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Tetranuclear lanthanide aqua hydroxo complexes with two
structural types of core – {Ln4(µ3-OH)4(µ2-OH)4}4+ [Ln = Pr
(1), Nd (2), Eu (3), Gd (4), Tb (5)] and {Ln4(µ3-OH)4(µ2-
OH)2}6+ [Ln = Er (6), Yb (7)] – were prepared by heating
(130 °C) of aqueous solutions of lanthanide(III) chlorides, cu-
curbit[6]uril (C36H36N24O12, CB[6]), and 4-cyanopyridine.
The formation of Ln4 complexes results from the combined
influence of the tetradentate coordination of the polycation
by the portals of the macrocyclic ligand CB[6] and the chelat-
ing effect of the carboxylate ligands of isonicotinic acid gen-

Introduction

The wide variety of applications that lanthanide com-
plexes have in many fields is well known.[1–5] The synthetic
procedures are well-mastered and many lanthanide-con-
taining compounds can be designed with required physico-
chemical properties, both as molecular compounds or coor-
dination polymers. In recent years, special attention has
been focused on the polynuclear lanthanide complexes due
to their fascinating structures and potential applications,
which may ultimately lead to new materials.[6–17] Some of
these compounds hold promise as precursors in metalor-
ganic chemical vapor deposition and sol-gel technol-
ogy.[18–20] Interest in gadolinium(III) nanoclusters with tun-
able electron relaxation behavior can be conceived for mag-
netic resonance imaging applications.[21–23] Great efforts
have been focused on the europium(III) nanoclusters to
construct luminescent nanodevices.[24,25] The sharpness of
the intra-f-shell emission lines in lanthanide luminescence
spectra makes them interesting candidates for phosphors,
optical sensors, and probes in biochemistry. Although the
polynuclear lanthanide complexes are very promising, the
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erated as a result of hydrolysis of 4-cyanopyridine. X-ray dif-
fraction analysis of 1–7 revealed the sandwich structure with
the tetranuclear lanthanide complex situated between two
macrocyclic molecules. The compounds were characterized
by elemental analysis, IR, and electrospray ionization (ESI)
mass spectrometry. Luminescence spectra of 3 and 5 and
magnetic properties of 4 were also studied.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

examples of well-characterized finite-size lanthanide clus-
ters stable in aqueous solutions are limited and the synthe-
ses are still characterized by random self-organization.[6] A
high tendency to form insoluble polymeric hydroxo and oxo
compounds makes difficult isolation of intermediate com-
plexes of certain-nuclearity from aqueous solutions. The
commonly employed strategy is to control the hydrolysis of
metal ions with the aid of supporting ligands: polyketon-
ates, polyamines, carboxylates, or alkoxides. For example,
the reactions of lanthanide perchlorate salts with sodium
hydroxide in the presence of the bifunctional amino acids
or EDTA produced polynuclear complexes containing up
to 15 lanthanide atoms.[9–17] The main structural fragment
of these complexes is the distorted {Ln4(µ3-OH)4}8+ cube,
where alternate vertices are occupied by constituent lantha-
nide ions and the triply bridging µ3-OH ligands.

In the present study, we report on the use of the organic
macrocyclic ligand cucurbit[6]uril (C36H36N24O12, CB[6]) as
a supporting ligand for the isolation of tetranuclear lantha-
nide complexes from aqueous solutions. The cucurbit[6]uril
molecule resembles in shape a barrel containing oxygen
atoms of carbonyl groups (portals) on the planes of the top
and the bottom.[26,27]

Because of the presence of polar carbonyl groups, CB[6]
can form complexes with oxophilic metals serving as a po-
lydentate ligand and be involved in hydrogen bonding with
metal aqua complexes.[28–31] Previous studies in our group
have evidenced the potential of using CB[6] for isolation of
polynuclear Zr, Hf, Sr, U, Mo, Al, Ga, and In aqua com-
plexes.[32–35] As a rule, polynuclear cationic metal aqua
complexes are highly charged, and coordinated water mole-
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cules in these complexes possess rather strong acidic proper-
ties, which favor the formation of hydrogen bonds with the
carbonyl oxygen atoms of cucurbit[6]uril. Last year we
managed to isolate and structurally characterize a tetranu-
clear lanthanide complex with CB[6] from aqueous solu-
tions of holmium(III) nitrate for the first time.[23] Here we
report the synthesis of a series of lanthanide(III) hydroxo
complexes from aqueous solutions of CB[6], lanthanide
chlorides, and 4-cyanopyridine. Two types of lanthanide
complexes were obtained, in which metal atoms form a cub-
ane-like fragment {Ln4(µ3-OH)4}8+ and are coordinated ad-
ditionally by two or four µ2-hydroxo bridges with formation
of {Ln4(µ3-OH)4(µ2-OH)2}6+ and {Ln4(µ3-OH)4(µ2-OH)4}4+

cores, correspondingly. Compounds of both structural types
were characterized by single crystal X-ray analysis.

Results and Discussion

Syntheses

The reaction of lanthanide(III) chlorides (Ln = Pr, Nd,
Eu, Gd, Tb, Er, Yb), cucurbit[6]uril, and 4-cyanopyridine
were carried out in sealed tubes at 130 °C. Cucurbit[6]uril
is water insoluble, but it is well soluble in hot saturated
aqueous solutions of LnIII salts and for this reason a great
excess of metal salt to CB[6] was used in the reactions.
These experimental conditions, namely concentrated metal
solutions and high reaction temperatures promote polyme-
rization of aqua ions.[36] At the same time, 4-cyanopyridine
undergoes hydrolysis under hydrothermal reaction condi-
tions to form isonicotinic acid, leading also to an increase
in pH of the solution [Equation (1)]. As we have shown ear-
lier, slow hydrolysis of 4-cyanopyridine is necessary for the
isolation of tetranuclear complexes from lanthanide nitrate
aqueous solutions.[23]
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Slow cooling of the sealed reaction tubes and allowing
them to stand at room temperature for several days, pro-
duces high yields of well-shaped pale colored or colorless
crystals of complexes 1–7.

