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Molecular and materials science has provided a wide range of
topologies and connectivities in the solid state. The most
common nomenclature for such systems has been based[1–3] on
the idea of two-, three-, four-, or six-connected materials in
one, two and three dimensions.[4–11] Connectivities of five,
seven, or higher are extremely rare,[12–14] and recent studies on
inorganic/organic hybrid materials, especially in the area of
metal–ligand coordination framework polymers, have
enriched this area substantially.[15–21] However, highly con-
nected materials remain scarce because the construction of
such systems is severely hampered by the available number of
coordination sites at the metal centers and the sterically
demanding nature of organic ligands. Our design is based
upon the combination of high coordination number lantha-

nide metal centers and 4,4’-bipyridine-N,N’-dioxide ligands.
The latter have flexible angular geometries at the O-donor,
are complementary to hard lanthanide metal centers, and,
therefore, form highly stable yet sterically flexible complex
geometries. The only previously known examples of eight-
connected frameworks have body-centered-cubic struc-
tures,[22–24] this structure representing the archetypal textbook
lattice as found in CsCl. We report herein three unprece-
dented and unpredicted eight-connected networks that, for
the first time, define non-CsCl topologies for eight-connected
solid-state materials.

The compounds 1–3 have been obtained by slow diffusion
of methanolic solutions of La(CF3SO3)3, La(ClO4)3, or
Yb(CF3SO3)3, respectively, and 4,4’-bipyridine-N,N’-dioxide
(L) in MeOH in a U-tube through a buffering layer of CH2Cl2
(for 1), CHCl2CHCl2 (for 2), or C2Cl4 (for 3). Compound 3 can
also be prepared by covering the solid metal salt Yb(CF3SO3)3
with CH2Cl2 or chlorobenzene and carefully layering with a
solution of L in MeOH. Single-crystal X-ray structure
determinations[25] of 1–3 confirm that they all have polymeric
structures based on networks of eight-coordinated LnIII nodes
linked by bridging L ligands.

f½La2ðLÞ7:3ðMeOHÞðH2OÞ0:4�ðCF3SO3Þ6g1 1

f½LaðLÞ4�ðClO4Þ3g1 2

f½YbðLÞ4�ðCF3SO3Þ3g1 3

The asymmetric unit of 1 contains two independent LaIII

centers. Although both are eight-coordinate, their coordina-
tion spheres are different. One LaIII center is bound by eight
molecules of L, each bridging between the metal center and
eight other LaIII centers. This, therefore, defines an eight-
connected node within the structure. The second LnIII center
is ligated with a molecule of MeOH and seven molecules of L
with each of the latter bridging to seven other LnIII ions. This,
therefore, defines a seven-connected node. At each metal
center, four of the bridging ligands are used to generate a (4,4)
net in which the remaining ligands are sited on the same side
of the net linking to a second (4,4) net to give the observed
bilayer motif. This affords three- and fourfold bridges from
seven- and eight-connected centers, respectively, between the
two (4,4) nets (Figure 1) with a tetragonal antiprismatic LaO8

coordination polyhedron at each metal center. The extended
structure of 1 can be represented by the ideal network as
shown in Figure 1a. This unique two-dimensional bilayer
motif, therefore, comprises two parallel (4,4) square nets
displaced such that the nodes of one net lie above the holes of
the other with triangular subunits between the two (4,4) nets.
Interestingly, such frameworks are commonly used structures
in buildings such as the roofs of the IUA Congress Head-
quarters, London[26] and the roof of The National Theatre in
Kuala Lumpur, Malaysia,[27] and are referred to as “square on
square offset truss” or “octet truss”. The “defects” from the
idealized structure in 1 derive from the presence of seven-
connected LaIII nodes with one coordinated MeOH group in
place of a bridging L (Figure 1b). Thus, two coordinated
MeOHmolecules are present on every adjacent pair of seven-
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connected lanthanum centers, and are separated by a distance
equivalent to that required for a bridging molecule of L. To
the best of our knowledge, there is no previous example of a
double layer eight-connected network. Such a unique top-
ology may only be afforded in coordination compounds in
which the flexible organic ligand can adjust to the distorted
coordination sphere of the metal ion. In 1, such flexibility is
observed in the <N-O-La angles subtended at the O-donors
of the bridging ligands L, which range from 122.9(6) to
147.1(4)8.

The asymmetric unit of compound 2 contains only one
unique LaIII center, which adopts an approximately dodeca-
hedral homoleptic LaO8 coordination environment. Each
LaIII center is linked to eight adjacent metal centers at
distances of 12.9 to 13.7 A through eight ligands L to form a
three-dimensional eight-connected framework structure
which is not of the familiar CsCl-type. The structure of CsCl
consists of tetragonal motifs with 42464 topology (Figure 2a),
while the new structure 2 contains several triangular and
pentagonal subunits and exhibits 334155862 topology
(Figure 2). The structures of both CsCl and 2 consist of two
parallel (4,4) nets (gray and yellow; Figure 2) cross-linked by
zigzag chains. In CsCl the yellow net is displaced only by
translation with respect to the gray net, while in 2 it is
displaced by translation and by a rotation of 61.58. Further-
more, in CsCl the zigzag chains (blue and green, Figure 2) are
distributed on both sides of a (4,4) net in a parallel fashion,
and bridge across the diagonal of the (4,4) net. In 2, however,

the zigzag chains bridge the axial direction of one (4,4) net
and the diagonal of the next. Although there are many
examples in which coordination framework topology can be
directly related to the coordination geometry of the metal-
based node,[4] this is not the case in the structures reported
here. The fact that the M-O-N angle is flexible removes the
rigid nature of what may be considered to be the metal
center's extended coordination sphere thereby leading to the
absence of a strict metal geometry–topology correlation.

