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Multi component self-assembly: supramolecular organic frameworks
containing metal–rotaxane subunits (RSOFs)†
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A facile, one-pot synthesis of rotaxanated supramolecular
organic frameworks (RSOFs) is reported. These systems
consist of bis-carboxylate anions threaded through the core
of tetraimidazolium macrocycles. Trivalent metal cations,
yttrium(III) and smaller lanthanides, are used to “lock” the
threaded strut in place. This results in the formation of three-
dimensional RSOFs.

Introduction

The use of molecular building blocks to generate complex
molecular frameworks is a rapidly evolving approach to structural
design.1 Typically, self-assembly events, involving well-defined
interactions, such as hydrogen bonding,2 metal coordination,3

and other recognition patterns4 have been used to organize the
individual building blocks. This has led to the generation of a
wealth of 2D and 3D molecular architectures. The incorporation
of strategically designed building blocks that aggregate through
either specific or selective binding interactions can be used to
engineer, and in some cases predict, the nature of supramolecular
aggregation.5 However, as the number of constituent species and
associated bonding interactions increases so does the complexity
of the resulting self-assembled systems. This makes achieving
control over the resulting frameworks and their rational design
a persistent challenge. One way to address this challenge is to use
several disparate non-covalent binding interactions concurrently.

Metal cation coordination6 and hydrogen bonding7 are among
the most important non-covalent interactions that have been
used to date to stabilize self-assembled structures. These versatile
binding interactions have been used separately and in tandem
to generate a variety of complex architectures including metal–
organic frameworks (MOFs),8 supramolecular organic frame-
works (SOFs),9 and a wealth of other molecular networks.10
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Separately, the use of mechanical bonds has permitted the still-
new chemistry of interlocked systems to be developed in recent
years.11 Such developments have led to the generation of dynamic
molecular assemblies that contain the innate ability to “do
work” in the form of molecular motion.12 However, to date only
a few self-assembled systems have been reported that contain
metal–cation coordination, hydrogen bonding, and mechanical
bonds within a single supramolecular architecture.1a,13 Herein, we
describe the development of such systems from a facile one-pot
reaction involving trivalent cations (Y(III), Gd(III), Er(III), Tm(III)
or Lu(III)) in conjunction with the terephthalate dianion and a
large tetraimidazolium “molecular box”, the tetracation 14+. As
detailed below, this allows for stabilization of a new class of
rotaxanated supramolecular organic frameworks (RSOFs).

Results and discussion

The molecular box used for the present study, the tetraimidazolium
macrocycle, 14+ (studied as its PF6

- salt), was recently reported
by our group.14 It was found to interact with the terephthalate
dianion (2), but to bind this species in an “outside binding” mode.
In contrast, a pseudorotaxane structure was formed when 14+ was
treated with the terephthalate monoanion (2·H+). This finding led
us to postulate that incorporation of cationic species (e.g., H+,
metal cation, etc.) could lead to the stabilization of higher order
interpenetrated structures. In fact, we subsequently succeeded in
using 14+ and 2,6-naphthalene dicarboxylate dianion to prepare
two different kinds of metal-linked pseudorotaxane containing
structures, namely linear metal-linked polymers based on Ag+15

and metal-stabilized 3-D metal–organic rotaxane frameworks
(MORFs) based on Zn2+.16 We have now found that by using
14+, the terephthalate dianion 2, and an appropriately chosen
trivalent cation, namely Y(III), Gd(III), Er(III), Tm(III) or Lu(III),
it is possible to isolate a new class of interpenetrated structures
wherein the metal cation does not play a direct role as a linker, but
rather combines with hydrogen bonding interactions to stabilize a
complex 3-D assembly consisting of a rotaxanated supramolecular
organic framework (RSOF) as shown in Fig. 1. The subunits
of the resulting frameworks described herein consist of discrete
[2]rotaxane structures constructed using the molecular box 14+.