After separation of the crystals, the pH of the solutions
was 5–6. The resulting complexes 1–7 are soluble in water;
however the storage of the solutions for more than three–
four days gave rise to insoluble polymeric compounds due
to slow hydrolysis. For the complexes, water of crystalli-
zation is often lost during storage (compared to the X-ray
diffraction data collected at low temperature from a crystal
immediately after withdrawal from the solution).

Structures

The structures of 1–7 have been determined by single
crystal X-ray diffraction. All the compounds have a sand-
wich structure with the tetranuclear lanthanide complex sit-
uated between two cucurbit[6]uril molecules. Four lantha-
nide atoms and four bridging µ3-OH groups form a dis-
torted cubane-like {Ln4(µ3-OH)4}8+ core, which is structur-
ally similar to the tetranuclear lanthanide cation in the
above-mentioned complexes with amino acids.[9–17] In com-
pounds 1–7 the metal atoms of the cubane-like core are
coordinated additionally by four (1–5) or two (6, 7) µ2-hy-
droxo ligands, which results in two different structural types
for these complexes.

In the first type, complexes (1–5), four µ2-OH groups
bridge the lanthanide atoms of the cubane-like core with
formation of {Ln4(µ3-OH)4(µ2-OH)4}4+ (Figure 1, a). The
structure may be regarded as the cubane core capped by
four µ2-hydroxo ligands on each side plane of the cube. In
compounds 6 and 7, only two opposite side planes of the
cubane core are capped by two µ2-OH ligands, and the
polynuclear core of the second type, {Ln4(µ3-OH)4(µ2-
OH)2}6+, is formed (Figure 1, b).

In both structural types, Ln atoms are linked in pairs by
carboxy groups of two bidentate isonicotinate anions situ-
ated over cubane planes that are not capped by µ2-OH li-
gands. Each of two cucurbit[6]uril molecules acts as a tetra-
dentate ligand bonding to the Ln4 core through coordina-
tion of four oxygen atoms of its portal to the lanthanide
atoms (two O atoms per Ln atom). The cavity of CB[6]
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Figure 1. The coordination environments of lanthanide atoms in
two types of tetranuclear hydroxo complexes: a) {Ln4(µ3-OH)4(µ2-
OH)4}4+ [Ln = Pr (1), Nd (2), Eu (3), Gd (4), Tb (5)]; b) {Ln4(µ3-
OH)4(µ2-OH)2}2+ [Ln = Er (6), Yb (7)]. The cubane-like core is
shown by thick black lines and Ln–µ2-O hydroxo bridges by thick
gray lines. Hydrogen atoms are omitted for clarity.

encapsulates the aromatic part of the isonicotinate anion.
The structure of the resulting [Ln4(µ3-OH)4(µ2-OH)4(H2O)4-
(C5NH4COO)2(CB[6])2]2+ cation, where the tetranuclear
lanthanide hydroxo complex of the first type is sandwiched
between two CB[6] molecules, is shown in Figure 2 (for
compound 4 as an example). The formation of Ln4 com-
plexes results from the combined influence of the chelating
effect of the carboxylate ligands of isonicotinic acid and the
tetradentate coordination of the polycation by the portals
of the macrocyclic ligand cucurbit[6]uril. The lanthanide
complex is connected with the CB[6] molecules also by nu-
merous hydrogen bonds between oxygen atoms of the car-
bonyl groups of the portals and the µ3- and µ2-bridging
hydroxo ligands of the complex [O···O, 2.71–2.98 Å (in 4 as

Table 1. The bond lengths in the lanthanide core of the complexes 1–7.

Ln Pr (1) Nd (2) Eu (3) Gd (4) Tb (5) Er (6) Yb (7)

Ln–(µ3-O) 2.406(4)–2.450(4) 2.392(3)–2.438(4) 2.326(5)–2.436(5) 2.315(5)–2.428(5) 2.291(4)–2.412(4) 2.284(4)–2.333(4) 2.266(3)–2.315(4)
Ln–(µ2-O) 2.672(4)–2.781(4) 2.649(4)–2.768(4) 2.577(5)–2.778(5) 2.564(5)–2.762(6) 2.549(4)–2.753(5) 2.529(4)–2.550(4) 2.532(4)–2.535(4)
Ln–O(CB[6]) 2.453(4)–2.558(4) 2.440(4)–2.546(4) 2.422(5)–2.462(5) 2.411(5)–2.444(5) 2.390(4)–2.428(4) 2.304(4)–2.377(4) 2.285(3)–2.375(4)
Ln–O(PyCOO) 2.428(4), 2.429(4) 2.410(4), 2.421(4) 2.414(5)–2.436(5) 2.401(5)–2.422(5) 2.390(4), 2.404(4) 2.326(4), 2.329(4) 2.297(4), 2.301(4)
Ln–O(H2O) 2.507(5), 2.519(4) 2.493(5), 2.508(4) 2.424(5)–2.460(5) 2.408(5)–2.452(5) 2.388(4)–2.427(4) 2.355(5), 2.369(4) 2.322(4), 2.326(4)
Ln···Ln 3.7832(6)– 3.7532(5)– 3.7453(5)– 3.7238(5)– 3.6953(4)– 3.5901(4)– 3.5640(3)–

3.9787(4) 3.9571(4) 3.9223(5) 3.9078(5) 3.8805(4) 3.7790(5) 3.7258(4)
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an example)]. The shape of the sandwich complex can be
approximated by a cylinder with van der Waals dimensions
of about 13�20 Å. The sandwich cation with lanthanide
complexes of the second type 6 and 7 (with the cubane core
capped by two µ2-OH ligands) has the same structure
as [Ho4(µ3-OH)4(µ2-OH)2(H2O)4(C5NH4COO)2(CB[6])2]4+,
which we presented previously for the compound isolated
from the aqueous solution of holmium(III) nitrate.[23]

Figure 2. The structure of [Gd4(µ3-OH)4(µ2-OH)4(C5NH4COO)2-
(H2O)4(CB[6])2]2+ complex in 4. Hydrogen atoms are omitted for
clarity.

