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1. Introduction

Structures and optical properties of cyclic-ether
complexes of europium/ytterbium made via a
redox approach

@ Carsten Donsbach,? Radian Popescu, (2°

€ Yolita M. Eggeler, @ ° Bjorn Winkler & € and

Lara-Pauline Faden,
Lkhamsuren Bayarjargal,
Claus Feldmann (2 *@

To obtain cyclic-ether complexes of europium/ytterbium with generally less preferable cyclic ethers
(i.e., those with large/small ring openings, cage-type cryptands, and N-containing crown ethers), a
novel redox approach is used. Accordingly, 24-crown-8 (24c8), benzo-15-crown-5 (benzo-15c5),
N-phenylaza-15-crown-5 (pac), [2.2.2]cryptand (c222), and kryptofix21 (k21) are made to react with
europium and ytterbium metal nanoparticles, 2-4 nm in size. Europium and ytterbium are selected as
both lanthanides are flexible in their oxidation state (II/Ill), and cover a typical range of cation radii
(r(Eu®*): 139 pm to r(Yb®*): 113 pm) in the 4f-row (radii for CN = 8). As a result, [Yb(24c8)14AICl4lg- THF
(1), [Eu(benzo-15c5),ll, (2), [Yb(benzo-15c5),ll, (3), [BMImI][EusCly(pac)4llAlCL]s (4), [{Yb(pac)}a(u-
CUIIAICL], (5), [EuCL(c222)][AICLy] (6), [Eul(c222)]l (7). [{Yb(c222)},(n-CUIL[AICL)e-1.5THF (8), [BMIm]-
[Yb(c222)lls (9), [Euk21),]l>-naph (10), and [BMImI[{Yb(k21)},(u-Cl)z]l, (11) are obtained as new
compounds. The title compounds show various coordination scenarios with mono- to tetranuclear
building units. All are luminescent with a narrow-line blue emission of 4 and the strong second
harmonic generation (SHG) effect of 6 being specifically interesting. As the redox approach used here
leads to the coordination of the lanthanide cations with all applied cyclic ethers — although exhibiting
less preferred size and/or coordinative binding with the lanthanide cation — it may present a novel
synthesis strategy to generally prepare new metal complexes with cyclic ethers with interesting optical,
magnetic or catalytic properties.

with the ring-opening diameter of 18c6 (about 300 pm).°
Generally, crown-ether coordination of Ln**/Ln*" allows reali-
zation of stable complexes with rigid bonding, often resulting

Cyclic ethers, such as crown ethers or cryptands, are widely
applied as versatile ligands for the coordination of metal
cations." Due to the specific ligand diameter and the strong
chelating properties, metal cations can be coordinated with
high selectivity, which allows qualitative as well as quantitative
determination and even selective separation.> Within the mani-
fold of metals, coordination of lanthanide cations with cyclic
ethers was less often described.>* Among such lanthanide-based
complexes, 18-crown-6 (18¢6) or its derivatives were reported
most often as ligands,"* which can be ascribed to the typical
size range of Ln**" cations (100-130 pm),” that fits well
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in interesting optical/luminescent,’” magnetic® or catalytic
properties.’

While complexes of the lanthanides were reported most
often with 18c6 (about 120 crystal structures),’ significantly
fewer reports have addressed complexes with the smaller 15c5
(about 30 crystal structures),’® or the larger 24c8 (about 5
crystal structures).’® This holds similarly for the coordination
of lanthanides with cryptands (especially in the case of the
larger Ln** cations)."* Coordination with aza-crown ethers is
even less preferred in comparison to crown ethers and cryp-
tands due to the predominantly oxophilic character of
the lanthanides.'> Moreover, the synthesis of complexes
with lanthanides coordinated by cyclic ethers is usually per-
formed via Lewis-acid-base reactions or salt metathesis
reactions.>” ®'"'?> As such reactions are usually performed in
coordinating solvents and/or in the presence of further ligands,
the lanthanides are often coordinated by further ligands in
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addition to the cyclic ether, whereas sole coordination of
lanthanide cations by cyclic ethers and halide ligands
is rare.

Aiming at the coordination of lanthanide cations with
generally less preferred cyclic ethers, we here examine a redox
approach using nanosized lanthanide metals as starting
materials. As exemplary lanthanide metals, we have selected
europium and ytterbium as both are flexible with regard to
their oxidation state (II/III) and cover the typical size range of
the 4f-element cation radii with europium as the largest
(r(Eu®"): 139 pm)® and ytterbium as the smallest (1{Yb**): 113
pm)® cation (all radii for coordination number 8). As cyclic
ethers, the large 24-crown-8 (24c8), the small benzo-15-crown-5
(benzo-15¢5) as well as the N-containing ethers N-phenylaza-15-
crown-5 (pac), the cage-like [2.2.2]cryptand (c222) and the N-H-
acidic kryptofix 21 (k21) have been selected. After the synthesis
of the Eu(0) and Yb(0) nanoparticles, 2-4 nm in size, the redox
approach resulted in 11 new compounds, including all applied
cyclic ethers, showing various coordination scenarios, and
interesting structural and optical properties with luminescence
and second harmonic generation (SHG).

2. Experimental

Details regarding the synthesis of Eu(0) and Yb(0) nano-
particles, the synthesis of title compounds 1-11, and the
analytical methods are provided in the SI.