On the basis of single crystal X-ray diffraction analyses
(discussed further below), the rotaxane structures that are
presumably formed initially upon mixing tetracationic macrocycle
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Fig. 1 Schematic representation of the principle binding interactions
that stabilize the metal cation-containing RSOFs (RSOF–M, M = Y, Gd,
Er, Tm or Lu) formed from 14+, terephthalate dianion 2, and a trivalent
lanthanide cation, M3+. Note that different colors are used for the linkage
anions to illustrate the different local chemical environments and different
shadings are used to aid in the visualization of the individual 2D layers
that make up the overall 3D RSOFs.

14+, dianion 2, and the trivalent yttrium(III), gadolinium(III),
erbium(III), thulium(III) or lutetium(III) cations, undergo further
hydrogen bond-mediated self-assembly to form supramolecular
organic frameworks. These frameworks, [14+·(2)5·Y2·8H2O]·31H2O
(RSOF–Y), [14+·(2)5·Gd2·8H2O]·22H2O (RSOF–Gd), [14+·(2)5·
Er2·8H2O]·19H2O (RSOF–Er), [14+·(2)5·Tm2·8H2O]·32H2O
(RSOF–Tm), and [14+·(2)5·Lu2·8H2O]·22H2O (RSOF–Lu), all
contain interlocked struts and proved to be isomorphous.

The five RSOFs described in this report were prepared by
slow diffusion in a three-layer solution setup. Here, an aqueous
solution containing 2 molar equiv. of the nitrate salt of the
cation in question (M(NO3)3; M = Y(III), Gd(III), Er(III), Tm(III)
or Lu(III), was made up and placed in a small vial. This was
layered with a mixture of DMF and water (1 : 1, v/v), and then
further layered with a mixture consisting of 1 molar equiv. of
14+·4PF6

-, 5 molar equiv. of 2·2H+, and 10 molar equiv. of
NMe4OH dissolved in DMF and water (1 : 1, v/v). Using this
approach, single crystals suitable for X-ray diffraction analysis
were generally obtained in five days (cf. ESI†). The resulting
structures were used to confirm the presence of rotaxane subunits
that contain Y(III), Gd(III), Er(III), Tm(III) or Lu(III), as well as
equivalents of 2, both as the threaded species and as stopper
subunits (Fig. 2). The individual rotaxanes self-associate via
multiple strong intermolecular hydrogen bonds and p ◊ ◊ ◊ p donor–
acceptor interactions to form what is an overall 3D framework
(i.e., RSOF–M, M = Y, Gd, Er, Tm or Lu).

Fig. 2 Schematic representations, in stick form, of the rotaxane
subunits present in the solid state structure of [14+·(2)5·Er2·8H2O]·19H2O
(RSOF–Er), as determined from single crystal X-ray diffraction analysis.
Similar structures were found for [14+·(2)5·Y2·8H2O]·31H2O (RSOF–Y),
[14+·(2)5·Gd2·8H2O]·22H2O (RSOF–Gd), [14+·(2)5·Tm2·8H2O]·32H2O
(RSOF–Tm), and [14+·(2)5·Lu2·8H2O]·22H2O (RSOF–Lu).

The single crystal X-ray diffraction structures of RSOF–M (M =
Y, Gd, Er, Tm or Lu) revealed the presence of 3D supramolecular
organic frameworks within the crystalline lattice structure. These
frameworks, which are essentially identical in the case of all
three cations, are comprised of individual [14+·(2)5·M2·8H2O] (M =
Y(III), Gd(III), Er(III), Tm(III) or Lu(III)) rotaxane subunits. The
core of this overall salt structure can be considered as consisting of
two separate parts, namely a) a tetracationic macrocycle 14+ and b)
a tetraanionic dumbbell shaped cluster formed from five molecules
of 2, two coordinating metal cations, and eight water molecules
(cf. Fig. 2). These subunits are characterized by strong p–p
donor–acceptor interactions, as evidenced by the short interatomic
distance (less than 3.5 Å) between the benzene rings in 14+ and the
p-surface of the inserted dianion 2 (O(1) in RSOF–M. (Note: the
cations Y(III), Gd(III), Er(III), Tm(III) or Lu(III) are highlighted in
magenta in Fig. 2 to aid in visualization.)