Thus, each metal atom in the cubane core of complexes
of the first type (Ln = Pr, Nd, Eu, Gd, Tb) is coordinated
by three µ3-hydroxo ligands, by two µ2-hydroxo ligands, by
one oxygen atom of the isonicotinate anion, by two oxygen
atoms of the CB[6] molecule, and one coordination position
is occupied by a water molecule, so the coordination
number for the Ln atoms is nine (Figure 1, a). The coordi-
nation number of the Ln atoms in complexes of the second
type (Ln = Er and Yb) is eight since only one coordination
position (instead of two in 1–5) is occupied by a µ2-OH
ligand. This fact is in good agreement with the lanthanide
contraction. The bond lengths in both types of lanthanide
cores are presented in Table 1. The distances Ln–O agree
well with the average bond lengths in Ln4 hydroxo com-
plexes[9–17,23] and decrease from 1 to 7 in accordance with
the decrease of the lanthanide radius (1.13 Å for Pr3+ and
1.01 Å for Yb3+[37]).

The sandwich cation is a common fragment for 1–7 but
there are some differences in the structures and crystal
packing of the compounds. Compounds 1 and 2 are iso-
structural. In these compounds the external CB[6] portals
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of the sandwich cation are coordinated by mononuclear
lanthanide complex [Ln(H2O)7(C5NH4COOH)]3+ (Ln = Pr
and Nd). Only one oxygen portal atom is involved in the
coordination with the mononuclear complex [Ln–O(CB[6])
2.482(4) Å (1), 2.465(4) Å (2)], which is not usual for lan-
thanide complexes with macrocyclic ligand CB[6].[31] The
coordination environment of the Ln atom consists also of
seven aqua ligands and a monodentate isonicotinic acid.
This type of coordination of isonicotinic acid is known for
lanthanide complexes,[38] though the bidentate type is more
common. The bond length Ln–O(C5NH4COOH) is
2.402(4) Å and 2.389(4) Å for 1 and 2, respectively. Two
aqua ligands of [Ln(H2O)7(C5NH4COOH)]3+ form hydro-
gen bonds with oxygen portal atoms coordinated to this
complex CB[6] molecule, three other aqua ligands form hy-
drogen bonds with the portal of the CB[6] molecule of the
neighboring sandwich cation, resulting in a chain structure
of the complexes 1 and 2 (Figure 3).

Figure 3. Fragment of the {[Pr(H2O)7(C5NH4COOH)](CB[6])-
[Pr4(OH)8(H2O)4(C5NH4COO)2](CB[6])[Pr(H2O)7(C5NH4-
COOH)]8+}� chain in the structure of 1. Dashed lines show hydro-
gen bonds.

According to the X-ray data the crystal structure of the
isotypical compounds 3–5 has a clear layered motive along
the c direction. The parquet-like layer consists of [Ln4(OH)8-
(H2O)4(C5NH4COO)2(CB[6])2]2+ (Ln = Eu, Gd, Tb) sand-
wich cations, the angle between sandwiches belonging to
neighboring rows is about 50°. As an example, the parquet-
like layer of gadolinium sandwich cations in 4 is represented
in Figure 4. Sandwiches of the neighboring rows are located
close enough to each other and connected by hydrogen
bonds between CB[6] carbonyl portals of one sandwich and
CH and CH2 groups of CB[6] of another one [dav.(O···H–
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C) = 2.57 Å]. Formation of the system of hydrogen bonds
O···H–C between the neighboring CB[n] (n = 6, 7) mole-
cules is known for some cucurbit[n]turil compounds.[31,39]

Figure 4. Parquet-like layer of [Gd4(OH)8(H2O)4(C5NH4COO)2-
(CB[6])2]2+ sandwich cations in the crystal structure of 4 (projection
on the ab plane). Dashed lines show hydrogen bonds.

In the isotypical compounds 6 and 7, the sandwich com-
plexes of the second structural type [Ln4(OH)6(H2O)4-
(C5NH4COO)2(CB[6])2]4+ (Ln = Er, Yb) are linked to each
other through hydrogen bonds between the water molecules
of crystallization and the nitrogen atom of the pyridine ring
and the oxygen atoms of the uncoordinated CB[6] portal
(O···O, 2.79–2.93 Å and 2.85–2.97 Å for 6 and 7, respec-
tively). This leads to the formation of supramolecular
chains (Figure 5). The chain packing of sandwiches is like
that in holmium(III) complex,[23] the difference is a moder-
ate shift (about 3.7 and 3.8 Å in 6 and 7) of sandwiches
across the direction of their expansion, whereas in the ni-
trate compound sandwiches arrange exactly one under an-
other.

Figure 5. Fragment of the {[Yb4(OH)6(H2O)4(C5NH4COO)2-
(CB[6])2]4+}� chain in the structure of 7. Dashed lines show hydro-
gen bonds.
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In the crystal structures of all 1–7 complexes the water

molecules of crystallization and the chloride anions are lo-
cated between the sandwich complexes and linked to each
other and to sandwiches by a complex network of hydrogen
bonds.

