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Despite containing only relatively small molecular components, the
structure of [Eu(H2O)9]1.5(CTV)6(CH3CN)5.5(H2O)7.5[Co(C2B9H11)2]4.5

(C191H337.5B81Co4.5Eu1.5N5.5O57, a ) 54.590(2) Å, b ) 37.5788-
(17) Å, c ) 31.8067(14) Å, â ) 116.573(2)°, monoclinic, C2/c, Z
) 8) is of an unusually large size and level of complexity, with an
intricate hydrogen-bonding network formed between lanthanide
aquo ions, water, and the small host molecule cyclotriveratrylene
()CTV). The 3D hydrogen-bonded network structure that results
is unique and too complicated to apply the usual topological
analysis. Instead a simplified model using structural subunits is
described.

The creation of infinite network structures using coordinate
and/or hydrogen-bonding interactions is a burgeoning field
of chemistry.2 We are interested in network structures that
incorporate known molecular hosts as this creates crystalline
materials that may show multiple inclusion behavior. Ex-
amples include network structures with calixarenes,3 cucur-
bitural,4 crown ethers,5 and cyclotriveratrylene ()CTV),6,7

which is the focus of our work. CTV is emerging as an
important host molecule with CTV derivatives having
applications in liquid crystal,8 biological,9 and anion extrac-

tion.10 CTV can be incorporated into 1D, 2D, or 3D network
structures either as a chelating ligand, or as a hydrogen bond
acceptor. For instance, an unusual 3,12-connected 3D
hydrogen-bonding array is formed between back-to-back
CTV tetramers and free and ligated water in [Sr(H2O)8]-
[(CH3CN)(CTV)]4(H2O)4[Co(C2B9H11)2]2 and related materi-
als.7 The use of other metal aquo ions may afford different
hydrogen-bonded assemblies with CTV, and lanthanide ions
were investigated as their use in network formation is
attractive due to their high coordination numbers, which
allows for structures with unusual topologies11 as well as
physiochemical properties such as fluorescence.

We report herein a hydrogen-bonding network based on
interactions between nonaaquo lanthanide ions, water, and
CTV molecules. The structure of crystalline materials
obtained is significantly more complicated than previously
seen structures involving CTV and establishes a second type
of back-to-back CTV tetramer. The size and complexity of
this supramolecular assembly is highly unusual, though there
are similarities with Atwood’s calixarene sphere, where 12
sulfonated calixarenes stack back-to-back to form a large
sphere held together by coordinate interactions with lan-
thanide ions.12 Hydrogen-bonding interactions between lan-
thanide aquo ions and host molecules have been previously
reported for crown ethers5 and sulfonated calix[4]arene.13
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Yellow-orange crystals of [Eu(H2O)9]1.5(CTV)6(CH3CN)5.5-
(H2O)7.5[Co(C2B9H11)2]4.5 1 grow from a mixture of CTV
and Eu[Co(C2B9H11)2]3 in aqueous acetonitrile, after the
initial formation of a yellow oil. The crystals were weakly
diffracting and of monoclinic symmetry with cell volume
58356(4) Å3. Isostructural crystals are obtained with Sm. The
structure was solved in space groupC2/c and is extremely
complicated with the formula given above for1 comprising
the asymmetric unit.14 Notably this is one of the very few
structures of small molecular components (<50 non-H
atoms) with unit cell volume>50000 Å3.15

The structure of1 features a 3D hydrogen-bonded network.
3D network structures are usually analyzed by topological
means, breaking down the structure into connections between
nodes or centers where the nodes are molecules/ions and the
connections individual coordinate or hydrogen bonds.2 In this
case analysis of individual hydrogen-bonding patterns is
complicated and somewhat confusing and the network
structure may be best understood by considering structural
subunits and how they are linked together.

The structure of1 features two types of [Eu(H2O)9]3+

cations in 2:1 proportions, with Eu(2) positioned on a center
of symmetry. Both [Eu(H2O)9]3+ cations show distorted
capped triangular dodecahedral geometry. Four of the aquo
ligands of each [Eu(H2O)9]3+ cation are at distances consis-
tent with the formation of hydrogen bonds to additional
water molecules (Eu(1), O‚‚‚O separations 2.65, 2.76,
2.87, 3.02 Å; Eu(2), O‚‚‚O separations 2.63, 2.68 Å). The
two [Eu(H2O)9](H2O)4 assemblies show very different ar-
rangements of the hydrogen-bonded water molecules, and
both may be regarded as structural subunits, Figure 1. The
[Eu(H2O)9](H2O)4 subunits act as hydrogen bond donors to
CTV molecules, with each type interacting with eight
CTV molecules, at O‚‚‚O separations ranging from 2.75 to
3.27 Å for Eu(1) and 2.67 to 2.87 Å for Eu(2). Ligated
water molecules also hydrogen bond to guest acetonitrile
molecules, Eu(1)-OH2‚‚‚NCCH3 2.60, 2.87, 2.93 Å,
Eu(2)-OH2‚‚‚NCCH3 2.87 Å. One of the nine aquo ligands
of [Eu(1)(H2O)9], and four from the same face of the
triangular dodecahedron in [Eu(2)(H2O)9], are not involved
in any hydrogen-bonding interactions.

