr][TEN] > [mppyrl[Yb(TEN):] + 2 [mppyr][1]

a homoleptic divalent rare-earth ionic liquid compound is composed.
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1.2  Preparation

Ybl. was prepared from the respective amounts of the elements which were placed in a
silica tube that was sealed off under vacuum and subsequently heated for 30 h at 200 °C.
The crude product (purple Ybls) was sublimed under high vacuum at 800°C to give
bright yellow YbL.

[mppyrl[Tf:N] was synthesized as described before ( cf. I, 1.2)

[mppyrl[Yb(T£2N)s]: The reaction of Ybl: (0.2 mmol, 87 mg) with [mppyr][Tf2N]
(4.8 mmol, 1 g) was carried out in an evacuated and sealed silica tube at 393K for 48 h.
Colorless single crystals of [mppyr]2[Yb(Tf2N):] form as the single, insoluble product
after subsequent cooling (2 K/min) to room temperature. The product was separated by
filtration. Estimated yield: 66%; melting point: 107°C; IR (KBr): 1473(s), 1433(s), 1352(vs),
1331(vs), 1231(vs), 1197(vs), 1144(vs), 1058(vs), 972(w), 940(w), 797(m), 763(w), 742(m),
652(s), 618(s), 608(s), 599(s), 574(s), 515(s) cm'*!

1.3  Structural aspects

The title compound crystallizes in the monoclinic space group P2i1/n with four formula
units in the unit cell. The asymmetric unit of the crystal structure shows Yb(II) being
coordinated by four Tf2N- anions (Figure 1, left) and two cations of the ionic liquid to
compensate the charge. The coordination by Tf2N- is accomplished through the oxygen-
atoms. The Yb atom is surrounded by eight oxygen atoms forming a distorted square
antiprism (Figure 1, right). The cations surround the anionic [Yb(Tf2N)4]* units (d(N(5)-
N(3)) = 473.3 pm, d(N(5)-N(4)) = 631.0 pm; d(N(6)-N(1)) = 625.3 pm, d(N(6)-N(2) = 453.4

pm) (Figure 2) forming a honeycomb-like structure.
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Fig. 1: Molecular structure of [mppyrl2[Yb(T£2N)4] (left) and first coordination sphere of Yb((II) (right)

Fig. 2: Crystal structure of [mppyrl2[Yb(Tf:N)4], view along b-axis

The Y-O distances range from 241.0 to 251.7 pm, the latter being assumably the so far
largest observed Yb(II)-O bonding distance. In aryloxo-ytterbium complexes, distances
of 210-217 pm are found, Yb-O distances with bridging aryloxo-ligands lie in the range
of 224-234 pm [2]. With the neutral THF (tetrahydrofuran) as a ligand Yb-O distances of

238-239 pm are reported for [Yb(THF)s]** [3]. Unfortunately there are no structural data
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for Yb(II)-1,3-diketone complexes available for comparison. Considering that the ionic
radius of eightfold coordinate Yb* corresponds to the one for eightfold coordinated La*
one might compare the average Yb-O distance of 246.1 pm in [mppyr][Yb(Tf2N)4] to
d(La-O) of 247 found for [La(acac)s(H20):] [4].

Surprisingly, all the ligands show a cisoid-conformation with respect to the —CFs groups,
which pinches the [Yb(Tf:N)4]?> antiprisms along the crystallographic b-axis (Figure 2).
This is in contrast to the coordination modes in the trivalent compounds. The free acid
[TENJH (ie. (CFsSO2)NH) crystallizes with the —CFs groups being transoid-oriented
towards each other.[5] The corresponding base [Tf2N] (i.e. (CFsSO2):N") prefers the
transoid-conformation as well in the absence of suitable coordination centers [6, 7]. This
observation is backed by theoretical calculations (transoid-[Tf2N]H is about 8 kJ/mol
more stable than cisoid-[Tf2N]H, transoid-[Tf2N] compared to cisoid-[Tf2N"] about 4
kJ/mol) [7 m)]. There from it can be concluded that the cisoid-conformation of the [Tf2N]-
anion in [mppyr][Tf2N] is decisively determined by Yb-[Tf2N] interactions. As a result of
the very weak interaction between the metal center and the oxygen atoms, the average
S-O distances of the sulfur-oxygen bond [144.3 pm (coordinating oxygen atoms) and
141.6 pm (non coordinating oxygen atoms)] are only slightly affected upon coordination

to Yb?* — even when compared to the neutral amine (d(S-O) = 140.1 pm and 141.7 pm) [8].

Table 8 Selected distances and angles in [mppyr]l2[ Yb(Tf2N)4]

Yb(1)-0(1) | 242.13) | S(1)-0(1 14453) | SA)-N@) | 156.3(4) | S(G5)-09) | 145.03
Yb(1)-0(2) | 247.63) | S(1)-0(3) | 142.14) | S@)-N@1) | 156.44) | S(5)-0(11) | 141.6(3
Yb(1)-0(5) | 251.7(3) | S(2)-0(2) | 144.33) | SGB)-N@) | 156.5(4) | S(6)-0(10) | 144.1(3
Yb(1)-O(6)

Yb(1)-O(10) | 247.0(3 142.03) | S(6)-N@) | 155.8(4) | S(7)-0(15) | 141.7(3
14473) | S7)-N@) | 156.2(4) | S(8)-0(14

Yb(1)-O(13) | 250.2(3
Yb(1)-O(14) | 245.6(3

144.1(3
141.8(4

) )-O0(1) )
) )-O03) ) )

) )-0(2) ) )

24353) | S(2-0(4) | 141.93) | S@)-N@Q) | 156.7(4) | S(6)-O(12) | 141.5(4)

Yb(1)-O(9) | 241.0(3) )-0(5) | 143.9(3) | S(G)-N@B) | 156.8(4) | S(7)-0(13) | 143.6(3)
) )-0() ) )

) )-O(6) ) )

) )-O(8) ) )

)
)
)
)
)
)

140.5(4) | S(8)-N@) | 156.814) | s(8)-0(16

Table 9 Crystallographic and refinement details for [mppyrl[ Yb(Tf2N)4]