IR Spectroscopy

The IR spectra of complexes 1–7 show a broad stretching
band in the 3700–2800 cm–1 region assigned to different
types of water molecules and hydroxy groups involved in
hydrogen bonding. Bands corresponding to vibrations in
the cucurbit[6]uril molecule are observed in the 1800–
400 cm–1 region, as usual.[23,34] The shift of the ν(C=O) in-
tense band from 1734 cm–1 in the spectrum of cucurbit[6]-
uril to 1722–1726 cm–1 in the spectra of complexes 1–7 is
attributed to both coordination of the CO groups of the
portals to the metal atoms and the involvement of the car-
bonyl groups in hydrogen bonding. A comparison of the
spectra of 4-pyridinecarboxylic acid with the spectra of the
complexes identifies the absorption bands of the carboxyl-
ate group of the isonicotinate ion coordinated to the metal
atoms: the asymmetric vibrations are observed at 1610–
1614 cm–1; the symmetric vibrations, at 1416–1423 cm–1.

Electrospray Ionization Mass Spectrometry

Freshly prepared aqueous solutions of representative
complexes belonging to both structural types, namely 4 (Ln
= Gd) for the first structural type and 6 (Ln = Er) for the
second one, were investigated by electrospray mass spec-
trometry (ESI-MS). In general, the ESI-MS allow identifi-
cation of the intact sandwich complexes [Gd4(OH)8(H2O)4-
(C5NH4COO)2(CB[6])2]2+ and [Er4(OH)6(H2O)4(C5NH4-
COO)2(CB[6])2]4+. These species are typically observed to
different extents as proton, HCl and/or H2O adducts and
in consequence appear as 3+, 4+, and 5+ charged cations.
The ESI-MS spectrum of aqueous solutions of 6 is shown
in Figure 6. A prominent peak centered at m/z = 770.4 Th
is assigned to the {Er4(OH)6(H2O)4(C5NH4COO)2-
(CB[6])2}4+ tetracation (see inset in Figure 6). Two partially
overlapped peaks in the m/z = 1045–1060 range correspond

Figure 6. ESI mass spectra of aqueous solutions of compound 6 at Uc = 10 V together with the simulated (top) and experimental (bottom)
isotopic distribution for the {Er4(OH)6(H2O)4(C6O2NH4)2(CB[6])2}4+ tetracation centered at m/z = 770.4 Th.
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to 3+ charged species of formula {Er4(OH)6(H2O)4-
(C5NH4COO)2(CB[6])2 + Cl + HCl + H2O}3+ (m/z =
1056.8 Th) and {Er4(OH)6(H2O)4(C5NH4COO)2(CB[6])2 +
Cl + HCl}3+ (m/z = 1050.5 Th) whereas ions observed at
lower mass-to-charge ratios correspond to species of gene-
ral formula {Er4(OH)6(H2O)4–n(C5NH4COO)2(CB[6])2 +
H}5+ (five peaks at 616.5, 612.4, 609.1, 605.8, and 602.0 Th
for n = 0–4, respectively). Additional doubly charged cat-
ions are observed in the m/z = 775–790 range which might
come from fragmentation processes occurring during the
ionization process.

Thus, the presence of peaks containing sandwich frag-
ments in ESI-MS mass spectra of 4 and 6 is unambiguous
evidence of the existence of a sandwich structure in aqueous
solutions of tetranuclear lanthanide complexes of both
structural types.

Magnetism

Magnetic susceptibility measurements for complex 4 (Ln
= Gd) were performed in an applied field of 1000 G be-
tween 2 K and 270 K (Figure 7). Data were corrected for
both sample diamagnetism (Pascal’s constants) and the

Figure 7. Temperature dependence of the magnetic susceptibility
for compound 4.
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sample holder. The susceptibility of the sample rises mono-
tonically as the temperature lowers following a typical
Curie–Weiss behavior, from which the Curie constant C
could be determined. The presence of four GdIII per mole-
cule is confirmed by a Curie constant of 31.4 emuKmol
(31.5 is expected for four S = 7/2 and g = 2) and an almost
negligible value for the Weiss constant (–1 K), as expected
for a nearly perfect paramagnetic system with very weak
antiferromagnetic interactions between the magnetic cen-
ters.

Luminescence Spectroscopy

The luminescence spectra of powder samples of euro-
pium 3 and terbium 5 compounds were obtained at room
and at liquid nitrogen temperatures. When excited by a
313 nm source, 3 and 5 emit intense red and green light,
respectively, and sharpening of the lines is more pro-
nounced at 77 K. As the temperature increases to 300 K the
line intensity is reduced by a factor of about two although
no variations were observed in the number of levels.

The spectra of 3 and 5 are typical of EuIII and TbIII ions.
The spectrum of 3 (Figure 8, a) shows five peaks arising
from transitions between the first excited state 5D0 and the
7FJ levels of the ground states (J = 0, 1, 2, 3, 4). The strong-
est peak at 613 nm is assigned to the 5D0�7F2 transition
and is responsible for the red emission color. The presence
of the 5D0�7F0 nondegenerate transition, prohibited by the
selection rules, and the splitting observed for 7F1–4 levels

Figure 8. a) Emission spectrum of 3 at 77 K, under Hg 313 nm ex-
citation; b) emission spectrum of 5 at 77 K, under Hg 313 nm exci-
tation.
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point to a low symmetry local environment for the Eu3+

ions in the compound. The spectrum of 5 (Figure 8, b) orig-
inates from the 5D4�7FJ transitions (J = 6, 5, 4, 3). The
most intense peak with its maximum at 543 nm is attributed
to the 5D4�7F5 transition. Besides this main emission line,
the peak at 491 nm (J = 6), and much less intense bands in
the spectral range from 575 to 630 nm (J = 4, 3) are also
observed. As for the Eu3+ ion, the splitting of 5D4�7F6–3

transitions indicates site symmetry of the terbium ion with-
out a center of inversion. It should be noted, the intensity
of the emission of complexes 3 and 5 is much stronger than
that of europium(III) and terbium(III) chlorides and also
their mononuclear complexes with CB[6] measured at the
same conditions.