Intermolecular C–H ◊ ◊ ◊ anion hydrogen bonding also plays an
important role in stabilizing the RSOF structures. These hydrogen
bonds are inferred from the short distances (less than 3 Å) between
O(1) on 2 and C(15) on 14+ in RSOF–Er. Similar interactions were
observed for the other RSOF–M structures (M = Y, Gd, Tm or
Lu) (cf. ESI†). In all five cases, the “tips” of the interpenetrated
dianions protrude from the macrocyclic rings and are linked to the
adjacent “tops” of the non-interpenetrated dicarboxylate anions
(labelled with dark blue and green colors in Fig. 2 and 3) via M(III)
cation bridges. The two non-interpenetrated anions are located in
different chemical environments. Four water molecules also act as
ligands and work in tandem with the three anions to complete a
coordination number of 8 about the metal cations (cf. Fig. 3a).

Fig. 3 Single crystal X-ray structure of [14+·(2)5·Er2·8H2O]·19H2O
(RSOF–Er) displayed in stick (a) and space-filling (b) forms
so as to highlight the overall 3D framework; identical features
are seen in the case of [14+·(2)5·Y2·8H2O]·31H2O (RSOF–Y),
[14+·(2)5·Gd2·8H2O]·22H2O (RSOF–Gd), [14+·(2)5·Tm2·8H2O]·32H2O
(RSOF–Tm), and [14+·(2)5·Lu2·8H2O]·22H2O (RSOF–Lu).

In the lattice, the non-interpenetrated anions act as hydro-
gen bond acceptors, interacting with the water ligands on the
neighboring rotaxane subunits via multiple strong intermolecular
hydrogen bonds, as inferred from the short distances involved (less
than 2.7 Å). The rotaxane subunits associate further through a
series of hydrogen bonding, metal-coordination, and p–p donor–
acceptor interactions into an extended 2D network (cf. ESI†).
The terephthalate anions and co-crystallized water molecules are
linked via hydrogen bonds. Two different 2D layers are then
linked via hydrogen bonding interactions involving the non-
interpenetrated terephthalate dianions and water molecules. To
aid in visualization, the key terephthalate oxygen atom involved,
O(7), is shown in dark blue in Fig. 2 and 3.
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Interactions between the 2D layers in gives rise to the 3D
rotaxane supramolecular organic framework as observed in the
single crystals structures of all five RSOF–M (M = Y, Gd, Er,
Tm or Lu) (cf. Fig. 5 and ESI†). On the basis of the structural
parameters, strong p ◊ ◊ ◊ p donor acceptor interactions between the
rotaxane units present in neighboring layers were also inferred;
presumably, they play a role in stabilizing the overall structure.

Fig. 4 (a) PXRD patterns of the metallic, rotaxane-contain-
ing supramolecular organic framework [14+·(2)5·Er2·8H2O]·19H2O
(RSOF–Er) samples obtained by crystallization (A), as calculated from
the crystallographic coordinates (T), produced via a bulk preparation
procedure (B), and after subjecting to heating to 220 ◦C for 20 min (C).
(b) Thermogravigram of [14+·(2)5·Er2·8H2O]·19H2O (RSOF–Er) showing
the percent weight loss as a function of temperature. Conditions: Nitrogen
atmosphere, heating rate of 10 ◦C min-1.

Fig. 5 Solid photoluminescence spectra (a) and luminescence microscopy
photo (b) of the single crystal of [14+·(2)5·Lu2·8H2O]·22H2O (RSOF–Lu).

For the purposes of preliminary analysis, one of the five struc-
turally analogous RSOFs, [14+·(2)5·Er2·8H2O]·19H2O (RSOF–Er),
was prepared on a large scale. This was done using a one-pot
procedure that involved co-crystallization of all the constituent
precursor elements (cf. ESI†). The material obtained in this way
(in roughly 71% yield) proved analogous to that generated on
small scale, as inferred from comparative powder X-ray diffraction
(PXRD) analysis (cf. Fig. 4, traces (A) and (B) and the ESI†). A
good concordance between the observed and calculated patterns
was also seen for both the crystalline and bulk samples (cf. Fig. 4,
traces (A) and (T)).

