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Reversibility constitutes one of the hallmarks of self-assem-
bly.[1] This feature of self-assembled structures conveys many
interesting properties, among which responsiveness to exter-
nal stimuli is pivotal to the development of dynamic
materials.[2] For this reason noncovalent interactions are
being used increasingly in polymer science.[3] So far hydrogen
bonding has been the workhorse of interactions, because it
combines directionality with simplicity.[4] Metal–ligand coor-
dination is another highly directional interaction that can lead
to supramolecular polymeric architectures such as linear
polymers[5] and dendrimers.[6] Hydrophobic interactions have
also been exploited to form nanotube aggregates in aqueous
solution.[7] However, to generate highly adaptive dynamic
materials, systems operating in multimodal fashion through
the implementation of several self-assembly codes are
required.[8]

As a first step in this direction we report on the design,
preparation, and properties of cavitand 1, which is capable of
bimodal, independent self-assembling interactions, namely
solvophobic aggregation and metal coordination. The self-
assembly cycle in Scheme 1 was devised to test the work-
ability and orthogonality of the two interactions. For the first
interaction the dimerization properties of quinoxaline kite
velcrands have been exploited: the driving forces for dime-

rization are dipole–dipole, van der Waals, and solvophobic
interactions.[9] For metal complexation two pyridine ligands
have been introduced at the lower rim of 1 to induce
dimerization through coordination to a metal center.[10] The
two interactions operate under totally different sets of
conditions allowing the independent activation/deactivation
of each of them.

The kite monomer 1 was synthesized by condensing 2,3-
dichloroquinoxaline with a tetramethylhydroxyl-footed resor-
cinarene[10,11] to afford the corresponding quinoxaline-
bridged cavitand, which was then treated with 3,5-bis(chloro-
carbonyl)pyridine in pyridine (see Supporting Information
for experimental details and characterization of new com-
pounds). The reaction led to the formation of 1 in 28% yield.
Cavitand 1 is soluble only in chlorinated and aromatic
hydrocarbons at relatively high dilution (c< 2.2 mm). Of the
two possible isomers, only that in which the pyridyl moieties
are under the out-phenyls of the resorcinarene skeleton is
formed.[12]

Kite-to-kite dimerization in CD2Cl2 solution was moni-
tored by 1H NMR spectroscopy by following the splitting of
several diagnostic signals (see Supporting Information). The
association–dissociation rates for the monomer and dimer are
fast on the 1H NMR timescale at room temperature but slow
below 240 K. At that temperature two different sets of signals
appear, belonging to the monomer and dimer in slow
exchange. The populations of the two species can be
determined directly by integration of their respective signals,
which provides a convenient means of determining associa-
tion constants (Ka) and free energies of association over a
range of temperatures (235–205 K).[13] The following thermo-
dynamic parameters were determined: Ka273K= 1.91 = 103m�1;
DG

o

273K=�4.10 kcalmol�1; DH=�0.66 kcalmol�1, DS=
12.6 calmol�1K�1 (correlation factor in van't Hoff plot:
0.9523).

These data, compared with those of the related tetrapen-
tyl-footed kite velcrand HQx,[9] indicate a reduced tendency
of 1 to dimerize (DG

o

HQx=�6.81 kcalmol�1 versus DG
o

1=

�4.10 kcalmol�1 calculated at 273 K). As shown by the X-
ray crystal structure[14] (Figure 1) a 1·1 velcrand dimer forms
in the solid state, in which the two cavitands are rotated
reciprocally by 908 : two methyl groups are oriented outward
and the other two point upward, fitting into the cavities
formed by the sloping aryl faces and the “out” methyl groups.
When two molecules are fitted to one another they share a
large common surface formed by their large rectangular areas
in roughly parallel planes. The introduction of two pyridyl-
based connecting units at the lower rim rigidifies the
structure, affecting the spatial orientation of the quinoxaline
wings and therefore reducing the tendency to dimerize. This is
confirmed by the crystal structure of 1·1, which evidences only
77 short intermolecular atomic distances, remarkably less
than the 132 short distances observed in HQx·HQx (see
Supporting Information).[15] Besides, the crystal packing
reveals that in the solid state the pyridyl terminal groups act
as clips, forming linear chains of 1·1 dimers through stacking
interactions (Scheme 1).

Metal-directed dimerization has been already performed
on the corresponding methylene-bridged cavitand, by using
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[Pd(CH3CN)4](BF4)2 as the metal precursor (see Supporting
Information).[10] Addition of a small excess of a bidentate
competitive ligand such as ethylenediamine to the preformed
complex led to complete and clean disassembly of the
coordination dimer, which proves the reversibility of the
metal-directed dimerization process.