3. Results and discussion
3.1 Europium and ytterbium metal nanoparticles

To examine reactions of lanthanide-metal nanoparticles with
cyclic ethers, we have selected europium and ytterbium. Diva-
lent europium represents the largest cation (#(Eu”*): 139 pm)®
while trivalent ytterbium is one of the smallest cations (r(Yb*"):
113 pm)® in the 4f row (all radii for coordination number 8).
Thus, both can be considered as representatives for the
whole group of 4f metals in terms of radii and the di/trivalent
oxidation state. The synthesis of Eu(0) and Yb(0) nanoparticles
generally follows our previously reported approach to
prepare reactive base-metal nanoparticles in the liquid
phase."® Thus, Eul, and YbCl; were used as the most common
starting materials. In the case of europium, Eul, was dissolved
in THF. Afterwards, a solution of lithium naphthalenide
([LiNaph]) in THF was injected into the Eul, solution with
vigorous stirring. The formation of Eu(0) nanoparticles is
indicated by the instantaneous formation of a deep-black
suspension (Fig. 1). The synthesis of Yb(0) nanoparticles fol-
lows the synthesis of Eu(0) nanoparticles, in principle. Due to
the insufficient solubility of YbCl;, however, lithium, naphtha-
lene, and YbCl; were simultaneously added to THF. After 12
hours of intense stirring, the reduction and nucleation of the
Yb(0) nanoparticles were completed and also resulted in a deep-
black suspension (Fig. 1). At first sight, the latter synthesis
conditions seem disadvantageous for the nucleation of small-
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sized nanoparticles. However, several aspects support con-
trolled nucleation also in the case of Yb(0). First of all, the
dissolution of YbCl; is very slow whereas the reduction due to
the instantaneously formed [LiNaph] is very fast. Moreover, the
zerovalent metal is highly insoluble in THF."? Both support
rapid nucleation and, thus, the formation of small-sized Yb(0)
nanoparticles. For purification, the as-prepared Eu(0) and Yb(0)
nanoparticles were centrifuged/redispersed in/from THF to
remove remaining naphthalene and LiCl. Finally, the Yb(0)
and Eu(0) metal nanoparticles were redispersed in THF to
obtain colloidally stable suspensions. Alternatively, they can
be dried at room temperature in a vacuum to obtain powder
samples with a yield of about 80-90%. Losses mainly occur due
to incomplete centrifugation of the nanoparticles. While we
reported on Eu(0) nanoparticles before,"** liquid-phase synth-
esis of Yb(0) nanoparticles is shown here for the first time.
Yb(0) nanoparticles are yet generally only accessible via physi-
cal methods (i.e. laser ablation)."* Moreover, synthesis of Yb(0)
nanoparticles in water was suggested,’® which, however, is
hardly credible with regard to the position of zerovalent ytter-
bium in the voltage series (E°(bulk ytterbium: —2.2 V)'® and
also in conflict with the reactivity that we observed for our
metal nanoparticles.

Particle size and particle size distribution of the as-prepared
Eu(0) and Yb(0) nanoparticles were examined by transmission
electron microscopy (TEM). TEM images show spherical parti-
cles with a uniform size and a low degree of agglomeration
(Fig. 2). A statistical evaluation of >100 nanoparticles on TEM
images reveals mean sizes of 2-4 nm (Table 1). High-resolution
(HR)TEM images confirm the size of the nanoparticles and
evidence the monocrystallinity of the as-prepared Eu(0) and
Yb(0) nanoparticles with lattice fringes extending through the
whole particle (Fig. 2). The lattice plane distances are well in
agreement with the respective bulk metals (Table 1). This finding
is also confirmed by Fourier-transform (FT) analysis, which is in
accordance with the calculated diffraction pattern of hexagonal
bulk europium (P6;/mmc, a = 3.398, ¢ = 5.385 A) in the [101] zone
axis,"” and cubic bulk ytterbium (Fm3m, a = 5.485 A) in the [101]
zone axis.'® The intensity of the Bragg reflections is low due to the
low scattering power of the small-sized metal nanoparticles in
combination with their high mass and absorption coefficient.

The surface conditioning of the Eu(0) and Yb(0) nano-
particles was examined by Fourier-transform infrared (FT-IR)
spectroscopy and by elemental analysis (C/H/N analysis) (see
the SI). FT-IR spectra predominantly show weak vibrations of
naphthalene as well as very weak vibrations related to THF (SI:
Fig. S1). Exemplary C/H/N analysis of the Yb(0) nanoparticles
confirms these results with a C/H content of 34.1/2.8 wt% (see
the SI). The resulting C:H ratio of 12.2 is close to the ratio
expected for a surface adsorption of naphthalene (C:H = 14.9).
This finding is different from transition-metal nanoparticles
that show a predominant surface functionalization with THF."?
Total organic combustion analysis with thermogravimetry (TG)
of the Yb(0) nanoparticles shows a solid residue of 71.4 wt%,
which was identified as Yb,0; via X-ray powder diffraction (SI:
Fig. S2). This relates to a metal content of 63 wt% Yb for the as-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Scheme illustrating the synthesis of Eu(0) and Yb(0) nanoparticles (exemplary suspension of Yb(0) nanoparticles shown), followed by the reaction
of the as-prepared Eu(0) and Yb(0) nanoparticles with the cyclic ethers 24c8, benzo-15c5, pac, c222, and k21 with photos of single crystals of the

obtained complexes 1-11.

prepared nanoparticles. The related organic content is to be
expected with regard to the particle size of the as-prepared metal
nanoparticles and a monomolecular layer of naphthalene.

Due to the small particle size and the absence of strongly-
binding and/or high-molecular-weight stabilizers on the
particle surface, high reactivity of the as-prepared Eu(0) and
Yb(0) nanoparticles is to be expected. Indeed, they show
violent reactions when in contact with moisture, air, or other
oxidizing agents, which lead to immediate combustion and/or
explosion.” In fact, the reactivity of the Eu(0) and Yb(0)
nanoparticles is comparable to the heavy alkali metals rubi-
dium and cesium. Therefore, all reactions and sample handling
need to be performed with inert conditions (argon, nitrogen,
and vacuum), using standard Schlenk techniques or glove
boxes. This also includes all centrifugation and analytical
characterization.