Conclusions

To summarize, tetranuclear lanthanide complexes were
obtained under hydrothermal synthesis from aqueous solu-
tions of lanthanide(III) chlorides, organic macrocyclic cavit-
and cucurbit[6]uril, and 4-cyanopyridine. Single crystal X-
ray analysis revealed two types of lanthanide complexes, in
which metal atoms and hydroxo bridges form {Ln4(µ3-OH)4-
(µ2-OH)2}6+ or {Ln4(µ3-OH)4(µ2-OH)4}4+ cores. The com-
pounds of both structural types have a sandwich structure
with the tetranuclear Ln4 complex situated between two cu-
curbit[6]uril molecules. The compounds are soluble in water
and tetranuclear sandwich fragments remain in aqueous
solutions (ESI-MS). That makes them interesting as prom-
ising starting compounds, for example, for the synthesis of
coordination polymers through coordination of metal ions
by the nitrogen atoms of isonicotinate encapsulated into the
cavity of cucurbit[6]uril.

Experimental Section
General: The starting compounds LnCl3·6H2O (Ln = Pr, Nd, Eu,
Gd, Tb, Er, and Yb) of high purity grade and 4-cyanopyridine
(99%) were used as purchased. Cucurbit[6]uril (C36H36N24O12·
10H2O) was synthesized according to a known procedure.[40] Ele-
mental analysis was carried out in the Laboratory of Microanalysis
of the Novosibirsk Institute of Organic Chemistry of the Siberian
Branch of the Russian Academy of Sciences. The IR spectra were
recorded with a SCIMITAR FTS 2000 Fourier-transform spec-
trometer in the 4000–400 cm–1 range. Magnetic susceptibility mea-
surements were recorded with a Quantum Design SQUID magne-
tometer on 18 mg of polycrystalline sample. Electrospray ionization
mass spectra were recorded with a Q-TOF I (quadrupole-hexapole-
time-of-flight) mass spectrometer with an orthogonal Z-spray elec-
trospray interface (Micromass, Manchester, U.K.) operating at a
resolution of approximately 5000 (FWHM). The instrument was
calibrated using a solution of NaI in 2-propanol/water from m/z 50
to 2000. Sample solutions (5�10–4 ) in water were introduced
through a fused-silica capillary to the ESI source via a syringe
pump at a flow rate of 10 µLmin. The temperature of the source
block was set to 120 °C and the desolvation temperature to 150 °C.
The cone voltage was set at 10 V (that means mild ionization condi-
tions) to control the extent of fragmentation. Nitrogen was em-
ployed as the drying and nebulizing gas. Isotope experimental pat-
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terns were compared with theoretical patterns obtained using the
MassLynx 4.0 program. Photoluminescence spectra were obtained
with a DFS-24 spectrometer operating in the 400–840 nm range.
Solid powder samples were sealed in a suitable tube. Entrance and
exit slits were set to give a resolution of 0.4 nm. The UV excitation
source was the Hg 313 nm line.

Synthesis of (H3O)3{[Pr4(OH)8(H2O)4(C5NH4COO)2(CB[6])2][Pr-
(H2O)7(C5NH4COOH)]2}Cl11·29H2O (1): A solution of PrCl3·
6H2O (0.30 g, 0.84 mmol) in water (1.5 mL), cucurbit[6]uril
(0.010 g, 0.009 mmol), and 4-cyanopyridine (0.045 g, 0.43 mmol)
was placed in a glass tube. The sealed tube was treated as follows:
(1) heated from 20 °C to 130 °C for 5 h; (2) storage at 130 °C for
12 h; (3) slow cooling to room temperature for 48 h. Pale-green
polyhedral-like crystals were filtered off and dried in air for 12 h.
Yield 0.011 g (54% based on cucurbit[6]uril). IR (KBr): ν̃ = 3406
(s), 3005 (w), 2930 (w), 2858 (w), 1726 (s), 1670 (w), 1610 (s), 1564
(s), 1484 (s), 1422 (m), 1374 (m), 1326 (s), 1280 (s), 1239 (s), 1190
(s), 1146 (m), 1067 (w), 1052 (w), 1030 (w), 983 (w), 966 (s), 820
(m), 797 (s), 759 (s), 711 (m), 676 (s), 626 (m), 572 (w), 460
(w) cm–1. C96H201Cl11N52O90Pr6 (4759.50): calcd. C 24.23, H 4.26,
N 15.30; found C 24.35, H 4.33, N 15.26.

The syntheses of 2–7 were carried out similarly to that of 1. The
number of water molecules of crystallization (n) estimated by X-ray
diffraction and elemental analysis can vary for different samples
depending on the experimental conditions and air humidity during
storage.

Synthesis of (H3O)3{[Nd4(OH)8(H2O)4(C5NH4COO)2(CB[6])2]-
[Nd(H2O)7(C5NH4COOH)]2}Cl11·29H2O (2): Pale-vinous polyhe-
dral-like crystals. Yield 0.017 g (84%). IR (KBr): ν̃ = 3420 (s), 3007
(w), 2928 (m), 2856 (w), 1726 (s), 1665 (m), 1612 (s), 1566 (m),
1483 (s), 1421 (s), 1373 (s), 1325 (s), 1280 (m), 1239 (s), 1189 (s),
1146 (s), 1067 (m), 1032 (w), 982 (w), 965 (s), 821 (m), 797 (s), 759
(s), 710 (w), 675 (m), 652 (w), 624 (m), 566 (w), 479 (w), 404 (m),
379 (s) cm–1. C96H201Cl11Nd6N52O90 (4779.48): calcd. C 24.13, H
4.24, N 15.24; found C 24.25, H 4.34, N 15.21.