Compound 2 crystallizes in the non-centrosymmetric
space group Cc, and the large volume within this polar
framework accommodates not only ClO4

� ions but four
molecules of CHCl2CHCl2 and one CH3OH per metal center,
comprising 26.5% of the non-hydrogen atoms in the struc-
ture.

The structure of 3 is binodal, each YbIII center being eight-
coordinate. The structure consists of layers of puckered and
irregular (6,3) nets, each six-membered ring having two
opposite angles of 84.68 and four others at 137.58. Each (6,3)
grid (red in Figure 3b) is connected to two adjacent ones (one
above and one below) by ligands L perpendicular to the plane
of the grid. For each six-membered ring, three of these ligands
connect to the grid above and three connect to the grid below.
The result is a four-connected subnet of SrAl2 topology;

[28,29]

this arrangement is further intersected by two sets of (4,4)
nets, A and B, (light blue and dark blue, respectively, in
Figure 3a), which lie at an angle of 778 to each other and at an
angle of 708 to the (6,3) grids. Nets A and B intersect at eight-
connected nodes (X in Figure 3b) that lie between the (6,3)
layers of the SrAl2 subnet; additionally grids A and B also

Figure 1. a) An idealized view of the eight-connected bilayer framework
of 1. b) A view of the two (4,4) nets (yellow and blue) in the double
layer structure of 1. Anions are omitted for clarity.

Figure 2. Schematic representations of a) the 42464 topology in CsCl-
type network; b) the three-dimensional eight-connected framework
structure of 334155862 topology in 2.
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intersect the (6,3) nets independently to afford another type
of node (Y in Figure 3b). Therefore, in each four-membered
grid A or B, there are two opposite corners that intersect at
node X with grid B or A, respectively. The other two opposite
corners in grids A and B intersect at node Y with the (6,3)
grid. Thus, each node Y in the SrAl2 subnet is connected
through four ligands within that net and by four ligands to
either grid A or grid B. There are, therefore, two distinct
eight-connected nodes in 3 with stoichiometry XY2 of top-
ology (3541459) (35413510)2 (Figure 3b).

Significantly, we have prepared an analogue of 3 but with
YbIII replaced by EuIII. The structure of the network polymer
[Eu(L)4]

3+ in 4[25] is the same as that of 3, suggesting that a
range of related materials might show this topology.

We have demonstrated herein the construction of unique
highly connected solid-state materials, and have defined for
the first time the structural motifs and topologies that are
possible in such materials. Current work seeks to discover and
define further topologies and new connectivities within
metal–ligand coordination framework materials.

Experimental Section
1: La(CF3SO3)3·xH2O (36 mg, 0.05 mmol) and 4,4’-bipyridine-N,N’-
dioxide hydrate (44 mg, 0.2 mmol) were separately dissolved in
MeOH (4 mL) and added to the two branches of a U-tube, the bottom
of which contained CH2Cl2 (4 mL) as a solvent buffer. Colorless
crystals appear at the interface between CH2Cl2 and the metal salt
solution over 10 days. Yield about 30% for 1; elemental analysis calcd
(%) for C82H78.4F18La2N14.6O39.6S6 {[La2(L)7.3(MeOH)(H2O)0.4](CF3-
SO3)6·3.6H2O·2MeOH}: C 36.29, H 2.91, N 7.53; found: C 36.67, H
2.80, N 7.22.

2 : Complex 2 was produced by a similar procedure to that for 1
but with La(ClO4)3·xH2O instead of La(CF3SO3)3·xH2O and 1,1,2,2-
tetrachloroethane in place of CH2Cl2. Yield about 25% for 2 ;
elemental analysis calcd (%) for C49H44Cl19LaN8O21 {[La(L)4]
·(ClO4)3·MeOH·4CHCl2CHCl2}: C 31.08, H 2.34, N 5.92; found: C
31.50, H 2.29, N 6.46.

3 : 4,4’-Bipyridine-N,N’-dioxide hydrate (10 mg) and Yb(CF3-
SO3)3·xH2O (32 mg) were separately dissolved inMeOH (20 mL) and
added to the two branches of a U-tube in which tetrachloroethylene
(5 mL) had been placed. Single crystals of the complex were obtained
after a period of 20 days. Alternatively, the compound can be
prepared by covering the solid metal salt with dichloromethane
then carefully layering a solution of the ligand in MeOH (20 mL) on
top. Yield about 20% for 3 ; elemental analysis calcd (%) for
C49H48Cl4F9N8O21S3Yb {[Yb(L)4](CF3SO3)3·4MeOH·C2Cl4} C 34.8, H
2.7, N 6.8; found: C 34.3, H 2.7, N 7.1.

4 : Complex 4 was produced by a similar procedure to that for 3
but with Eu(CF3SO3)3·xH2O instead of Yb(CF3SO3)3·xH2O.
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