[mppyr]o[Yb(Tf:N),]

Empirical formula C24¢Hss Yb F2a N6 O16 Ss
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Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
Reflections collected
Independent reflections / Rint
Absorption correction
Tmax/ Tmin

Parameters

GooF on F2

Final R indices [[>20o(])]
R indices (all data)

1.4 Literature

1550.11
monoclinic
P2i/n (no. 14)
a=1122.01(4)pm
b =2260.21(9)pm
c=2188.47(9)pm
B=102.209(3)°
5.4244(4) nm?3
4
1.8978
2.177 mm!
56375
11822 /0.1138
numerical
0.4976 / 0.2904
316
0.963

R1=0.046, wR2=0.105
R1=0.0654, wR2=0.1136
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2. SmI: and NdIz in [S(Et):][Tf2N]

2.1 Introduction

It has been well established that the redox potentials of divalent rare earth cations cover
a wide range and can reach values similar to alkali metals [1, 2]. Particularly,
investigations on the reactivity of Sml in different ionic liquids are of eminent interest
as Sml, the so-called Kagan reagent, is one of the most versatile reduction reagents used
in organic chemistry [3]. As shown in chapter 1.1 it is possible to stabilize divalent
Ytterbium in the ionic liquid [mppyr][Tf2N]. Smlz dissolves in this ionic liquid to giving
a deep-red, long-time stable solution which was evidenced by UV-spectroscopy (see
appendix 2). In contrast, a solution of Sml: (as well as a solution of NdI:) in the
sulfonium-based ionic liquid [SEts][Tf2N] leads to the reduction of the cation of the ionic
liquid. The ionic liquid decomposes to a dark brown liquid of higher viscosity and
evolves a smell reminiscent of garlic when exposed to the atmosphere [4]. In order to
determine the product of decomposition on the side of the rare earth cation the
respective rare earth diiodides, Lnlz, Ln = Nd, Sm were reacted with [SEts][Tf2N] at
elevated temperatures. After slow cooling the reaction mixture to room temperature
crystals of sufficient quality for single crystal X-ray structure analysis were obtained,

which were identified as the trivalent compounds [S(Et)s]s[Lnleé] Ln = Sm, Nd.

2.2  Preparation

[SEt:][[Tf2N] was prepared from [S(Et)s]l and Li[Tf2N] following the procedure
described in 1.2.

Lnl: (Ln = Sm, Nd) was prepared by reduction of Lnls with the corresponding Ln metal
in a sealed tantalum container, jacketed with an evacuated silica tube. Lnls was prepared

from metal and iodine according to the procedure described in the literature [5].
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[SEts]s[Lnle]: The reaction of Lnl: (0.22 mmol, ~ 88 mg) with [SEts][Tf2N] (1.8 mmol,
0.73g, 0.5 ml) was carried out in an evacuated and sealed silica tube at 393 K for 12 h.
Yellow (Sm) and pale green (Nd) single crystals of [SEts]s[Lnls] form as an insoluble
product after subsequent cooling (2 K/min) to room temperature. The product was

separated by filtration. Estimated yields: ~15%.

2.3  Structural aspects

The structures of the isotypic compounds [SEts]s[Lnls], Ln = Nd, Sm (Fig. 1) are
characterized by nearly ideal [Lnls]* octahedra. The mean interatomic distances of d(Nd-
I) = 311 pm and d(Sm-I) = 309 pm are well in the expected range and reflect the radii

contraction along the series of trivalent rare earth cations.

Fig 1: Coordination sphere of Sm** (left) and crystal structure (right) in [S(Et);][Lnlg]

Especially noteworthy is the second coordination sphere of the rare earth cations. Each
of the triangular faces of the [Lnls]> octahedron is capped by a triethylsulfonium cation
leading to the formation of a (distorted) cube (Fig. 2). This structural feature has already
been predicted by molecular dynamic studies to occur for [LnCle]* in imidazolium ionic

liquids [6] and has been observed in compounds obtained from the ionic liquid
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[mppyr][T2N] (mppyr = 1-methyl-1-propylpyrrolidinium) [7]. A similar structural motif
has recently been found for [PFe]- in the ionic liquid [dmim][PFs] (dmim = 1,3
dimethylimidazolium) [8]. Therefrom the general conclusion can be drawn that for
anionic octahedral units as [MXs]* a second coordination sphere of a cube of cations (of

the ionic liquid) is a common structural feature.

Table 10: Crystallographic details for [SEts]ls[Lnle], Ln = Nd, Sm

[SEt;]5[NdI], [SEts]3[Sml],
Empirical formula SsCoHasNdle SsCsHasSmls
Formula weight 1251.3 1257.4
Crystal system orthorhombic orthorhombic

Space group
Unit cell dimensions

Volume

Z

Absorption coefficient
Reflections collected

Independent reflections / Rint

Absorption correction
Data/Parameters

GooF on F2

Final R indices [I>26(])]
R indices (all data)

Pbca (no. 61)
a=1942.6(2) pm
b=1816.3(3) pm
c=2143.5(4) pm
7563.1(2) -10¢ pm?

8

6.442 mm-!

71340

8902/ 0.404

numerical

8902 /163

0.572

R1=0.0926, wR2=0.1589
R1=0.4693, wR2=0.3147

Pbca (no. 61)
a=1936.8(1) pm
b=1807.07(7) pm
c=2116.47(8) pm
7407.47(6) -10¢ pm3

8

6.761 mm-!