Synthesis of (H3O)5[Eu4(OH)8(H2O)4(C5NH4COO)2(CB[6])2]Cl7·
38H2O (3): Colorless polyhedral-like crystals. Yield 0.010 g (56%).
IR (KBr): ν̃ = 3428 (s), 3117 (w), 2998 (w), 2924 (w), 2853 (w),
1724 (s), 1613 (s), 1560 (m), 1483 (s), 1419 (m), 1373 (m), 1325 (s),
1279 (w), 1238 (s), 1188 (s), 1143 (m), 1030 (m), 1011 (w), 964 (s),
820 (m), 797 (s), 759 (s), 675 (s), 622 (m), 559 (w), 528 (w), 459
(m), 419 (m) cm–1. C84H187Cl7Eu4N50O83 (4081.83): calcd. C 24.71,
H 4.62, N 17.16; found C 24.84, H 4.71, N 17.25.

Synthesis of (H3O)6[Gd4(OH)8(H2O)4(C5NH4COO)2(CB[6])2]Cl8·
36H2O (4): Colorless polyhedral-like crystals. Yield 0.012 g (68%).

Table 2. Crystal data and structure refinement details for 1–4.

1 2 3 4

Empirical formula C96H201Cl11N52O90Pr6 C96H201Cl11N52O90Nd6 C84H187Cl7Eu4N50O83 C84H186Cl8Gd4N50O82

Formula mass [gmol] 4759.50 4779.48 4081.83 4121.43
a [Å] 28.1330(10) 28.1098(8) 16.0366(6) 15.9642(3)
b [Å] 14.5378(5) 14.5225(4) 33.8771(12) 33.7242(6)
c [Å] 40.9798(14) 40.8623(12) 29.4760(11) 29.4218(6)
β 92.736(1) 92.913(1) 100.667(1) 100.611(1)
V [Å3] 16741.3(10) 16659.4(8) 15736.8(10) 15569.2(5)
ρ(calcd.) [g cm3] 1.888 1.906 1.725 1.758
Space group C2/c C2/c P21/c P21/c
Z 4 4 4 4
µ [cm–1] 2.008 2.113 1.807 1.906
T [K] 100(2) 100(2) 150(2) 100(2)
R1(F)[Fo

2�2σ(Fo
2)] 0.0418 0.0485 0.0513 0.0584
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IR (KBr): ν̃ = 3428 (s), 3116 (w), 2978 (w), 2929 (w), 1724 (s), 1671
(w), 1612 (s), 1561 (w), 1483 (s), 1455 (m), 1419 (s), 1373 (s), 1325
(s), 1279 (s), 1238 (s), 1187 (s), 1143 (m), 1050 (w), 1011 (w), 964
(s), 820 (m), 796 (s), 759 (s), 675 (m), 652 (w), 622 (m), 567 (w),
462 (m), 418 (m) cm–1. C84H166Cl8Gd4N50O72 (3941.16 for n = 26):
calcd. C 25.60, H 4.25, N 17.77; found C 25.70, H 4.20, N 17.77.
ESI-MS: m/z (%) = 1043.5 (18) [Gd4(OH)8(C5NH4COO)2(H2O)4-
(CB[6])2 + H + H2O + HCl]3+, 773.4 (45) [Gd4(OH)8(C5NH4COO)2-
(H2O)3(C36H36N24O12)2 + 2H + HCl]4+, 759.9 (32) [Gd4(OH)8-
(C5NH4COO)2(H2O)2(C36H36N24O12)2 + 2H]4+, 608.8 (100)
[Gd4(OH)8(C5NH4COO)2(H2O)2(C36H36N24O12)2 + 3H]5+.

Synthesis of (H3O)4[Tb4(OH)8(H2O)4(C5NH4COO)2(CB[6])2]Cl6·
40H2O (5): Colorless polyhedral-like crystals. Yield 0.013 g (72%).
IR (KBr): ν̃ = 3427 (s), 3116 (w), 3001 (w), 2928 (w), 2859 (w),
1724 (s), 1664 (m), 1611 (s), 1563 (m), 1482 (s), 1453 (m), 1416 (s),
1372 (s), 1324 (s), 1279 (s), 1234 (s), 1185 (s), 1142 (s), 1030 (m),
1011 (m), 963 (s), 897 (w), 821 (m), 795 (s), 759 (s), 675 (s), 621
(m), 560 (w), 459 (w), 422 (m) cm–1. C84H158Cl6N50O69Tb4 (3820.87
for n = 25): calcd. C 26.40, H 4.17, N 18.33; found C 26.37, H
4.06, N 18.36.

Synthesis of (H3O)5[Er4(OH)6(H2O)4(C5NH4COO)2(CB[6])2]Cl9·
35H2O (6): Pale-pink polyhedral-like crystals. Yield 0.016 g (89%).
IR (KBr): ν̃ = 3424 (s), 3120 (w), 2954 (w), 2925 (s), 2854 (m),
1725 (s), 1657 (w), 1614 (s), 1564 (w), 1489 (s), 1457 (m), 1422 (s),
1375 (s), 1327 (s), 1279 (m), 1241 (s), 1187 (s), 1144 (m), 1051 (w),
983 (w), 965 (s), 898 (w), 820 (m), 797 (s), 760 (s), 678 (s), 652 (m),
627 (m), 561 (w), 522 (w), 463 (m), 430 (m). C84H179Cl9Er4N50O78

(4125.86): calcd. C 24.45, H 4.37, N 16.97; found C 24.39, H 4.46,
N 16.73. ESI-MS: m/z (%) = 1056.8 (17) [Er4(OH)6(H2O)4-
(C5NH4COO)2(CB[6])2 + Cl + HCl + H2O]3+, 1050.5 (20)
[Er4(OH)6(H2O)4(C5NH4COO)2(CB[6])2 + Cl + HCl]3+, 770.4 (62)
[Er4(OH)6(H2O)4(C5NH4COO)2(CB[6])2]4+, 616.5 (88) [Er4(OH)6-
(H2O)4(C5NH4COO)2(CB[6])2 + H]5+, 612.4 (40) [Er4(OH)6(H2O)3-
(C5NH4COO)2(CB[6])2 + H]5+, 609.1 (30) [Er4(OH)6(H2O)2-
(C5NH4COO)2(CB[6])2 + H]5+, 605.8 (30) [Er4(OH)6(H2O)-
(C5NH4COO)2(CB[6])2 + H]5+, 602.0 (30) [Er4(OH)6(C5NH4COO)2-
(CB[6])2 + H]5+.