3.2 Cyclic-ether complexes

For the reaction with the Eu(0) and Yb(0) nanoparticles, the
large 24-crown-8 (24c8), the small benzo-15-crown-5 (benzo-
15¢5), as well as the N-containing cyclic ethers N-phenylaza-15-
crown-5 (pac), the cage-like [2.2.2]cryptand (c222) and the

This journal is © The Royal Society of Chemistry 2025

N-H-acidic kryptofix 21 (k21) have been selected as cyclic ethers
(SI: Table S1). Since the coordination of di- and trivalent rare-
earth-metal cations by standard crown ethers such as 15-crown-
5 and 18-crown-6 is straightforward using ionic-liquid-based
syntheses,”? we here specifically focus on more complicated,
less preferable cyclic ligands.

Syntheses were performed in the ionic liquids [BMIm]Cl/
AICl; or [BMIm]I as solvents (BMIm: butyl-3-methylimidaz-
olium). Since [BMIm]C] has a melting point of 70 °C, AlCl;
was added to form [BMIm][AICl,], which is already liquid at
room temperature. These ionic liquids feature good thermal
stability, weakly coordinating properties, and good solubility of
Eul, and YbCl,;." In contrast to conventional polar solvents
(e.g., ethanol, THF, and DMF), the weakly coordinating proper-
ties of the ionic liquid allow avoiding coordination of the
lanthanide cation by the solvent. After oxidation of the
Eu(0)/Yb(0) nanoparticles, only the halides (Cl7, [AICL]", I")
are available as anions, which supports the coordination of
Eu?"?*/Yb*®* with the respective cyclic ether. A certain dis-
advantage of the ionic liquid relates to the difficult separation
of the product and ionic liquid subsequent to synthesis because
the solubility of the product and the ionic liquid is very similar.

J. Mater. Chem. C, 2025,13, 23269-23279 | 23271
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Fig. 2 Size and size distribution of the Eu(0) and Yb(0) nanoparticles: (a) and (e) TEM overview image, (b) and (f) size distribution based on a statistical
evaluation of >200 nanoparticles on TEM images, (c) and (g) HRTEM image of a single Eu(0)/Yb(0) nanoparticle with lattice fringes, (d) and (h) FT pattern
of the single nanoparticle shown in (c) and (g). Red circles indicate the diffraction pattern of hexagonal bulk europium in the [101] zone axis (d) and of
cubic bulk ytterbium in the [101] zone axis (h) (zero-order beam (ZB) marked by a white circle).

Table 1 Mean size and lattice plane distances of Eu(0) and Yb(0)
nanoparticles

Mean Measured lattice Lattice plane distance
Metal size/nm plane distance/A of bulk reference/A

Eu(0) 3.8+ 0.8 2.6
Yb(0) 2.0 + 0.3 3.2

2.6 (d101 of hexagonal europium)'’

3.2 (d11; of cubic ytterbium)'®

To address this concern, we used small portions of cooled
CH,Cl, (0 °C) to wash the crystals of the title compounds and to
remove most of the ionic liquid. An adsorption of the remain-
ing ionic liquid on the crystal surfaces, however, can hardly be
avoided.

With regard to the oxidation of the Eu(0) and Yb(0) nano-
particles, there are three options. First of all, AI’** can be
reduced to Al(0) if [BMIm]CI/AICl; is used as an ionic
liquid.”® Moreover, the [BMIm]" cation can be reduced, which
is well-known in the literature, for instance, to obtain N-
heterocyclic carbenes (NHCs),*" or to trigger the reductive
absorption and storage of carbon dioxide in imidazolium-type
ionic liquids.>* Finally, N-H acidic cyclic ethers such as k21 can
release H, and, thereafter, become available as [k21]~ or [k21]*~
anions.'® In principle, we have already observed all these
options for the oxidation of the base-metal nanoparticles.”®
Due to the high reactivity of the Eu(0)/Yb(0) nanoparticles, all
reactions could be performed at room temperature and
resulted in, altogether, 11 new complexes (SL: Table S2).
While the redox reactions are fast, in principle (i.e. some days
at room temperature), the growth of sufficient single crystals
takes a certain time (i.e. 4-8 weeks at room temperature). Most

23272 | J Mater. Chem. C, 2025, 13, 23269-23279

importantly, coordination was successful with all applied cyclic
ethers and resulted in a wide range of coordination scenarios
(Fig. 3-5).

As a very first example, 24c8 was reacted with Eu(0) and
Yb(0) nanoparticles in [BMIm]CI/AICl; at room temperature.
While no crystalline compound was obtained with europium,
in the case of ytterbium colorless crystals of [Yb(24c8)],[AICl,]s-
THF (1) were obtained with the reduction of AI** of the ionic
liquid (SI: Table S2 and Fig. S3):

12 Yb(0) + 12 24c8 + 32 AlCl; + 3THF —
3 [Yb(24c8)]4[AICl,]s' THF + 8 Al

The formation of aluminium is indicated by a greyish
precipitate, slowly occurring during the reaction.