79255

8117 /0.101

numerical

8117 /263

0.946

R1=0.0511, wR2=0.0765
R1=0.0906, wR2 = 0.0842

The high conformational flexiblity of the triethylsulfonium cation, which on one hand is
a prerequisite for a cation of an ionic liquid becomes a crucial problem when trying to
get crystals of sufficient quality for X-ray structure analysis. As already been noted for
the Tf2N- anion conformational flexiblity and well shielded or delocalized charge often
leads to strong disorder in the crystal. However, in the case of [SEts]s[NdIs] we were able
to obtain high quality crystals, which allowed not only positioning of the cations, but
also their anisotropic refinement and even refinement of hydrogen positions after the
riding model. Thus, the structure of the triethylsulfonium cation could be determined

reliably. Awareness has to be drawn to the fact that the cation is far from being planar as
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it has been mentioned occasionally in the literature [9, 10] but shows a strong

tetrahedralization at the central sulfur atom with S-C bonding angles of about 101°.
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3.  Alkaline-earth diiodies in [mppyr][Tf:N]

3.1 Introduction

In order to elucidate the behavior of simple salts of divalent rare-earth metals in Tf2N-
based RTILs the interaction of alkaline earth iodides AEI> (AE = Ca, Sr and Ba) with the
ionic liquid [mppyr][Tf2N] is investigated. As mentioned in the last chapter is possible to
stabilize divalent ytterbium and samarium compounds in [mppyr][Tf2N]. The
ytterbium-complex [mppyr]o[Yb(Tf2N)4] is characterized by single-XRD. The samarium-
species did not crystallize under similar conditions, and variation of the cation of the
ionic liquid leads to oxidation of Sm?" to Sm* in [S(Et)s][SmlIs] (cf. 2.2).

Further motivation for the study of alkaline-earth metals compounds in this type of
ionic liquid comes from spectroscopic and chemical investigations of the behavior of
divalent rare earth cations in this class of solvents as Ca* / Yb* and Sr** / Eu* have
similar ionic radii and often behave similar in systems where the ions are substituted by
each other. A plethora of isotypic compounds of rare-earth and the respective alkaline-
earth metals are known [1]. Thus alkaline earth cations are ideal model systems for the
highly reducing divalent lanthanides. [mppyr]o[Ca(Tf2N)4], [mppyr]2[Sr(Tf2N)] and
[mppyr][Ba(Tf2N)s], were crystallized from a solution of the respective alkaline-earth
diiodie and the ionic liquid [mppyr][Tf2N]). The effect of the coordination is further

examined by Raman spectroscopy.

3.2 Preparation

AEI: The alkaline earth iodides, [AE]lz, AE = Ca, Sr, Ba were synthesized by dissolving
the corresponding carbonate or oxide in aqueous HI. The anhydrous compound was
obtained by removing the solvent and excess acid in high vacuum at 250 °C.

[mppyrl[Tf:N] was synthesized as described before (cf. I, 1.2).
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Synthesis of the AE-complexes: Cal: (0.17 mmol, 50 mg) and [mppyr][Tf2N] (4 mmol,
1.63 g, ~ 1.1 ml) were placed in a silica tube which was sealed under vacuum. The
reaction mixture was heated at 393 K for 48 h. Colorless transparent single crystals of
[mppyr]o[Ca(Tf2N)4] form as an insoluble product after cooling the reaction mixture to
room temperature (2 K/min). The product was separated by cannula-filtration from the
ionic liquid. Estimated yield: 80%. The analogous procedure with Srl. (1 mmol, 340 mg)
and [mppyr][Tf2N] (4 mmol, 1.63 g, ~ 1.1 ml) resulted in the formation of colorless
transparent single crystals of [mppyr]2[Sr(Tf2N)4] (estimated yield: 80% ). Bal> (1 mmol,
390 mg) and [mppyr][Tf2N] (4 mmol, 1.63 g, ~ 1.1 ml) gave [mppyr][Ba(Tf2N)3] in an

estimated yield of 25%.

3.3  Structural aspects

Colourless, transparent crystals of the general composition [mppyr]o[ AE(Tf2N)4] for AE
= Ca, Sr and [mppyr][Ba(Tf2N)s] are obtained from oversaturated solutions of the
respective alkaline earth iodide in the ionic liquid [mppyr][Tf2N].

The calcium and strontium compounds crystallize in the monoclinic space group P2i/c
with four formula units in the unit cell. Both structures are not isotypic but homoetypic,
since the structures are similar but the fractional coordinates and the lattice constants
are slightly different and the monoclinic angle is widened in [mppyr]2[Ca(Tf2N)4]
(107.74(1)° compared to 105.73(1)° in [mppyr]2[Sr(Tf2N)4]) (see Tab. 1). The asymmetric
units of both crystal structures show the AE(II)-ions being coordinated by four Tf2N-
anions forming a distorted square antiprism (see Fig. 1 for [Ca(Tf2N)4]*>) and two cations

of the ionic liquid to compensate the charge.



-73 -

Fig. 1: Coordination of Ca?* by four Tf2N- ligands in the crystal structure of [mppyr]2[Ca(Tf2N)4]

The Ca-O distances range from 237.0(4) pm to 248.2(4) pm (c.f. Table 2). With a mean
Ca-O distance of 241 pm these are slightly shorter than the calcium-oxygen distance of
oxygen atoms belonging to the bis(trifluoromethanesulfonyl)amide ligand in the
hydrated calcium-bis(trifluoromethanesulfonyl)amide, Ca(H20)4(Tf2N)2, (246.6(4) pm
and 250.2(4) pm) [2]. This might be attributed to the fact that in the homoleptic
compound [mppyr][Ca(Tf2N)s] the Tf2N- ligands compete only with themselves
whereas in the hydrated calcium-bis(trifluoromethanesulfonyl)amide, the weak [Tf2N]-
ligand is forced to compete with the stronger coordinating oxygen donor atoms of the
additional water molecules leading to larger Ca-O interatomic distances and, in turn to a
weaker Ca-O bond whenever the [Tf2N]-ligand oxygen atoms are involved.