The two self-assembly protocols were combined to gen-
erate new oligomeric structures by mixing 1 and
[Pd(CH3CN)4](BF4)2 in a 2:1 molar ratio in CHCl3/CH3CN.

Complex 3 precipitated as a yellow powder, soluble only in
nitromethane. The 1H NMR spectrum of 3 in CD3NO2 shows
both a broadening and an increased number of peaks,
indicative of the formation of oligomeric species. A downfield
shift of the peaks relative to the pyridine protons from d=

9.20 ppm (1 in CD2Cl2) to d= 9.80 ppm (3 in CD3NO2) was
observed, which is diagnostic of coordination to the metal
center. The MALDI-TOF mass spectrum of 3[16] in CH3NO2

shows three singly charged ion peaks at m/z 3279.2, 6648.6,
and 10016.3 attributable to [1·Pd(BF4)2·1-BF4

�]+,
[(1·Pd(BF4)2·1)2-BF4

�]+, and [(1·Pd(BF4)2·1)3-BF4
�]+, which

belong to the species with n= 1, n= 2, and n= 3, respectively
(see Supporting Information). The laser ionization process
was kept at threshold level to avoid molecular clustering in
the gas phase.

Clean solvophobic disassembly was observed by dissolv-
ing complex 3 in [D6]benzene.[17] The resulting 1H NMR
spectrum shows sharp and easily assignable peaks belonging
to the dimeric species 2. This attribution was confirmed by a
MALDI-TOF MS experiment performed on a solution of
complex 3 in benzene,[16] in which only the single charged ion
peak at m/z 3279.2 ([1·Pd(BF4)2·1-BF4

�]+) attributable to
dimer 2, is revealed.

Coordinative disassembly of 3 has been carried out
through addition of ethylenediamine to break selectively
the oligomeric species at the metal coordination sites.
Depending on the solvent used, either 1 (in benzene) or 1·1
(as a precipitate from nitromethane) were recovered, proving

Scheme 1. Bimodal self-assembly cycle.

Figure 1. X-ray crystal structure of the 1·1 dimer.
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the complete reversibility of the metal-directed self-assembly
at the lower rim.

The self-assembly of these supramolecular architectures
on surfaces has also been explored, by making use of tapping
mode scanning force microscopy (TM-SFM). When 3 was
deposited from dilute solution in CH3NO2 onto the basal
plane of highly oriented pyrolytic graphite (HOPG), large
disordered assemblies were obtained (image not shown). To
avoid lateral aggregation between individual self-assembled
objects, a linear alkane (C32H64) was added to the dilute
solution (ca. 10�3

m) of 3 in CH3NO2 up to saturation. Upon
application of this solution to a graphite surface the two
solutes are codeposited.[5d] Due to the strong affinity between
the alkanes and the HOPG surface,[18] the alkanes pack in
lamellar 2D single crystals, with the long molecular axes
parallel to the substrate and extended over several hundreds
of nanometers. After the liquid was removed by spinning off
in a spin-coater, the films were thermally annealed at 40 8C for
15 min, which led to complete solvent evaporation. The SFM
image in Figure 2a shows different types of nanostructures

coexisting on the graphite surface. Rodlike (solid arrows) and
grainlike objects (dashed arrows) can be recognized. Both of
them are preferentially packed at the graphite steps (black
arrows), although they can also exist on a flat graphite terrace
(white arrows). The inset in Figure 2a gives a closer look at
two rodlike objects at a graphite step. A single self-assembled
object is expected to exhibit a rodlike shape with a cross-
section diameter ranging from 0.8 (coordination site) to
1.5 nm (solvophobic site).

The observed anisotropic objects exhibit heights of
roughly (0.8� 0.2) nm, lengths of up to 150 nm, and widths
of (7� 3) nm,[19] which is consistent with the lateral aggrega-
tion of five to seven supramolecular rods.[20] Different areas of
the same film are characterized by a higher degree of
coverage, leading to networks with heights of (0.8� 0.2) nm
or multiples thereof. The inset in Figure 2b exhibits some
narrow arms with constant widths of 1.5 nm, which is
compatible with a single rod having a height of about
0.8 nm (monolayer, marked with A) or 1.5 nm (bilayer,
indicated with B).[21,22]

In summary we have devised and tested a bimodal self-
assembly protocol for the generation of a dual-coded dynamic

supramolecular species, which has been transferred and
amplified on surfaces. The two interaction modes are both
orthogonal and reversible, as proven by the self-assembly
cycle of Scheme 1, where the formation/dissolution of either
dimers or oligomers has been triggered by solvent polarity,
metal coordination, and ligand exchange. This result can be of
importance in the frame of the implementation of new
materials with the peculiar properties of adaptability, healing,
and response to external stimuli.
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