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The dynamic nature of mechanically interlocked molecules
has been shown to be particularly useful for the construction
of molecular machines.[1] A great deal of information about
the potential for the fabrication of nanoscale devices from
these units has been gleaned from studies of their fundamen-
tal properties in solution.[2] The incorporation of these
individual molecular components into the repeating frame-
work of crystalline materials provides a simple method for
imposing the type of higher order required for future
applications.[3]

A simple interlocked unit from which various types of
molecular machines have been constructed is the [2]rotaxane.
We have recently shown that a [2]pseudorotaxane comprising
a dipyridinium axle and a dibenzo-[24]crown-8 ether
(DB24C8) wheel[4] could be used to construct solid-state
materials in the form of coordination polyrotaxanes in which
every bridging ligand is a [2]rotaxane.[5] These materials
contained varying degrees of porosity as there was no
detectable interpenetration of nets[6] even though the
metal–metal distances are over 22 �.[7] Unfortunately, regard-
less of the metal to ligand ratio, a two-dimensional (2D)
square net was the highest order attainable with this dynamic
ligand and d block transition-metal ions. It was rationalized
that a three-dimensional (3D) network was simply not
possible owing to the crowding occurring on placing six of
these sterically demanding ligands around a single metal ion.
To circumvent this problem the dipyridinium ligand was
extended by forming the bis(N-oxide) analogue, axle 12+. This
new axle was prepared from the reaction of 4,4’-bipyridine
mono-N-oxide with 1,2-dibromoethane and subsequent anion
exchange to triflate utilizing the same conditions used to
make the bis(4,4’bipyridinium)ethane axle.[4b, 8] Scheme 1
shows the conversion of the new bis(N-oxide) axle 12+ into
a [2]pseudorotaxane, 22+ employing DB24C8 as the wheel. In
MeCN, 12+ has an association constant, Ka, of 1125m�1 with
DB24C8 as measured by 1H NMR spectroscopy.[9]
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The only 3D metal containing polyrotaxane reported to
date is that of Kim and co-workers.[10] Under hydrothermal
conditions, cyano functional groups on a [2]pseudorotaxane,
constructed from a diaminoalkane axle and a cucurbituril
wheel, were converted into carboxylate groups in the
presence of Tb(NO3)3. Herein, we report that the N-oxide
version of our [2]pseudorotaxane motif,[4] 22+, can be
employed in simple room-temperature, metal–ligand self-
assembly (crystal engineering) reactions using lanthanide
ions[11] to form two distinctly different types of 3D, metal–
organic framework materials containing [2]rotaxanes.

Three equivalents of 1[OTf]2 (OTf = triflate, [CF3SO3]
�)

were mixed with nine equivalents of DB24C8 and one
equivalent of [M(OTf)3] (M = Sm, Eu, Gd, Tb) in MeCN.
X-ray quality crystalline material[12] was produced in moder-
ate yield (� 50 % on average). Figure 1 shows that the use of
LnIII ions as nodes results in an eight-coordinate metal center
with a square antiprismatic geometry comprising six [2]rotax-
ane ligands, one water molecule, and one coordinated [OTf]�

ion.
Figure 2 shows how propagation of the eight-coordinate

units results in 3D, metal–organic frameworks
[M(H2O)(OTf)(2)3][Cl][OTf]7 (M = Sm (3), Eu (4), Gd (5),
Tb (6); for the source of the Cl ion see ref. [12]) in which every
bridging ligand is a [2]rotaxane. The “square” sides of the a-
polonium type net are defined by Sm···Sm separation of
approximately 23.5 �. The cavity has a volume of about
10000 �3, however this space is filled by the interpenetration
of a parallel net. (See Supporting Information for diagrams
depicting single interpenetration of the two lattices). The
longer N-oxide axle results in an elongation of the metal–
metal separation which creates an expanded cavity which can
now accommodate the girth of the [2]rotaxane ligand. Of note
is that only a single interpenetration occurs within such a large
volume.