Due to the strong delocalization of the negative charge over all atomic centers and the
high conformational flexibility of the C-S-N-S5-C backbone, the Tf2N ligand is regarded
as a weakly coordinating anion (WCA). This is supported by the fact that, so far, for

most known T{EN  compounds the interatomic S-O distances within the
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bis(trifluoromethanesulfonyl)amide anion are equal or close to those in the free anion.
This generally holds true for structures with “non coordinating” cations [3]. In contrast
to this common observation in [mppyr]:[Ca(Tf2N)4] a rather significant elongation of the
S-O interatomic distances on the binding site of the ligands compared to the S-O
distances on the non-binding site (144.7(4) — 145.8(4) pm vs. 142.1(4) — 143.6(4) pm). This
effect appears to be quite remarkable — especially as such a pronounced difference
between the 5-O interatomic distances between the metal-bonded and unbound oxygen
atoms is not observed in Ca(H:0)s«(Tf2N): [2]. This backs our hypothesis that the Ca-
O(Tf2N) bond is weakened in the presence of stronger coordinating ligands such as
water while in the pure presence of just bis(trifluoromethanesulfonyl)amide calcium is
solely interacting with the oxygen atoms belonging to the [TfaN]-ligand. The same
observation is made for the compounds [mppyr][Ln(Tf2N)s], Ln = Pr, Nd, Tb and
[mppyr]2[Ln(Tf2N)s], Ln = Tm, Lu compared to La(Tf2N)s(H20)s as described in chapter I,
2&3.

All TEN- ligands show a cisoid conformation with respect to the —CFs groups in
[mppyr]o[Ca(Tf2N)s]  which pinches the [AE(Tf2N)]*> antiprisms along the
crystallographic b-axis (Fig. 2 (a)). The S-N interatomic distances (dmean(N-S) = 157 pm) as
well as the S-N-S -bonding angles (<mean(5-N-S5= 128°) are similar to the values found for
the free ligand and in good agreement with theoretical caluclations. The crystal
structure of [mppyr][Ca(Tf2N)s] (Fig. 2 (b)) is similar (though not isotypic) to the
structure of [mppyr]2[Yb(Tf2N)4] (cf. II, 1.3), where the anionic parts are surrounded with

the cations in a honeycomb like lattice.
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Table 12: Selected interatomic distances (pm) and angles (°).

[mppyrl2[Ca(T£2N)4] [mppyrl2[Sr(Tf2N)4] [mppyrl[Ba(Tf2N)s]

Ca-O1 | 237.0(4) N1- S1 155.8(5) | Sr-O1 | 256.1(4) N1- S1 1549(5) | Bal-O1 |28182)| Ni-8SI 157.4(2)
Ca-02 | 238.4(4) N1-52 157.9(7) | Sr-02 | 256.9(4) N1-S2 155.9(7) | Bal-02 [272.7(2)| N1-S2 157.4(2)
Ca-03 | 239.1(4) N2-S3 156.5(5) | Sr-O3 | 254.2(4) N2-53 155.5(5) | Bal-O3 |276.4(2) | N2-S3 156.5(2)
Ca-04 | 2405(3) N2-54 156.6(7) | Sr-04 | 257.6(4) N2-S4 156.3(7) | Bal-O04 [2788(2) | N2-54 157.8(2)
Ca-05 | 242.7(4) N3-S6 157.05) | Sr-O5 | 256.1(4) N3-S6 1543(7) | Bal-05 [279.92)| N3-S5 156.6(3)
Ca-06 | 244.6(4) N3-S5 157.16) | Sr-O6 | 255.2(4) N3-S5 156.5(9) | Bal-O6 |280.9(2) | N3-S6 157.7(3)
Ca-07 | 246.84) N4-58 156.2(7) | Sr-O7 | 256.0(4) N4-57 155.4(7) | Bal-O11 | 269.8(2)
Ca-08 | 248.2(4) N4-57 157.05) | Sr-08 | 255.2(4) N4-S8 155.8(6) | Bal-O13 | 278.2(2)

Bal-O15 | 274.6(2)
S1-01 | 1451(4) | SI1-N1-s2 | 1284(3) | S1-01 | 1405(4) | S1-N1-S2 | 127.87(34) | S1-01 | 1434(2) | S1-N1-52 | 126.72(16)
51-011 | 142.7(4) | s3-N2-s4 | 1283(3) | S1-011 | 139.2(6) | S3-N2-S4 | 127.49(34) | S1-011 | 142.82) | S3-N2-s4 | 127.07(16)
$2-02 | 145.8(4) | S6-N3-S5 | 127.2(3) | S2-02 | 141.5(4) | S6-N3-S5 | 128.61(49) | S2-02 | 142.9(2) | S5-N3-s6 | 125:81(17)
$2-012 | 142.9(4) | S8-N4-s7 | 129.03) | S2-012 | 143.1(6) | S7-N4-S8 | 127.99(40) | $2-012 | 142.2(2)
S3-03 | 145.7(4) S3-03 | 140.5(4) $3-03 | 143.2(2)
$3-013 | 143.5(4) $3-013 | 141.5(6) $3-013 | 143.02)
54-04 | 1453(4) 54-04 | 141.1(4) 54-04 | 142.8(2)
54-014 | 143.2(4) 54-014 | 140.6(5) 54-014 | 142.2(2)
S5-05 | 145.1(4) S5-05 | 142.7(4) S5-05 | 143.2(2)
S5-015 | 143.5(4) $5-015 | 140.8(6) S5-015 | 142.9(2)
S6-06 | 145.3(4) S6-06 | 142.2(4) S6-06 | 143.4(2)
S6-016 | 142.1(4) S6-016 | 145.4(9) S6-016 | 142.3(2)




Fig. 2: Projection of the crystal structure of [mppyr].[Ca(Tf2N)4] along the crystallographic (a) b- and (b) a-axes
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In [mppyr]2[Sr(Tf2N)s] the Sr-O distances range from 254.2(4) to 257.6(4) pm (see Table
2). With a mean value of 256 pm they are slightly smaller than in the “binary” Sr(Tf2N)2
(d(S-O) = 258 pm). However, when comparing metal-oxygen distances of ligands which
exhibit the same coordinating mode, for bidentately chelating [Tf2N]-ligands in Sr(Tf2N)2
similar distances are found as in [mppyr]z[Sr(Tf2N)4], whereas S-O distances involving
bridging [Tf2N]-ligands seem to be generally larger. The influence of coordination on the
S-O bond distance is far less pronounced than in the analogous calcium compound. As
in [mppyr[Ca(Tf2N)4], in [mppyr][Sr(Tf2N)4] the N-S distances (156 pm) and S-N-S
angles (128°) are unchanged upon coordination.