The CTV molecules stack together as back-to-back tet-
ramers with two structurally distinct types. Type I, shown
in Figure 2a, has an approximately tetrahedral arrangement
of the CTV molecules. Although the arene rings of adjacent
CTV molecules are in the slipped coplanar arrangement
preferred forπ stacking interactions, the distances between
them (centroid separations ranging from 3.82 to 4.22 Å)
indicate that such interactions are not significant. In type II
the [CTV]4 unit is less regular (Figure 2b), having been
splayed by the insertion of an acetonitrile molecule. Five of
the six pairs of arene ring from adjacent CTV molecules are
coplanar at centroid separations ranging from 3.75 to 4.54
Å. Inclusion of the acetonitrile molecule, which is oriented
such that the nitrile group points directly toward the center
of the [CTV]4 tetramer, pushes the two remaining arene units
apart to a centroid separation of 7.34 Å. The type I and II
[CTV]4 assemblies exist in 2:1 proportions throughout the
structure. Each CTV molecule also hosts an acetonitrile guest.

The dimethoxy groups of the CTV molecules accept
hydrogen bonds from either free or coordinated water, Figure
2. The two types of [CTV]4 also hydrogen bond to a water
cluster formed by two water molecules disordered over four
sites. This water cluster hydrogen bonds to three [CTV]4

clusters (two type I, one type II), acting as a 3-connecting
center or node in terms of the topology of the 3D hydrogen
bond array found in1, Figure 3.

Type I [CTV]4 forms hydrogen-bonding interactions to one
water cluster, three [Eu(1)(H2O)9](H2O)4 assemblies, and two
[Eu(2)(H2O)9](H2O)4, Figure 2a. Type II [CTV]4 forms
hydrogen-bonding interactions to one water cluster and four
[Eu(1)(H2O)9](H2O)4 assemblies, Figure 2b. In terms of the
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Figure 1. [Eu(H2O)9](H2O)4 subunits for (a) Eu(1) and (b) Eu(2).
Eu(1)-OH2 bond lengths range from 2.27(2) to 2.543(15) Å; Eu(2)-OH2

bond lengths from 2.395(11) to 2.607(19) Å.

Figure 2. Back-to-back stacking of CTV molecules and hydrogen-bonding
interactions: Eu(1) yellow; Eu(2) pink; uncoordinated water molecules
shown as orange spheres; guest acetonitrile in green. (a) Regular [CTV]4

assembly, type I. (b) Splayed [CTV]4, type II.
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simplified topological analysis, type I is a 6-connecting
center, and type II a 5-connecting center. Both types of
[Eu(H2O)9](H2O)4 subunits hydrogen bond to eight CTV
molecules. For Eu(1) these belong to five different [CTV]4

tetramers; hence Eu(I) is a 5-connecting center, whereas
Eu(2) connects to only four [CTV]4 subunits and is hence a
4-connecting center. Including the 3-connecting water tet-
ramer, there are five types of subunits that connect together,
linking to form a complicated 3D network. The shortest
complete circuits between connecting centers are 4-gons or
6-gons. The simplest complete building block of the net-
work is the cage assembly illustrated in Figure 4a. The cage
is bound at either end by a 6-gon centered by a 3-con-
necting water cluster. Other faces are 4-gons or 6-gons from
the linking of [CTV]4 and [Eu(H2O)9](H2O)4 subunits. The
cages tessellate in 3 dimensions as shown in Figure 4b, to
give an unusual network. The large [Co(C2B9H12)]- anions
occupy spaces within the cages and are in close proximity,
Figure 4c.

The structure of1 shows some similarities with that of
[Sr(H2O)8][(CH3CN)(CTV)]4(H2O)4[Co(C2B9H11)2]2 and re-
lated materials.7 Using the subunit approach to that structure
gives anR-Po related network with regular alternating of
[Sr(H2O)8](H2O)4 and [CTV]4 subunits in 3 dimensions. This
structure may also be isolated in low yields from solutions
containing lanthanide ions.7b The identity of the metal center
was initially postulated to be a mixed Ln/Na site; however,
EDX (energy-dispersive X-ray) analysis indicates it may be
Ca2+, presumably from the CaO content of glass.

We have synthesized and characterized a highly compli-
cated hydrogen-bonded assembly with unique 3D topology
incorporating the host molecule CTV. The organization of
small host molecules into simple lattice structures has
produced materials with useful adsorption properties,16 as
have more open framework 3D network structures.2b By

combining aspects of the two approaches we can reasonably
expect to create crystalline materials with similar future
applications.
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Figure 3. Hydrogen-bonding interactions between the dimethoxy groups
of CTV and two water molecules disordered over 4 sites (shown in orange)
create a 3-way connection between the water cluster and three [CTV]4

clusters.

Figure 4. (a) Cage assembly within the 3D hydrogen-bonded network of
2. Guest CH3CN and anions omitted for clarity; CH3CN molecules of type
II [CTV] 4 are included. Gray lines indicate connectivity between [CTV]4,
[Eu(H2O)9]3+, and (H2O)2 nodes (see text). (b) Tessellation of cages, with
only Eu atomic sites and centers of other connecting nodes shown. (c)
Location of [Co(C2B9H11)2]- anions within each cage assembly.
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