Surprisingly, 1 shows a coordination of Yb>" by all eight
oxygen atoms of 24c8 (Table 2 and Fig. 3a). Formation and
crystallization of such a compound are difficult due to the

a) b) 0o 7 9 ~0©O L[ 7
SR %
- _Yb ‘ Yb
-« | &
S O™
24c8 Benzo-15¢5 Benzo-15c5

Fig. 3 Structure of (a) [Yb(24c8)]>" cation in 1, (b) [Eu(benzo-15c¢5),1%*
cation in 2, (c) [Yb(benzo-15c5),]%* cation in 3 (unit cells displayed in SI: Fig.
S3-S5).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Structure of (a) [Eu,sCla(pac),]** cation in 4, (b) [{Yb(pac)}(pn-Cl),1**
cation in 5, (c) [Eu(k21),]2" cation in 10, (d) [{Yb(k21)},(n-Cl)s]™ cation in 11
(unit cells displayed in SI: Fig. S6, S7, S12 and S13).

flexibility of the 24c8 molecule that can rotate around all 24
tetrahedral (C) and pseudo-tetrahedral (O) centers. Only
recently, we could realize [Eu(m)Cl(24c8)]I, as the very first
example with «kg-coordination of 24c8 and a lanthanide
cation.”® The Yb-O distances are very similar (246.2(10)-
247.6(13) pm) and show high parameters of thermal motion
due to the positional disorder of 24c8 (see the SI). [AICL,]™
originating from the ionic liquid serves as the anion. Further-
more, a THF molecule, originating from the synthesis of the
Yb(0) nanoparticles, is present in the unit cell but, surprisingly,
remains non-coordinated (SI: Fig. S3 and S14a). Obviously, a
coordination of Yb** by 24c8 is preferred over Eu®*, which is in
agreement with the size of Yb®>" (128 pm, CN = 8)® and the ring
opening of 24c8 (450-500 nm).®

After the large 24c8, the Eu(0)/Yb(0) nanoparticles were
reacted with the much smaller 15¢5, which, however, did not
result in any suitable single crystal. Therefore, benzo-15-crown-
5 (benzo-15¢5) was used, as the n-stacking of aromatic systems
often offers additional attractive interactions that may support
crystallization. Indeed, the reaction of Eu(0)/Yb(0) nano-
particles with benzo-15¢5 in [BMIm]I resulted in the

c222

c222

This journal is © The Royal Society of Chemistry 2025
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compounds [Eu(benzo-15¢5),]I, (2) (SI: Table S3 and Fig. S4)
and [Yb(benzo-15¢5),]I, (3) (SI: Table S4 and Fig. S5). Here, the
[BMIm]* cation was reduced:*"**

M(0) + 2 benzo-15¢5 + 2 [BMIm]I —
[M(benzo-15¢5),]I, + 2 CgHy4N, + H, (M = Eu, Yb)

2 and 3 contain similar sandwich-type [M(benzo-15¢5),]**
cations (Table 2 and Fig. 3b, c). The benzyl groups indeed show
n-stacking (SI: Fig. S4 and S5). Eu*>" and Yb®" are coordinated by
all five oxygen atoms of both benzo-15¢5 molecules, resulting in
a pentagonal antiprismatic coordination (Eu-O: 269.2(4)-
275.5(5) pm; Yb-O: 262.8(4)-271.5(5) pm; Table 2). Due to the
larger size of Eu®*, the Eu-O distances are, as expected, longer
than the Yb-O distances.

In addition to benzo-15¢5, the Eu(0) and Yb(0) nanoparticles
were reacted with N-phenylaza-15-crown-5 (pac), showing a
similar ring opening but with one oxygen atom replaced by
nitrogen. Here, the compounds [BMIm]Eu,Cl,(pac),]JAICl,]s
(4) (SI: Table S5 and Fig. S6) and [{Yb(pac)},(p-Cl),J[AICL], (5)
(SL: Table S6 and Fig. S7) were obtained with formation of
aluminum metal:

12 Eu(0) + 12 pac + 3 [BMIm][AICl,] + 20 AICl; —
3 [BMIm][Eu,Cly(pac),][AICL,]s + 8 Al

6 Yb(0) + 6 pac + 10 AICl; — 3 [{Yb(pac)},(u-Cl),JJAICL], + 4 Al

Although the conditions of reaction were similar, interest-
ingly, totally different compositions and structures were
obtained for europium and ytterbium (Fig. 4a and b). Thus, 4,
as the central building unit, contains a distorted Eu,Cl, hetero-
cubane (Eu-Cl: 287(4)-316(3) pm; Cl-Eu-Cl: 71.6(8)-86.8(6)°;
Table 2) with each Eu®>" additionally coordinated by a pac
molecule via all four oxygen atoms (Eu-O: 247.0(16)-270.5(14) pm;
Table 2) as well as the nitrogen atom (Eu-N: 223.9(18)-281.3(17) pmy;
Table 2). As a result, Eu®>* exhibits an eightfold coordination
(Table 2). Although heterocubane-type building units are well-
known, in principle, such an arrangement is unusual for
europium, so that 4 contains the first Eu,X, heterocubane
(Fig. 4a). In contrast to 4, 5 is a dinuclear complex with two
Yb>* atoms bridged by two chlorine atoms (Yb-Cl: 274.45(13)-
277.19(13) pm; Table 2 and Fig. 4a). Furthermore, each Yb>" is
coordinated by all four oxygen atoms and the nitrogen atom of

€222

Fig. 5 Structure of (a) the [EuCL(c222)]* cation in 6, (b) the [Eul(c222)]* cation in 7, (c) the {Yb(c222)},(u-ClI** cation in 8, (d) the [Yb(c222)]%* cation in 9
(unit cells displayed in SI: Fig. S8-S11).

c222
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Table 2 Selected structural details of the compounds 1-11 (Ln: Eu, Yb) with coordination of Eu?*/Yb?* and distances to ligands