Due to the larger ionic radius of Sr** when compared to Ca*, the Sr-O distances in
[mppyr]2[Sr(Tf2N)s] are significantly larger than the metal-oxygen distance in
[mppyr]2[Ca(Tf2N)s]. Thus, the propeller-like arrangement of the anions is widened in
[mppyr]2[Sr(Tf2N)s] when compared to the Ca compound. In consequence the
heterocyclic cations have more space to order within the fluorine segregated layers
which are stacked along the crystallographic a-axis (see Fig. 3). In [mppyr]2[Sr(Tf2N)4]
the cations are located in hydrophobic channels which are composed by the
perfluoralkyl groups of the bis(trifluoromethanesulfonyl)amide ligands. The F--H-C
distances are too large (d(F—-H-C ) ~ 2.6 A) for significant hydrogen bonding [4].
Furthermore, the cations, although they are clearly identified from the difference
fourier-map, exhibit high displacement parameters after anisotropic refinement of the
carbon skeleton even at low temperatures. This is taken as an indicator for weak

interactions between the cationic and anionic parts of the structure.
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Fig. 3: Projection of the crystal structure of [mppyr][Sr(Tf2N)4] along the crystallographic (a) b- and (b) a-axes
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In contrast to Ca? and Sr** which are coordinated by eight oxygen atoms of four Tf2N-
ligands forming discrete anionic moieties, the larger alkaline earth metal cation Ba*
prefers a coordination number of nine. The barium-oxygen distances range from
269.8(2) to 281.8(2) pm with a mean value of 277 pm. This value is significantly less than
the mean Ba-O(Tf2N) distance of 281 pm reported for Ba(H20)(Tf2N): [2]. This can, as
previously pointed out for [mppyr]o[Ca(Tf2N)s] compared to Ca(H20)4(Tf2N):],
attributed to the fact that in Ba(H:O)(Tf2N)2 obviously the Ba-O(Tf2N) bond gets
weakened in the presence of coordinating water.

In [mppyr][Ba(Tf2N)s] the alkaline earth metal cation interacts with six oxygen atoms
belonging to three Tf2N- anions which coordinate in a bidentately chelating mode and
three further oxygen atoms which show mono-hapto ligand-metal interactions. The
mono-hapto ligands are linking the Ba** cations to infinite chains along the a-axis (Fig.

4).

Fig. 4: ![Ba(Tf,N);] strands in [mppyr]|[Ba(Tf,N);] (CF;-groups are omitted for reasons of clarity)

These chains form an hexagonal arrangement (see Fig. 5). The [mppyr]-cations are
packed alongside the anionic chains in the crystal structure. The S-O interatomic
distance within the bis(trifluoromethanesulfonyl)amide ligand gets lengthened slightly
upon coordination (143 vs. 142 pm) whereas the N-S (157 pm) and S-N-S angle (127°)
virtually remain unchanged when compared to the free ligand. Again, all [Tf2N]-anions

adopt a cisoid conformation.
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It has been previously proposed, that the [Tf2N] anion would coordinate in a chelating
mode through oxygen atoms including nitrogen-metal interaction if the cation size is
large enough as in the case of Ba* [5]. Neither in [mppyr][Ba(Tf2N)s] nor in
Ba(H20)(Tf:N): any nitrogen-metal interaction is observed [6]. This can not only be
proven by the single crystal X-ray structures but even better by Raman spectroscopic

studies.

Fig. 5: Hexagonal packing of the ! [Ba(Tf,N);] strands in [mppyr][Ba(Tf,N);]
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3.4 Raman investigations

Raman spectra were obtained from the bulk solids recorded at 150 mW on a Bruker
IFS-FRA-106/s. For the measurement the respective samples were sealed under an
argon atmosphere in glass capillaries and recorded at room temperature.
[mppyrl[Ca(T£2N)4l: 135(w), 212(w), 247(w), 291(m), 331(m), 353(m), 409(w), 553(w),
574(w), 746(vs), 902(m), 1041(w), 1149(m), 1246(s), 1329(m), 1454(s) [cm™].
[mppyrl[Sr(Tf:2N)a]: 133(w), 208(w), 239(w), 289(m), 329(m), 353(m), 409(w), 553(w),
574(w), 744(vs), 902(m), 1045(w), 1145(m), 1242(s), 1327(m), 1454(s) [cm].
[mppyr][Ba(Tf2N)s]: 108(s), 208(w), 231(w), 287(m), 329(m), 349(m), 411(w), 553(w),
571(w), 744(vs), 902(m), 1043(w), 1136(m), 1158(m), 1246(s), 1309(m), 1448(s) [cm].
The characteristic Raman bands of the ionic liquid [mppyr][Tf2N] [5] as well as of the
free acid HTf:N [7] are well known and have been assigned previously so that the
coordination of the anion can be easily verified for bulk samples of the AE-
complexes.

The vs(SNS) as well as the vs(SOz) vibrations are the most relevant ones to study as
they should be most influenced by interactions of the bis(trifluoromethanesulfonyl)-
amide with the metal cation. It has been claimed that upon deprotonation of HTf2N
the S-N bonds within the Tf2N moiety are strengthened and gain partially a double
bond character. Indeed the expected shift of the vs(SNS) band can be observed in the
Raman spectra [7]. For the “free” Tf2N- in the ionic liquid [mppyr][Tf2N] itself, the
Vs(SNS) band is found at 740 cm™'. Under complexation, the vs(SNS) band of the anion
shifts in the Ba and Sr-complex to 744 cm™!. The Ca-complex shows the same shift to
higher energy at 746 cm™ (see Fig. 6). In the free acid HTf:N, the vs(SNS) band is
found around ~770 cm™ [8]. Thus, under complexation the frequency of the vs(SNS)

rises slightly when compared to the free anion.
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Fig. 6: Raman spectra of [mppyr][AE(Tf:N)4] (AE = Ca, Sr, Yb) and [mppyr][Ba(T£2N)s]

The vs(SO2) which should be directly influenced by coordination of the sulfonyl-
oxygen to a metal center is observed for the free and quasi non interacting Tf:N-
anion at 1136 cm™. In [mppyr]2[Ca(Tf2N)4] the band is located at 1149 cm™, see Fig. 6.
In the strontium compound the band is shifted to 1145 cm. Furthermore, for
[mppyr][Ba(Tf2N)s] the vs(SO:2) band is split in two peaks at 1136 cm™ and 1158 cm™.
Hence, the position of the vs(SO2) band sensitive to both, the mode of coordination
and the coordinated metal itself. Apparently a stronger coordinative bond towards
the metal center shifts the frequencies of the symmetric S-O stretching vibration to
higher energy.