Although an isomorphous series (Sm, Eu, Gd, Tb) of 3D
polyrotaxanes could be produced with eight-coordinate metal
centers, we found that changing to a metal ion with a slightly
smaller radius, YbIII (2.40 � versus 2.51 � for Tb, 2.59 � for

Sm), yielded another 3D polyrotaxane but with a distinctly
different solid-state structure. Large crystals of [Yb(OTf)(2)3]
[Cl][OTf]7 (7) were isolated in moderate yield from the slow

Scheme 1. The formation of a [2]pseudorotaxane ligand from a
pyridinium N-oxide axle and a dibenzo-[24]crown ether wheel. Figure 1. A ball-and-stick representation of the metal–ligand coordina-

tion sphere around SmIII in 38+; solvent, noncoordinating anions and
hydrogen atoms have been removed for clarity. Key: 12+ axle is shown
in yellow; DB24C8 wheels are shown in red, blue, orange, light green,
purple, cyan; coordinated water and triflate anion are shown in dark
green; Sm metal ions are shown in gray.

Figure 2. Top: A space-filling model showing a single “cube” unit of
the 3D network for 38+ with the molecules of DB24C8 removed for
clarity. Bottom: The same framework with the DB24C8 units included.
Key: The 3D metal–ligand framework is shown in blue; the molecules
of DB24C8 are shown in red; the Sm metal ions in gold.
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diffusion of a solution of Yb(OTf)3 into a solution of the
[2]pseudorotaxane ligand 2(OTf)2 at room temperature. The
YbIII center adopts a seven-coordinate pentagonal bipyrami-
dal geometry, with five N-oxide rotaxanes occupying the
equatorial sites of the pentagonal plane and one further
[2]rotaxane and a single triflate ion positioned in the axial
sites. The metal core and ligand set for 78+ are shown in
Figure 3.

The planar tessellation of a five-coordinate node into a 2D
network is formally impossible, but this is what in fact occurs.
Each N-oxide ligand can “bend” at the Yb-O-N linkage and
this results in a [3/4,5] net comprising alternating triangles and
squares linked through five-connected nodes.[13] Until very
recently,[14] this 2D pattern was unknown in chemical systems.
Figure 4 shows the tiling in the pentagonal plane. This
network propagates one step further into a full 3D metal–
organic framework by pillaring to adjoining layers through
the sixth [2]rotaxane in the apical position. This results in a
previously unknown topology and takes the form of a [3/4/6,6]
6-connected net comprised of triangles, squares, and hexa-
gons. The square cavities are used for interpenetration of
these nets in a manner conceptually similar to those of 3–6.
Interpenetration is not possible through the more crowded
triangular cavities. (See Supporting Information for diagrams
depicting the full 3D structure and associated interpenetra-
tion of the lattices).

Both sorts of materials (3–6 and 7) show similar stability
as determined by thermogravimetric analysis (TGA) and
powder X-ray diffraction (PXRD) measurements.[15] Solvents

of crystallization (MeCN, H2O) were easily lost at temper-
atures ranging from 25–80 8C followed by phase stability until
approximately 240 8C. PXRD patterns of the desolvated
materials were consistent with retention of the 3D frame-
work. Release of the trapped crown ether was only observed
at > 240 8C, which also indicates that the 3D metal ligand
framework is intact until this temperature. Thus, although the
[2]rotaxanes are initially formed with weak noncovalent
interactions, a strong metal–ligand bond must be broken to
release the interlocked macrocycle from the metal–organic
skeleton.

From these results, we can conclude that 1) the design of
soft materials with interlocked components (metal–organic
rotaxane frameworks: MORFs) can be expanded to include
pyridinium N-oxide axles and crown-ether wheels, 2) it is
possible to create fully 3D structures in which every linker is a
pyridinium-based rotaxane, and 3) interpenetration of these
rotaxane nets is a possibility since the openings created are
large enough for these uncommonly “wide” ligands to fit
through the pores.
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Figure 3. A ball-and-stick representation of the metal–ligand coordina-
tion sphere around YbIII in 78+; solvent, noncoordinating anions, and
hydrogen atoms have been removed for clarity. Key: 12+ axle is shown
in yellow; DB24C8 wheels are shown in red, blue, orange, light green,
purple, cyan; coordinated triflate anion is shown in green; Yb metal
ions shown in gray.

Figure 4. Top: A space-filling model of 78+ showing the 2D pentagonal
network [3/4,5] plane with the molecules of DB24C8 removed for
clarity. The apical [2]rotaxane has also been removed for clarity
Bottom: The same framework with the DB24C8 molecules shown.
Key: The 3D metal–ligand framework is shown in blue; the molecules
of DB24C8 are shown in red; the Yb metal ions in gold.
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