Distances/pm

Compound Space group Coordination Ln-O Ln-N Ln-X
[Yb(24¢8)],[AICl,]s- THF (1) P4y/nmc 8(0) 246(1)-248(1) — >543(1)
[Eu(benzo-15c5),]1, (2) P24/c 10(0) 269(1)-276(1) — >557(1)
[Yb(benzo-15¢5),]1, (3) P24/n 10(0) 263(4)-272(1) — >549(1)
[BMIm][Eu,Cl,(pac),][AICl,]; (4) P2,2,2, 4(0) + 1(N) + 3(Cl) 247(1)-271(1) 224(2)-281(2) 287(1)-316(1)
[{Yb(pac)},(u-Cl),J[AICL,], (5) P2,/c 4(0) + 1(N) + 2(Cl) 244(1)-252(1) 260(1), 264(1) 275(1), 277(1)
[EuCl(c222)][AICL,] (6) P2, 6(0) + 2(N) + 1(Cl) 267(1)-276(1) 285(2), 288(1) 283(1)
[Eul(c222)]I (7) P42,2 6(0) + 2(N) + 1(T) 258(1)-296(1) 266(1), 275(1) 335(1)
[{Yb(c222)},(u-C1)],[AICl,]6-1.5THF (8) Pc 6(0) + 2(N) + 1(Cl) 250(1)-271(1) 277(1)-283(1) 273(1), 274(1)
[BMIm][Yb(c222)]I; (9) P2/c 6(0) + 2(N) 247(1)-249(1) 262(1), 263(1) >599(1)
[Eu(k21),]I,-naph (10) P24/n 6(0) + 4(N) 274(1)-284(1) 278(1)-286(1) >574(1)
[BMIm][{Yb(k21)},(u-Cl)5 ]I, (11) C2/c 3(0) + 2(N) + 3(Cl) 253(1)-262(1) 259(1)-262(1) 279(1), 295(1)

pac (Yb-O: 244.1(4)-252.4(3) pm; Yb-N: 260.0(4)-264.4(5) pm;
Table 2). In accordance with its smaller size, Yb>" in 5 shows
sevenfold coordination, whereas the larger Eu*" in 4 exhibits
eightfold coordination.

Aiming at an even more rigid coordination, the Eu(0)
and Yb(0) nanoparticles were next reacted with the cage-
like [2.2.2]cryptand (c222). Here, a reaction of Eu(0) nano-
particles in [BMIm]|CI/AICI; resulted in colorless crystals of
[EuCl(c222)][AlCl,] (6), again with the reduction of aluminium
(SI: Table S7 and Fig. S8):

3 Eu(0) + 3 ¢222 + 5 AICl; — 3 [EuCl(c222)][AICL,] + 2 Al

In 6, Eu** was successfully encapsulated by c222 and is
coordinated by six oxygen atoms (Eu-O: 267.1(13)-276.3(7) pm)
and two nitrogen atoms (Eu-N: 284.9(16)-287.9(15) pm) of c222
as well as by one ClI” (Eu-Cl: 283.1(2) pm) (Table 2). The
resulting ninefold coordination and coordinative arrangement
is designated in the literature as the ‘“hula-hoop” geometry
(Fig. 5a).>®> A reaction of Eu(0) nanoparticles in [BMIm]I
resulted in [Eul(c222)]I (7) with similar building units (SI: Table
S8 and Fig. S9), however, with the reduction of [BMIm]":

Eu(0) + ¢222 + 2 [BMIm]I — [Eul(c222)]I + 2 CgHy,N, + H,

Eu®" is coordinated similar to 6 by six oxygen atoms (Eu-O:
260(4)-287(5) pm) and two nitrogen atoms (Eu-N: 236(4)-
261(3) pm) of c222 and one I" (Eu-I: 334.7(1) pm) (Table 2),
again, with a “hula-hoop” geometry (Fig. 5b).

While the reaction of Eu(0) nanoparticles with c222 in
[BMIm][AICL,] and [BMIm]I led to similar compounds, the
reaction of Yb(0) nanoparticles with c222 resulted in different
products. In this regard, colorless crystals of [{Yb(c222)},-
(n-CD)],[AlCL,]6-1.5THF (8) were obtained in [BMIm][AICL,] (SI
Table S9 and Fig. S10), whereas [BMIm][Yb(c222)]I; (9) was
obtained in [BMIm]I (SI: Table S10 and Fig. S11) with either the
reduction of aluminium or [BMIm]":

12 Yb(0) + 12 222 + 26 AICl; + 4.5THF —
3 [{Yb(c222)},(pn-Cl)],[AlCL,]¢-1.5THF+ 8 Al

Yb(0) + ¢222 + 3 [BMIm]I — [BMIm][Yb(c222)]I;
+2 CgHyyN, + H,

23274 | J. Mater. Chem. C, 2025,13, 23269-23279

8 is a dinuclear complex with two Yb** bridged by one CI~
(Fig. 5¢). In addition to chlorine (Yb-Cl: 272.7(4)-274.1(4) pm),
Yb*" is coordinated by all oxygen atoms (Yb-O: 250.3(10)-
271.2(11) pm) and two nitrogen atoms (Yb-N: 277.3(11)-
282.7(14) pm) of c222 (Table 2). Similar to 6 and 7, 8 also
shows a “hula-hoop” geometry and represents the first example
of such a dinuclear Yb®>" complex. Until now only a mono-
nuclear cation [YbI(c222),]" was described, which shows com-
parable distances (Yb-N: 279 pm; Yb-O: 248-256 pm; and Yb-I:
329.1 pm).”® The elongated Yb-O distances in 8 can be attrib-
uted to the bridged, dinuclear structure and the steric demand
of two ¢222 molecules. Finally, a non-coordinated molecule
of THF in the unit cell of 8 should be noticed, which - similar
to 1 - originates from the synthesis of Yb(0) nanoparticles and
which is not coordinated to the cation. The coordinative situa-
tion of 9 is significantly different from 8 with Yb** coordinated
like a distorted cube with six oxygen atoms (Yb-O: 247.3(5)-
249.4(5) pm) and two nitrogen atoms (Yb-N: 261.7(6}-262.8(6) pm) of
€222 (Table 2 and Fig. 5d) but without a coordination of Yb*" to
the halide. Instead, three I” anions and a [BMIm]" cation are
located between the [Yb(c222)]*" cations with long distances (Yb-I:
599(1) pm; Table 2). A [Yb(c222)]" cation was also reported before
in [Yb(c222)][Yb(CpSiMejs);], and exhibits similar distances as in 9
(Yb-O: 244.4-253.9 pm; Yb-N: 261.3-263.4 pm).”’