Judging from the Raman spectra any contamination of the samples with [mppyr][I],
which is a by-product of the reaction, can be excluded as none of the reported Raman

frequencies of [mppyr][I] could be detected.

3.5 Discussion

In the absence of any stronger competing ligands such as water, the homoleptic
alkaline  earth metal -  bis(trifluoromethanesulfonyl)amide = complexes
[mppyr]o[Ca(Tf2N)4], [mppyr]2[Sr(Tf2N)s] and [mppyr][Ba(Tf2N)s] were obtained from
the respective alkaline earth metal iodide and the ionic liquid [mppyr][Tf2N]. These
compounds belong to the first examples of homoleptic alkaline earth metal
bis(trifluoromethanesulfonyl)amides. Compared to the previously described water
containing alkaline earth metal bis(trifluoromethanesulfonyl)amides
[Ca(H20)4(Tf2N)2] and [Ba(H20)(Tf2N)2] a small but significant elongation of the
sulfur-oxygen bond distance involving the coordinating oxygen is observed when

compared to the free ligand. Furthermore, the interatomic EA-Oqen) distances are less
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in the homoleptic compounds than in the heteroleptic ones which may be indicative
for a stronger metal-ligand interaction in the homoleptic compounds due to the
absence of stronger donor ligands like water. At the same time, upon coordination,
the frequency of the symmetric S-O stretching vibration gets slightly shifted to larger
values the stronger the metal is coordinating. The effect of complex formation on the
S-N-S bonding angles and distances is negligible. The vs(SNS) frequencies gets
slightly shifted to larger values upon complexation when compared to the free anion.
Altogether these observations confirm once more that the
bis(trifluoromethanesulfonyl)amide ligand can be regarded as comparatively weakly
coordinating. While chelating transoid structures are known (cf. chapter I, 3), there
appears to be a tendency that the Tf2N anion prefers a cisoid conformation when
coordinating in a chelating mode while for the free anion the transoid conformation is
strongly preferred (calculations show the transoid structure of the free anion to be
more stable by 4 kJ/mol compared to the cisoid one). But structural data for Tf2N
complex compounds are still scarce to allow for a generalization. Common and
typical for all structures now characterized is extensive fluorine segregation which

results in the formation of hydrophilic and hydrophobic structure parts.
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IV Summary

The aim of this work was to get a deeper understanding of the interaction of rare-
earth ions with triflate- and bis(trifluoromethanesulfonyl)amide-based ionic liquids.
The solvent-solute interactions were investigated by X-ray methods, optical and
vibrational spectroscopy and by electrochemical methods. Particularly the con-
firmation of the formed complexes by X-ray methods is valuable.

The trivalent rare-earth iodides, Lnls (Ln = La, Pr, Nd, Sm, Dy, Er) dissolve in 1-butyl-
1-methylpyrrolidinium-bis(trifluoromethanesulfonyl)amide ~ ([bmpyr][Tf2N]) by
composing the sparely soluble compound [bmpyr]s[Lnls][Tf2N]. The lanthanides are
six coordinated by iodines, the second coordination sphere is accomplishes by eight
[bmpyr]* cations located tangentially on each face of the [Lnl¢]*-octahedra. The

[Tf2N]-anion is co-crystallized in a non-coordinating fashion (see Fig. 1)

b

Fig. 1: Unit cell of [bmpyr][Lnle][T£2N)] (left: La, Pr; right: Nd, Sm, Dy, Er)
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Considering the stochiometries of the reaction, also a Ln-[Tf2N] complex must form
which remains in solution, where the rare-earth-ion is surrounded by anions of the
ionic 1quid. By interacting Ln(Tf2N)s (Ln = Pr, Nd, Sm, Eu, Tb, Dy, Tm, Yb, Lu) with
[bmpyr][Tf2N] the compounds [bmpyr][Ln(Tf2N)s] (Ln = Pr-Tb) and
[bmpyr][Ln(Tf2N)4] (Ln = Dy-Lu) were be crystallized. The larger lanthanides are

nine coordinated by four ligands binding chelating, and one anion coordinating

monodentately to the metal (see Fig.2).

Fig. 2: Coordination mode of [Tf2N] in [bmpyr]2[Ln(T£2N)s] (left) and [bmpyr][Ln(TF2N)4] (right)

The formed complexes [bmpyr]2[Ln(Tf2N)s] (Ln = Pr-Gd) are ionic liquids themselves,
exhibiting melting points < 100°C. The smaller lanthanides prefer a coordination
number of eight, which is realized by four anions binding in a chelating fashion. The
luminophoric  properties of the Pr-compounds [bmpyr]s[Prls][Tf2N] and
[bmpyr]2[Pr(Tf2N)s] were investigated in solutions as well as in the solid state. After
excitation into the 3Pi1 level strong luminescence not only from the D2 level but also
from the 3Po and even from the °P: level are observed. Remarkably in the case of the
solid compounds and even more astonishing for a solution of Pr(Tf2N); in

[bmpyr][Tf2N] the strongest luminescence transitions start from the °Po level. In
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conventional solvents, these energy levels are quenched by radiationless deactivation
of the high energy levels to the 'D:level.