Synthesis of (H3O)3[Yb4(OH)6(H2O)4(C5NH4COO)2(CB[6])2]Cl7·
38H2O (7): Colorless polyhedral-like crystals. Yield 0.017 g (94%).
IR (KBr): ν̃ = 3402 (s), 3121 (w), 3006 (w), 2926 (m), 2854 (w),
1722 (s), 1655 (w), 1613 (s), 1565 (w), 1491 (s), 1456 (w), 1423 (s),
1374 (s), 1327 (s), 1279 (m), 1241 (s), 1189 (s), 1145 (s), 1030 (w),
1011 (w), 983 (w), 966 (s), 820 (m), 796 (s), 760 (s), 679 (s), 653
(m), 627 (m), 568 (w), 472 (m), 432 (m). C84H179Cl7N50O79Yb4

(4094.08): calcd. C 24.64, H 4.41, N 17.11; found C 24.54, H 4.37,
N 17.10.
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Table 3. Crystal data and structure refinement details for 5–7.

5 6 7

Empirical formula C84H188Cl6N50O84Tb4 C84H179Cl9Er4N50O78 C84H179Cl7N50O79Yb4

Formula mass [gmol] 4091.22 4125.86 4094.08
a [Å] 15.9016(5) 28.6320(10) 28.7453(10)
b [Å] 33.5874(10) 13.8116(5) 13.9283(5)
c [Å] 29.3337(9) 38.9602(13) 38.8743(14)
β 100.729(2) 101.135(1) 100.946(1)
V [Å3] 15393.1(8) 15116.9(9) 15281.1(9)
ρ(calcd.) [g cm3] 1.765 1.813 1.780
Space group P21/c C2/c C2/c
Z 4 4 4
µ [cm–1] 2.078 2.474 2.664
T [K] 100(2) 100(2) 100(2)
R1(F)[Fo

2�2σ(Fo
2)] 0.0469 0.0441 0.0400

X-ray Crystallography: The X-ray diffraction data were collected
with the use of graphite-monochromatized Mo-Kα radiation (λ =
0.71073 Å) at 100 and 150 K (Tables 2 and 3) with a Bruker Nonius
X8Apex single-crystal diffractometer equipped with a 4K-CCD de-
tector. Semiempirical absorption corrections were applied based on
the intensities of equivalent reflections. The structures were solved
by direct methods and refined by the full-matrix least-squares
method against F2 with anisotropic displacement parameters for
non-hydrogen atoms using the SHELXTL program package.[41]

The hydrogen atoms of cucurbit[6]uril and the isonicotinate ion
were calculated geometrically and refined using a riding model. The
hydrogen atoms of the water molecules were not revealed.

CCDC-656569 (for 1), -656571 (for 2), -656572 (for 3), -656573 (for
4), -656574 (for 5), -656575 (for 6), -656575 (for 7) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-
336033; E-mail: deposit@ccdc.cam.ac.uk].

Acknowledgments

This study was financially supported by the Russian Academy of
Sciences (Research Program of the Division of Chemistry and Ma-
terials Science, Grant No. 5.7.4), and the Siberian Branch of the
Russian Academy of Sciences (Program of Basic Research, Grant
No. 12). E. A. M. thanks the Haldor Topsøe A/S for a fellowship.
A. A. gives thanks for support from the Ministerio de Ciencia y
Tecnología (MCYT) for a RyC research contract.

[1] J.-C. G. Bunzli, G. R. Choppin, Lanthanide Probes in Life,
Chemical and Earth Science, Elsevier, Amsterdam, 1989.

[2] N. Sabbatini, M. Guardigli, J.-M. Lehn, Coord. Chem. Rev.
1993, 123, 201.

[3] T. M. Reineke, M. Eddaoudi, M. Fehr, D. Kelley, O. M. Yaghi,
J. Am. Chem. Soc. 1999, 121, 1651–1657.

[4] J.-C. G. Bunzli, Acc. Chem. Res. 2006, 39, 53–61.
[5] O. Guillou, C. Daiguebonne in Handbook on the Physics and

Chemistry of Rare Earths (Eds.: K. A. Gschneidner, J.-C. G.
Bunzli, V. K. Pecharsky), Elsevier, Amsterdam, 2004, vol. 39,
chapter 221.

[6] R. Anwander, Angew. Chem. Int. Ed. 1998, 37, 599–602.
[7] N. Mahe, O. Guillou, C. Daiguebonne, Y. Gerault, A. Canes-

chi, C. Sangregorio, J. Y. Chane-Ching, P. E. Car, T. Roisnel,
Inorg. Chem. 2005, 44, 7743–7750.

[8] G. Xu, Z. M. Wang, Z. He, Z. Lu, C. S. Liao, C. H. Yan, Inorg.
Chem. 2002, 41, 6802–6807.

Eur. J. Inorg. Chem. 2008, 416–424 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 423

[9] R. Wang, Z. Zheng, T. Jin, R. J. Staples, Angew. Chem. Int. Ed.
1999, 38, 1813–1815.

[10] R. Wang, M. D. Carducci, Z. Zheng, Inorg. Chem. 2000, 39,
1836–1837.

[11] B. Q. Ma, D. S. Zhang, S. Gao, T. Z. Jin, C. H. Yan, G. X. Xu,
Angew. Chem. Int. Ed. 2000, 39, 3644–3646.