Finally, kryptofix21 (k21) was examined as an N-H acidic
cyclic ether to react with Eu(0) and Yb(0) nanoparticles. In
addition to the oxidation of Eu(0)/Yb(0) by reduction of Al** or
reduction of [BMIm]", k21 itself may serve as an oxidizing agent
with the formation of H, and the anions [k21]~ or [k21]>". Such
behaviour of N-H acidic aza-crown ethers is well-known in the
literature.>® Eu(0) nanoparticles and k21 nevertheless show the
reduction of [BMIm]" in [BMIm]I without any deprotonation of
k21 and with the formation of colourless -crystals of
[Eu(k21),]1,-naph (10) (SI: Table S11 and Fig. S12):

Eu(0) + 2 k21 + 2 [BMIm]I + naph —
[Eu(k21),]I,-naph + 2 CgH, 4N, + H,

For the first time, we here observe the incorporation of
naphthalene, which - similar to THF in 1 and 8 - originates
from the synthesis of Eu(0) nanoparticles and which is - similar
to THF - not coordinated to the cation.

This journal is © The Royal Society of Chemistry 2025
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10 exhibits a sandwich-type [Eu(k21),]*" cation (Fig. 4c). Eu**
is coordinated by three oxygen atoms (Eu-O: 273.7(4)-283.8(4) pm)
and two nitrogen atoms (Eu-N: 277.9(4)-286.0(4) pm) of both k21
molecules (Table 2), resulting in a ten-fold, pentagonal antipris-
matic coordination. The C-N-C angles at the nitrogen atoms of
k21, moreover, indicate a distorted tetrahedral arrangement
(113.2(5)-117.8(5)°), which points to the presence of the H atom.
Moreover, two I ions serve as anions in 10 with long Eu-I
distances (574(1) pm; SI: Fig. S12).

The reaction of Yb(0) nanoparticles with k21 in [BMIm]I is
different from the aforementioned Eu(0) nanoparticles and
resulted in the dinuclear complex [BMIm][{Yb(k21)},(p-Cl)s]I,
(11) (SI: Table S12 and Fig. $13). Again, [BMIm]' is preferred as
an oxidizing agent over k21:

2 Yb(0) + 2 k21 + 3 LiCl + 5 [BMIm]I —
[BMIm][{Yb(k21)},(u-Cl)3]I, + 4 CgH14N, + 2 H, + 3 Lil

Besides I from the ionic liquid, it must be noticed that CI™
is also involved in the composition of 11. Its presence can be
related to the formation of LiCl in the synthesis of the Yb(0)
nanoparticles. As only small amounts of LiCl may remain after
the purification of the Yb(0) nanoparticles, only low amounts of
11 were obtained (about 20% yield), which is much below the
yield of other compounds (e.g. 1-6 with quantitative yields
related to the amount of the cyclic ether). Yb** in 11
is coordinated by three oxygen atoms (Yb-O: 252.7(6)-
261.7(7) pm), both nitrogen atoms (Yb-N: 258.5(7)-261.7(8)
pm) of k21 as well as by three bridging chlorine atoms
(Yb-Cl: 278.7(2)-295.2(3) pm) (Table 2 and Fig. 4d). In summary,
this results in a distorted, double-capped trigonal prism around
Yb**. Such a triple chloride-bridged ytterbium dimer is already
known"*?° but here shown with a crown-ether ligand for the first
time. The C-N-C angles of the nitrogen atoms of k21 again point
to a tetrahedral arrangement (107.9(5)-115.5(8)°) and, thus, the
presence of H atoms. Moreover, the presence of CI~ and I as
anions excludes k21 from being anionic as well.

In addition to single-crystal structure analysis, compounds
1-11 were examined by Fourier-transform infrared (FT-IR)
spectroscopy (SI: Fig. S14). The spectra are dominated by the
characteristic vibrations of the respective cyclic ethers (1(C-H):
3100-2800 cm'; fingerprint area: 1500-750 cm™ '), which are
shown as references as well. Moreover, [BMIm]" in 4, 9, and 11
(Y(C-H): 3000-2800 cm ™% (C-N): 1200-1150 cm ') and
[AICl,]” in 1, 4-6, and 8 (¥(Al-Cl): 550-450 cm™ ") are clearly
visible. For 10, the presence of naph is indicated by the
characteristic vibration at 490 cm™'. THF in 1 is indicated by
its characteristic vibrations (#(C-0) at 1100 and 900 cm %).
Spectra of 10 and 11 clearly show N-H vibrations (¢(N-H):
3250-3150 cm™ '), which again exclude the deprotonation
of k21. Finally, the absence of OH-related absorptions in
the 3500-3000 cm™ ' range proves the absence of moisture
(SI: Fig. S14).