The bulk sample of RSOF–Er was subject to thermogravimetric
(TGA) analysis (Fig. 4). It proved thermally stable upon heating to
ca. 220 ◦C for 20 min and was found to retain its structure after loss
of the water molecules originally present in the crystal lattice, as
determined by thermogravimetric analysis (TGA) and powder X-
ray diffraction (PXRD) analyses (cf. Fig. 4 and ESI†). On this basis
we conclude that the key rotaxane-containing supramolecular
organic frameworks are thermally stable (i.e., crystallinity is
retained after removal of the co-crystallized solvent, water). This

stability is thought to reflect the presence of interlocked rotaxane
moieties within the overall RSOF structure.

A noteworthy feature of the TGA curve is the presence of
decreases in the weight percent that can be ascribed to the
systematic loss of water molecules. Based on the single crystal
X-ray diffraction analysis, RSOF–Er contains two distinct kinds
of water molecules, namely those coordinated to the Er(III) centers
and those that are present as waters of crystallization. The latter
guest waters are removed by the time heating to ca. 250 ◦C
is complete. While the inherently labile nature of these solvent
waters makes quantitative analysis necessarily imprecise (slow
evaporation can take place in the absence of heating), at this point
in the TGA analysis a weight decrease of ca. 14.4% has occurred.
This corresponds to a theoretical value of 15.1% expected for 19
water molecules. Further heating then leads to additional weight
loss, which is ascribed to the loss of coordinated waters. For
instance, by ca. 350 ◦C the total weight loss is 21.0%, a value
that may be compared with the 21.4% decrease expected for the
total loss of 27 water molecules. This corresponds to a total loss of
approximately 27 water molecules. Further heating then leads to
weight losses that are thought to reflect collapse of the framework
structure (cf. Fig. 4b).

The bulk RSOF–Er sample was also subject to BET (Brunauer,
Emmett and Teller theory) surface area analysis. These latter
measurements revealed gas absorption profiles consistent with a
compact structure lacking large, well-defined voids. Specifically,
this RSOF acted as a low porosity material that displays multilayer
adsorption behavior, as determined from an N2 adsorption
isotherm measured at 77 K (cf. ESI†). Such findings are in accord
with the compact structure seen in the solid state, as reflected in
Fig. 3b. The lack of free void space in RSOF–Er is ascribed to the
presence of the rotaxane subunits, which occupy the intrasubunit
space that might otherwise be expected in an analogous 3D-
framework characterized by a lower level of structural complexity.

The rotaxane-containing frameworks reported herein all con-
tain rare-earth cations. This led us to consider that they might
display species-specific optical features. In an effort to test this
hypothesis, three of the RSOFs of this study (viz. RSOF–
Y, RSOF–Er and RSOF–Lu) were analyzed via single crystal
luminescence spectroscopy.17

All three samples displayed weak green luminescence as revealed
by luminescence microscopic photography. In the case of RSOF–
Y and RSOF–Lu weak peaks ascribable to the rare-earth cations
were observed in the photoluminescence spectra upon excitation
at 310 nm (cf. Fig. 5 and ESI†). In the case of these latter two
samples, as well as RSOF–Er, the actual spectra were dominated
by a broad band that tails off from 450 to 750 nm, and which has
its origin in the interaction between 14+ and 2 as inferred from
control studies involving crystals of 14+·(2)2·10H2O (cf. ESI†).

Conclusions

In summary, the synthesis of metal-containing rotaxanated
supramolecular organic frameworks (RSOFs) incorporating three
different types of supramolecular interactions is described. The
systems in question, RSOF–Y, RSOF–Gd, RSOF–Er, RSOF–
Tm and RSOF–Lu, utilize anionic building blocks to fulfil at
least three disparate functions; they act as interpenetrated species,
serve as metal-complexing ligands, and stabilize hydrogen bonding
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interactions. The resulting RSOFs can be prepared easily and in
good yield via a simple one-pot self-assembly procedure. This leads
us to predict that these or other systems incorporating interlocked
subunits could have a role to play in the construction of complex
supramolecular frameworks whose 3D structures are rationally
designed and experimentally controlled.
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