[12] L. Ma, O. R. Evans, B. M. Foxman, W. Lin, Inorg. Chem. 1999,
38, 5837–5840.

[13] W. H. Li, S. E. Fraser, T. J. Meade, J. Am. Chem. Soc. 1999,
121, 1413–1414.

[14] R. Wang, H. Lui, M. D. Carducci, T. Jin, C. Zheng, Z. Zheng,
Inorg. Chem. 2001, 40, 2743–2750.

[15] R. Wang, H. D. Selby, H. Lui, M. D. Carducci, T. Jin, Z.
Zheng, J. W. Anthis, R. J. Staples, Inorg. Chem. 2002, 41, 278–
286.

[16] Z. Zheng, Chem. Commun. 2001, 2521–2529.
[17] B. Q. Ma, D. S. Zhang, S. Gao, T. Z. Jin, C. H. Yan, G. X. Xu,

New J. Chem. 2000, 24, 251–256.
[18] K. G. Caulton, L. G. Hubert-Pfalzgraf, Chem. Rev. 1990, 90,

969–995.
[19] P. Chanaud, A. Julbe, P. Vaija, M. Persin, L. Cot, J. Mater.

Sci. 1994, 29, 4244–4251.
[20] J. Livage in Chemical Processing of Ceramics (Eds.: B. I. Lee,

E. J. A. Pope), Marcel Dekker, New York, 1994, p. 3
[21] P. Caravan, J. J. Ellison, T. J. McMurry, R. B. Lauffer, Chem.

Rev. 1999, 99, 2293–2352.
[22] D. S. Zhang, B. Q. Ma, T. Z. Jin, S. Gao, C. H. Yan, T. C. Mak,

New J. Chem. 2000, 24, 61–64.
[23] E. A. Mainicheva, O. A. Gerasko, L. A. Sheludyakova, D. Yu.

Naumov, I. I. Karsanova, R. R. Amirov, V. P. Fedin, Izv. Akad.
Nauk, Ser. Khim. 2006, 55, 1885–1894 [Russ. Chem. Bull. Int.
Ed. 2006, 55, 1956–1965].

[24] D. Parker, J. A. G. Williams, J. Chem. Soc. Dalton Trans. 1996,
3613–3628.

[25] G. F. Sa, O. L. Malta, C. D. Donega, A. M. Simas, R. L.
Longo, P. A. Santa-Cruz, E. F. Silva, Coord. Chem. Rev. 2000,
196, 165–195.

[26] W. A. Freeman, Acta Crystallogr., Sect. B 1984, 40, 382–387.
[27] W. A. Freeman, W. L. Mock, N.-Y. Shih, J. Am. Chem. Soc.

1981, 103, 7367–7368.
[28] J. Lagona, P. Mukhopadhyay, S. Chakrabarti, L. Isaacs, Angew.

Chem. Int. Ed. 2005, 44, 4844–4870.
[29] J. W. Lee, S. Samal, N. Selvapalam, H.-J. Kim, K. Kim, Acc.

Chem. Res. 2003, 36, 621–630.
[30] K. Kim, N. Selvapalam, H. K. Young, M. P. Kyeng, D. Kim,

J. Kim, Chem. Soc. Rev. 2007, 76, 267–279.
[31] D. G. Samsonenko, J. Lipkowski, O. A. Gerasko, A. V. Virov-

ets, M. N. Sokolov, V. P. Fedin, J. Platas, R. Hernandez-Mol-
ina, A. Mederos, Eur. J. Inorg. Chem. 2002, 9, 2380–2388.

[32] O. A. Gerasko, M. N. Sokolov, V. P. Fedin, Pure Appl. Chem.
2004, 76, 1633–1639.



O. A. Gerasko, V. P. Fedin et al.FULL PAPER
[33] O. A. Gerasko, E. A. Mainicheva, D. Yu. Naumov, N. V. Kura-

tieva, M. N. Sokolov, V. P. Fedin, Inorg. Chem. 2005, 44, 4133–
4135.

[34] E. A. Mainicheva, O. A. Gerasko, L. A. Sheludyakova, D. Yu.
Naumov, M. I. Naumova, V. P. Fedin, Izv. Akad. Nauk, Ser.
Khim. 2006, 55, 261–268 [Russ. Chem. Bull. Int. Ed. 2006, 55,
267–275].

[35] O. A. Gerasko, D. G. Samsonenko, V. P. Fedin, Usp. Khim.
2002, 71, 840–861 [Russ. Chem. Rev. 2002, 71, 741–760 (Engl.
Transl.)].

[36] D. T. Richens, The Chemistry of Aqua Ions, John Wiley & Sons,
Oxford, 1997.

[37] F. A. Cotton, G. Wilkinson, C. A. Murillo, M. Bochmann, Ad-
vanced Inorganic Chemistry, 6th ed., John Wiley and Sons, New
York, 1999, p. 1109.

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 416–424424

[38] H. An, D. Xiao, E. Wang, C. Sun, L. Xu, J. Mol. Struct. 2005,
743, 117–123.

[39] I. Hwang, W. S. Jeon, H.-J. Kim, D. Kim, H. Kim, N. Selvapa-
lam, N. Fujita, S. Shinkai, K. Kim, Angew. Chem. Int. Ed.
2007, 46, 210–213.

[40] A. Day, A. P. Arnold, R. J. Blanch, B. Snushall, J. Org. Chem.
2001, 66, 8094–8100.

[41] APEX2 (Version 1.08), SAINT (Version 7.03), SADABS (Ver-
sion 2.11), and SHELXTL (Version 6.12), Bruker Advanced
X-ray Solutions, Bruker AXS Inc., Madison, Wisconsin, USA,
2004.

Received: August 12, 2007
Published Online: November 23, 2007