In summary, the novel redox approach using Eu(0)/Yb(0)
nanoparticles as starting materials allows obtaining a variety of
new compounds with Eu** and Yb** coordinated by 24c8,
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Table 3 Excitation and emission of cyclic-ether compounds 1-11 with
the maximum wavelength (1ax) Of excitation/emission and the full-width
at half maximum (FWHM) of the emission (spectra of all compounds are
shown in the SI, Fig. S15)

Excitation Emission Emission

Compound AmaxdMM  Apa/nm  FWHM/nm
Yb(24¢8)],[AIC] ]z THF (1) 398 470 131
Eu(benzo-15¢5),]I, (2) 369 419 82
Yb(benzo-15¢5),]I, (3) 395 467 124
BMIm][Eu,Cl,(pac),][AICL]; (4) 396 434 25
{Yb(pac)},(p-Cl),JJAICL], (5) 370 443 176
EuCl(c222)][AICL,] (6) 380 444 59
Eul(c222)]I (7) 381 444 134
{Yb(c222)},(u-CI)],[AICL,]6-1.5THF (8) 370 436 78
BMIm][Yb(c222)]I; (9) 322 380 Weak
emission
[Eu(k21),]I,-naph (10) 396 468 149
[BMIm][{Yb(k21)},(u-Cl)5]L, (11) 385 435 Weak
emission

benzo-15c5, ¢222, pac, and k21 with different coordination
scenarios, including mono-, di- and trinuclear complexes. The
coordination clearly reflects the different radii of Eu®>* (139 pm,
CN = 8) and Yb®>" (113 pm, CN = 8) as the largest and smallest
divalent lanthanide ions.’ Divalent lanthanides were occurring
throughout. Besides the oxidation of the Eu(0)/Yb(0) nano-
particles, the redox approach resulted in the reduction of
[AICL,]” to metallic aluminum if the ionic liquid contained
AP’" (i.e. [BMIm][AICL,)). If the ionic liquid does not contain AI**
(i.e. [BMIm]I), [BMIm]" was reduced. The formation of hydro-
gen, as the third option in the case of k21, was not observed.
Interestingly, compounds 1-11 only in few cases show the
presence of THF (i.e. 1 and 8) or naphthalene (i.e. 10), although
certain amounts of THF and/or naphthalene remain adsorbed
on the surface of the Eu(0)/Yb(0) nanoparticles. In all these
cases, THF and naphthalene are not coordinating the metal
cation and, thus, do not disturb the chemistry and coordina-
tion of lanthanide-metal complexes.

3.3 Optical properties

Since Eu®*' and Yb*' are well-known luminescent centers,
luminescence can be expected for all title compounds. Specifi-
cally, 4f” — 4f°5d" transitions may occur on Eu** and 4f** —
4f35d" transitions on Yb>".>° Since the d orbitals show strong
coupling with the environment, the wavelength of excitation
and emission depends on the respective coordination and
compound. Indeed, all title compounds show emission at room
temperature. Excitation and emission spectra exhibit the char-
acteristic 4f” — °5d" and 4f'* — 4f'*5d" transitions of Eu**
and Yb** (Table 3, Fig. 6 and SI: Fig. S15). Excitation occurs
in the UV to blue spectral regime with two absorption bands
due to the splitting of the electronically excited state.®*
Emission is observed in the violet to blue spectral regime.
For Yb**-containing compounds, the emission is generally
weak, whereas the Eu®'-containing compounds show good
emission. As representative and most interesting compounds,
the luminescence properties of [Yb(24c8)]4[AlCLJs THF (1),
[BMIm][Eu,Cl,(pac),JJAICL]s (4), [EuCl(c222)][AICl,] (6), and
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Fig. 6 Exemplary excitation and emission spectra of (a) [Yb(24c8)]4[AlCl,lg- THF (1), (b) [BMIM][Eu4Cls(pac)4l[AlCL4ls (4), (c) [EuCL(c222)][AICL,] (6), and (d)

[Eul(c222)]l (7) (spectra of all compounds shown in SI: Fig. S15).

[Eul(c222)]I (7) are displayed in Fig. 6 (SI: Fig. S15 with excita-
tion/emission spectra of all compounds). [Yb(24c8)]4[AlCL,]s:
THF (1) shows typical emission of Yb**, which is comparably
broad and low in intensity (Fig. 6a). Similarly, [EuI(c222)]I (7) is
a typical representative for Eu®>"-based emission (Fig. 6d). The
optical properties are comparable to known compounds such
as [YbI(c222)]1, [EuBr(c222)]Br or [Eul,(c222)].>%?%? In contrast,
[BMIm][Eu,Cly(pac),JJAICL]s (4) and [EuCl(c222)][AlCl,] (6)
exhibit a surprisingly narrow emission (Fig. 6b and c), which
was rarely observed for Eu**. Specifically, 4 exhibits a very
narrow emission band (FWHM of 4 with 25 nm versus 60-
150 nm for 2, 6, 7, and 10; Table 3), which can be ascribed to
the rigid coordination in the Eu,Cl, heterocubane as indicated
by the lowest coordination number (i.e. 8 for 4 versus 9 or 10 for
2, 6, 7, and 10) as well as the shortest Eu-O, Eu-N, and Eu-Cl
distances (in comparison to 2, 6, 7, and 10). Moreover, the
emission occurs at low wavelength in the blue spectral regime
(<500 nm, Fig. 6b). In principle, such narrow-band blue-
emitting features can be interesting for organic light-emitting
diodes (OLEDs) to replace the current Ru- or Ir-containing
dyes.”* By comparison with the naked eye, 6 shows the most
intense emission. Here, a quantum yield of 54(2)% was deter-
mined, which, however, could be lowered (by about 3-5%) due
to ionic liquid remaining adsorbed on the surface of micro-
crystals of 6.7

23276 | J. Mater. Chem. C, 2025,13, 23269-23279

The compounds 4, 6, 7, and 9 crystallize in space groups
without inversion symmetry, so that, besides luminescence,
non-linear optical (NLO) effects can also be expected. As 6
already showed good luminescence properties and as the
compound can be prepared with high yield and purity (see
the SI), this compound with the space group P2; was also
evaluated with regard to NLO effects with the example of
second harmonic generation (SHG). To this concern, the
Kurtz-Perry approach was applied,”® which offers several
advantages for the characterization of newly discovered com-
pounds. First of all, SHG measurements can be performed with
microcrystalline powder samples. Moreover, the presence of
enantiomeric or twinned crystals is not an issue if the indivi-
dual domains are large enough (>1 pm). The Kurtz-Perry
approach also has some limitations. Thus, it only provides
information about the averaged effective SHG coefficient with a
large uncertainty because it is often difficult to quantify the
grain-size distribution in powder samples. According to light
microscopy, the grain size of powder samples of 6 was esti-
mated to 5-50 pm.