By reacting Yb(Tf2N)s with the ionic liquid 1-butyl-1-methylpyrrolidinium-
trifluormethanesulfonate [bmpyr][OTf] ligand exchange could be evidenced by
crystallizing the compound [bmpyr]s[Yb(OTf)s][Tf2N], in which the [Tf2N]-anions are
incorporated in a non-coordinating fashion in the crystal structure. The ytterbium
atoms are surrounded octahedral solely by triflates. By utilizing cyclic voltammetry,
ligand displacement could be also be verified in solutions of Yb(Tf2N)s in
[bmpyr][OTf] (see Fig. 3). The stronger lewis acidity of the triflate groups shifts the
halvewave potential of the Yb(III)/Yb(II) couple towards lower potentials (-1,34 V),
compared to the potentials measured in the pure Yb(Tf2N)s/[bmpyr][Tf2N]-system
(-1.08 V). By reacting Yb(OTf)s with [bmpyr][OTf], the [Tf:N]-free compound
[bmpyr]s[Yb(OTf)s] was obtained. Like in [bmpyr]s[Yb(OTf)s][Tf2N], the metal-ions

are coordinated octahedrally by monodentately binding triflate-anions.

1(uA)

1(uA)
$

Fig. 3: Asymmetric unit of [bmpyrli[Yb(OTHsI[T£:N] (left) and CVs of Yb(T£2N)s in [bmpyr][T£:N]
(top left) and [bmpyr][OTf] (bottom left)

To obtain structural data for divalent rare-earth-species, Ybl. was reacted with 1-

methyl-1-propylpyrrolidinium-bis(trifluoromethanesulfonyl)amide ([mppyr][Tf2N])

to give [mppyr][Yb(Tf2N)4]. Surprisingly the coordination sphere is built up by four

[Tf2N]-anions, as it is in the trivalent compound [bmpyr[[Yb(Tf2N)4] although the
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ionic radius for Yb(II) is comparable to that of Pr(Ill), which is coordinated by five
ligands in [bmpyr]2[Pr(Tf2N)s]. This indicates the structural flexibility of the [Tf2N]-
ligand, showing all-cis conformation in [mppyr][Yb(Tf2N):] and a cis/trans-

disordered conformation in [bmpyr][Yb(Tf2N)4] (see Fig. 4).

Fig. 4: Comparison of [Yb(Tf:N)4]> (left) and [Yb(Tf2N)4] (right)

In case of the dedicated Sm compound, the divalent species could only be confirmed
in solution by UV-spectroscopy (cf. appendix 2). NdI. shows no reactivity toward
pyrrolidinium-based ionic liquids, therefore triethylsulfonium-bis(trifluoromethane-
sulfonyl)amide [S(Et)s][Tf2N] as an alternative was synthesized. Reaction with NdI»
as well as Sml: lead to decomposition of the ionic liquid, only the trivalent species

[S(Et)s][Lnls] could be isolated (see Fig. 5).
b

Fig 5: Coordination sphere of Sm** (left) and crystal structure (right) in [S(Et);][Lnl]
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As redox-stable models compounds for Sm and Eu-complexes, AEL (AE = alkaline
earth metal Ca, Sr, Ba) were used as educts for the synthesis of [Tf2N]-complexes.
[mppyr]o[Ca(T2N)4], [mppyr]2[Sr(Tf2N)s] and [mppyr][Ba(Tf2N)s], were crystallized
from a solution of the respective alkaline earth diiodide and the ionic liquid
[mppyr][Tf2N]. In the calcium and strontium compounds the alkaline earth metal
(AE) is coordinated by four bidentately chelating [Tf2N] ligands to form isolated
(distorted) square anti-prismatic [AE(Tf2N)4]* which are separated by N-methyl-N-
propyl-pyrrolidinium cations. This corresponds to the rare-earth species
[mppyr][Yb(Tf2N)]. The ionic radius of Ca?* is similar to the one of Yb?. The larger
Sr?* which has a radius comparable to Sm?* still exhibits an eightfold coordination. In
contrast to Yb?*, Ca? and Sr*, the barium compound, [mppyr][Ba(Tf2N)s], forms an
extended structure. Here the alkaline earth cation is surrounded by six oxygen atoms

belonging to three Tf2N-anions which coordinate bidentately chelating. Three further

oxygen atoms of the same ligands are linking the Ba* cations to infinite o [Ba(Tf2N)s]
chains. The different coordination modi were also investigated by Raman-

spectroscopy.

Fig. 6: Coordination mode of [Tf2N]- in [bmpyr][Ca(Tf2N)4] (top) and [bmpyr][Ba(T£2N)s] (bottom)



-91 -

Putting all the gained information together the following reaction paths can be
concluded for dissolving rare-earth-compounds in [Tf2N] and [OTf]-based ionic

liquids:
2 Lnls + 6 [bmpyrl[Tf2N] - [bmpyrl:[Lnle][T£-N] + [bmpyrl:[Ln(Tf:N)s] (Ln = La-Tb)
2 Lnls + 5 [bmpyrl[Tf2N] - [bmpyrls[Lnle][T£-N] + [bmpyr]l[Ln(Tf:2N)4] (Ln = Dy-Lu)
Ln(T£:N)s + 2 [bmpyrl[Tf2N] - [bmpyrl[Ln(Tf:N)s] (Ln = La-Tb)

Ln(T£2N)s + 1 [bmpyr][Tf2N] = [bmpyr][Ln(Tf2N)4] (Ln = Dy-Lu)

Yb(T£:N)s + 6 [bmpyrl[OTf] > [bmpyrld Yb(OT£)sI[T£2N] + 2 [bmpyr][Tf:N]
Yb(OTf)s + 3 [bmpyrl[OTf] = [bmpyrl:[Yb(OTH)d]

REL + 4 [mppyrl[Tf2N] = [mppyrl[RE(Tf2N)4] + 2 [mppyr][I] (RE = Ca, Yb, Sr)

These observations are important, as many reactions in these type of solvents may be
crucially influenced by complexation. The formation of —ate complexes leads to a
different behaviour of Ln-ions dissolved in ionic liquids compared to neutral,
molecular solvents. By using rare-earth compounds as synthetic reagents in ionic
liquids, one should be aware how the structure of “active” species looks like, and

that it differs significantly from the ones observed in molecular solvents.