Two different laser sources were used as the fundamental
pump wave. The first laser source has a single wavelength of
1064 nm. Table 4 shows the results of the conversion from
1064 nm to SHG intensities at 532 nm. The crystals are color-
less, so that 6 is transparent in the spectral range of the

This journal is © The Royal Society of Chemistry 2025
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Table 4 SHG intensities of [EuCl(c222)I[AICl,] (6) at 532 nm and of
selected references

Sample Particle size/um SHG intensity/mV
Quartz <5 29(10)

Quartz 5-25 238(38)

Quartz 25-50 380(81)

AlL,O; 9 0(1)

KDP 5-25 730(38)

KDP 25-50 1932(367)
[EuCl(c222)][AICL] (6) 5-50 1723(421)

incident laser light as well as in the spectral range of the
converted light. As the Kurtz-Perry approach does not result
in absolute SHG intensities, quartz and potassium dihydrogen-
phosphate (KH,PO,, KDP) were examined as references under
similar conditions to 6 to assess the strength of the SHG signal.
KDP is phase matchable (second-order susceptibility: dzs =
0.39 pm V1), and therefore yields a SHG signal that is at least
5 times stronger than for the nonphase-matchable quartz (d;; =
0.3 pm V_')** although the SHG coefficients of both reference
samples are similar. Corundum (o-Al,O3) was analyzed as an
additional reference showing inversion symmetry and, there-
fore, no SHG effect at all. Based on this comparison, a strong
SHG signal was determined for 6, which is comparable to KDP
(Table 4). Additional measurements of the grain-size depen-
dence of the SHG signals could provide further experimental
constraints for the phase-matching conditions but were outside
the scope of the present study.

The second pump source is a broadband laser with a
wavelength of 950-1300 nm. Fig. 7 shows the conversion of
such a broadband laser for sample 6 and the references. The
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Fig. 7 Second harmonic generation (SHG) spectra of [EuCl(c222)][AICL,]
(6) with KDP, SiO, and AlL,Os as references using a broadband laser as a
pump source ranging from 950 to 1300 nm.
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considerably strong SHG signals of 6 confirm the non-
centrosymmetric structure of [EuCl(c222)][AICl,]. The intensity
distribution of the pump laser dominates the wavelength-
dependent shape of the SHG signal, especially in the 520-
650 nm range.

4. Conclusions

The novel cyclic-ether complexes [Yb(24c8)],[AICl,]s-THF (1),
[Eu(benzo-15¢5),]1, (2), [Yb(benzo-15¢5),]1, (3), [BMIm][Eu,Cl,-
(pac)a][AICL]s (4), [{Yb(pac)},(n-Cl),JJAICL], (5), [EuCl(c222)]-
[AICL,] (6), [Eul(c222)]T (7), [{Yb(c222)},(1-Cl)],[AIC]4]-1.5THF
(8), [BMIm][Yb(c222)]1; (9), [Eu(k21),]I,-naph (10), and [BMI-
m][{Yb(k21)},(u-Cl)5]I, (11) were prepared via a redox approach,
using europium and ytterbium metal nanoparticles as starting
materials. The Eu(0) and Yb(0) nanoparticles were synthesized
in the liquid phase by reduction of Eul, and YbCl; with lithium
naphthalenide in THF. They are monocrystalline and exhibit a
size of 3.8 £+ 0.8 nm (Eu(0)) and 2.0 £+ 0.3 nm (Yb(0)).

Eu(0) and Yb(0) nanoparticles were selected as both are
flexible in terms of their oxidation state (II/III), and cover the
range of possible radii from r(Eu**): 139 pm to r(Yb*"): 113 pm
in the 4f row (all radii for coordination number 8). They were
made to react with the cyclic ethers 24-crown-8/24c8, benzo-15-
crown-5/benzo-15¢5, N-phenylaza-15-crown-5/pac, [2.2.2]cryp-
tand/c222, and kryptofix21/k21 to probe the formation of
lanthanide-metal complexes, specifically with usually less pre-
ferred ligands such as 15c¢5 and 24c8 being too small or too
large with regard to the size of the lanthanide cation as well as
the sterically more demanding cryptand or the nitrogen-
containing aza-crown ethers. 1-11 show very different struc-
tural and coordinative scenarios, mono- to tetranuclear build-
ing units as well as interesting structural and optical properties
with luminescence and strong, KDP-comparable second-
harmonic generation. Specifically interesting are the 24c8-
coordination of Yb®" in 1, the tetranuclear [Eu,Cly(pac)s]**
cation in 4, the “hula-hoop”-like arrangements in 6, 7, and 8,
the single-, double- and triple-bridging via chlorine in 8, 5 and
11, respectively, as well as the narrow-line blue emission of 4
and the strong KDP-like SHG effect of 6. Generally, the redox
approach used here with suspended reactive metal nano-
particles could be an interesting addition to the synthesis tools
of novel metal complexes with cyclic ethers and promising
structural, optical, magnetic or catalytic properties, specifically,
if the size, coordination, and/or binding of the respective metal
cation and cyclic ether are non-optimal.
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regarding analytical techniques, synthesis of the title com-
pounds, crystallographic details and spectroscopic and thermal
analysis. See DOLI: https://doi.org/10.1039/d5tc02776d.
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