[1] D.B. Baudry, A. Dormond, F. Duris, ].M. Bernard, J.R. Desmurs, ]. Fluorine
Chem. 2003, 121, 233.

[2]  Generally the crystallization of lanthanide-sulfonylaminates seems to be
difficult: K. Mikami, O. Kotera, Y. Motoyama, M. Tanaka, Inorg. Chem.
Comm. 1998, 1, 10.
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V  Appendix

1. General Methods

1.1  Experimental techniques

The compounds synthesized in this work as well as the educts are air and moisture
sensitive. Therefore the materials were prepared and stored under inert gas
conditions. Reactions were carried out using either standard Schlenk-technique at a
vacuum/argon line or using glass ampoules in an argon-glovebox (MBraun,
Garching). Reaction ampoules were sealed under dynamic vacuum conditions
outside the glovebox, connected to a vacuum-line. All reaction vessels were care fully
dried several hours in a drying cupboard and evacuated in the chamber of the argon-
glovebox prior to use. The Lnls and Ln(Tf2N)s educts were sublimed prior to use, the
ionic liquids were purified until they exhibited CV-grade purity and dried for at least

24 hours at 120°C / 10 mbar.

1.2 XRD-methods

Powder diffraction data were recorded on a Huber G670, (Huber, Rimsting,
Germany) with Mo-radiation. The samples were powdered and filled in glass-
capillaries which were sealed under argon atmosphere. Single crystal data was
obtained from a image plate diffraction system with graphite monochromated MoK
radiation (IPDS, Stoe&Cie, Darmstadt, Germany). Crystal structure solution was
accomplished by direct methods using SHELXS-97 [1]: Subsequent difference Fourier
analyses and least squares refinements with SHELXL-97 [2] allowed the localization
of the remaining atom positions. Data reduction was carried out with the program
package X-Red [3], numerical absorption corrections with the program X-Shape [4].

For crystal structure drawings the program Diamond was employed [5].
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1.3  Absorption-, Emission- and Raman-spectroscopy

Absorption spectra were recorded on a two-beam spectrometer Cary 05E (Varian,
Palo Alto, USA). The visible and near-infrared radiation is generated by a quartz-

iodine lamp, the UV-radiation by a deuterium-lamp.

Emission spectra were recorded on a Spex Fluoromax-3 Spectrofluorometer (Jobin
Yvon Inc., Longjumeau cedex / France) which is equipped with a xenon lamp (250-
850 nm excitation energy). Two Czerny-Tuner monochromators focus the excitation
and emission beam, the signals are detected with a R928P-Photomultiplier tube and
corrected by a UV-Silicon photo-diode.

Raman spectra were obtained from the bulk solids recorded at 150 mW on a Bruker
IFS-FRA-106/s. For the measurement the respective samples were sealed under an

argon atmosphere in glass capillaries and recorded at room temperature.

1.4 DSC and cyclic voltammetry

DSC thermogramms were measured on a DSC 204 F1 Phoenix (Netzsch, Selb,
Germany) equipped with a 1-sensor and nitrogen cooling. All samples were put in
aluminum crucibles which were sealed under argon atmosphere. The reference was
an empty aluminum crucible with a pierced lid. The measuring unit and the heating
furnace were held in an argon stream during the measurement (20 ml/min, 70ml/min
respectively). The heating rate was in all cases 5K/min, typical sample-masses are 10-
20 mg. The temperature programs were all applied several times on each sample, all
transitions were reversible and appeared at the same temperatures.

Cyclic voltammograms were measured on an Autolab PGStat-12 (Metrohm,
Filderstadt, Germany). A platinum working electrode (12.57 mm?), a glassy carbon
counter electrode and a silver-rod quasi reference electrode were used as a setup. All
measurements were carried under an argon atmosphere with a scan rate of 100 mV/s.
The electrodes were polished after each measurement with CeO:, washed with

acetone and deionized water, and dried in vacuum prior use.
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SHELXS-97, W.S. Sheldrick, Universitat Gottingen, 1997.
SHELXL-97, W.S. Sheldrick, Universitat Gottingen, 1997.
X-RED, Stoe & Cie, Darmstadt, 2002.

X-Shape, Stoe & Cie, Darmstadt, 2002.

Diamond Version 2.1e, Crystal Impact GbR, 1996-2001.

VIS-Spectrum of Sm?* in [bmpyr][Tf2N]
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3. List of Abbreviations

IL ionic liquid

RTIL room temperature ionic liquid
°C degree celcius

K Kelvin

\% Volt

A Ampere

h hour

min minutes

IR infrared

VIS visible

mp melting point

Cv cyclic voltamogramm

DSC difference scanning calorimetry
Ln Lanthanide (La-Lu)

bmpyr 1-butyl-1-methylpyrrolidinium
mppyr 1-propyl-1-1Imethylpyrrolidinium
bmim 1-butyl-1-methylpyrrolidinium
S(Et)s triethylsulfonium

OTt triflate = trifluomethanesulfonate

TH:N bis(trifluormethanesulfonyl)amide
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4. Chemicals

Iodine, sublimed
Ammoniumiodide p.a.

Nd, La 99,9%

Pr, Sm, Eu, Gd, Tb, Dy, Yb 99,9%
Tm 99,9 %

Lu 99,9 %

N-Methylpyrrolidin, N-Methylimidazol 98%

Triethylsulfoniumiodide

Lithium-bis(trifluormethanesulfonyl)amide 97%
Lithium-trifluoromethanesulfonate 98+%

Bis(trifluoromethanesulfon)imide 95%

Alkyl-halides 99+%

Aluminiumoxide

Merck, Darmstadt (D)
Merck, Darmstadt (D)
Aldrich, Milwaukee, (USA)
Chempur, Karlsruhe (D)
Acros, New Jersey (USA)
Smart Elements, Vienna (A)
Aldrich, Miinchen (D)
Lancaster, Karlsruhe (D)
Fluka, Seelze (D)
Lancaster, Karlsruhe (D)
Fluka, Seelze (D)

Fluka, Seelze (D)

Acros Organics, Geel (BE)
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