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Figure 5. Confocal laser scanning micrograph of the word “tube”
drawn with single nanotubes using our microinjection system. The
frame, also drawn using single nanotubes, is 0.37 mm long and
0.15 mm wide. A higher magnification of this is shown in Figure 4.

manipulation easily aligns a single tube in an arbitrary
direction. For demonstration we have further written the
word “tube”, as shown in Figure 5.

In summary, we found that the glycolipid nanotube could
be a good candidate for a cytomimetic tubule in terms of its
mechanical properties. Moreover, exploiting the moderate
rigidity, we have developed a novel but simple aligning
method: a fine line of the single nanotube is drawn freely
simply by microextruding the aqueous dispersion on glass
plate. Our manipulation methodology promises to open up
fascinating possibilities for lipid nanotubes beyond only a
substitute for microtubules; for example, a nanoneedle could
be realized by extruding half of the single nanotube and fixing
it at the tip of a microextrusion needle; also bridging or
branching of the nanotubes on glass or metal substrates might
be used as a mold for the formation of a wire and hub inside
them, in molecular electronic devices; lastly, a single nano-
tube channel and its assembled array should provide 1D
nanospace for the separation of advanced macromolecules
beyond the submicro total analysis system (subuTAS).

Experimental Section

Preparation of single lipid nanotubes: These were prepared in water
through self-assembly of renewable-resource-based, synthetic glyco-
lipid cardanyl-B-pD-glucopyranoside, which is a mixture of 1-O-3'-n-
(8(2),11'(Z), 14-pentadecatrienyl)-phenyl- [} -pD-glucopyranoside
(ca. 29 wt%), 1-0-3'-n-(8'(Z),11'(Z)-pentadecadienyl) phenyl-p-p-
glucopyranoside (ca. 16 wt %), 1-O-3"-n-(8'(Z)-pentadecenyl) phenyl-
B-p-glucopyranoside (ca. 50 wt %), and 1-O-3"-n-(pentadecyl) phen-
yl-B-p-glucopyranoside (ca. 5 wt %), as reported elsewhere.['”l Nano-
tube structures with 10-15 nm inner diameter and high axial ratios
were confirmed by TEM, field-emission scanning electron micro-
scopy (FE-SEM), confocal laser scanning microscopy, and atomic
force microscopy (AFM). On the basis of X-ray diffraction studies,
the tubular membrane wall consists of three to four interdigitated
lipid bilayers. Combination of a hydrogen-bond network between the
glucose headgroups, m—m stacking interactions between phenyl rings,
and hydrophobic interactions between long alkyl chains are respon-
sible for the stabilization of noncovalently formed nanotube archi-
tectures.
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Metal-Based Polyrotaxanes

Channels and Cavities Lined with Interlocked
Components: Metal-Based Polyrotaxanes That
Utilize Pyridinium Axles and Crown Ether
Wheels as Ligands**

Gregory J. E. Davidson and Stephen J. Loeb*

The formation of polyrotaxanes by metal-ligand self-assem-
bly is a viable method for the programmed organization of
mechanically linked molecular components into a repeating
framework. This has significant potential for producing
materials that contain functional molecular entities that may
be addressable or controllable.l!! The challenges of designing,
synthesizing, and crystallizing such materials are many and
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very few well-characterized examples exist.>% To date, the
only set of compounds to realize this combination are those
prepared by Kim et al. in which a diaminoalkane “string” and
cucurbituril (CB) “bead” are linked by a transition metal or
lanthanide ion. This method was successfully employed to
produce 1D, 2D, and 3D metal-containing polyrotaxanes,??!
and in one case large cavities and channels were shown to be
possible.! In an effort to expand the number of known
examples of this concept and to introduce some structural
flexibility into the components, we present herein examples of
metal-based polyrotaxanes constructed by using pyridinium
“axles”, crown ether “wheels”, and transition metal ion
“nodes”. In particular, this design will allow investigations of
some interesting concepts: 1) the effective volume of a
dynamic mechanical component (crown ether) may be useful
in eliminating interpenetration in metal-ligand (ML) nets*®
allowing the formation of large cavities, 2) the ability to
change crown ethers without effecting the basic structure of a
ML net could result in tremendous structural flexibility and
allow the control of cavity properties and function, and 3) the
dynamic motion of an interlocked component that is threaded
on to an ML net may be useful in the design of addressable
solid-state materials. None of these features are presently
possible with known polyrotaxanes.

Scheme 1 shows how the dipyridinium axle 1>* can be
threaded through dibenzo-[24]crown-8 ether, DB24C8, to
produce the [2]pseudorotaxane 2°*. We have previously
demonstrated that this [2]pseudorotaxane can act as a ligand
and that employing metal complexes as stoppers is a versatile
method for producing [2]rotaxanes in good yield.’-'?l Herein,
we report that this same supramolecular motif can be
involved in metal-ligand self-assembly (crystal engineering)
reactions and thereby be extended to polymeric systems;
linear 1D and square-grid 2D metal-based polyrotaxanes.

Scheme 1. The [2]pseudorotaxane 22" is easily prepared from the dipyr-
idinium salt 12+ and DB24C8 in a solvent such as CH,Cl,, acetone,
MeCN, or MeNO,.

One equivalent of 1[BF,], was mixed with two equivalents
of DB24C8 and one equivalent of [M(H,O)][BF,], (M = Co,
Zn) in MeCN. The bulk of the solid material was isolated in
good yield by reducing the volume of the mixture to about
20% of the original amount; 71% (Co), 92% (Zn). X-ray
quality crystals™® of {{Co(H,0),(MeCN),(2)][BF,],(MeCN),-
(H,0),}, (3) were produced by slow evaporation of the
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reaction mixture. Figure 1 shows that the use of Co" ions in
MeCN results in an octahedral coordination geometry
comprising two [2]pseudorotaxane ligands, two MeCN mol-
ecules, and two water molecules all with trans orientations.
The result is a 1D coordination polymer in which every
bridging ligand is a [2]rotaxane. The Zn" version
{{Zn(H,0),(MeCN),(2)][BF.];:(MeCN),(H,0),}, (4) is iso-
morphous with 3. Although the linker 1>+ could adopt either
an anti or gauche conformation at the central ethylene unit,
only the anti conformation is possible when 1>* is threaded
through a 24-membered crown ether as part of a [2]-
pseudorotaxane or rotaxane.”'>!4 This combination of a
trans geometry at the metal ion and a linear [2]pseudorotax-
ane ligand produces a linear 1D polymer with a repeat
distance between Co atoms of 22.1 A.

Figure 2 shows how these linear cationic 1D polyrotax-
anes pack side-by-side in parallel chains in the solid state.
Infinite 1D channels are formed between the polymer strands
and are filled with the counterions and solvents of crystal-

lization; in this case four BF,~ ions, two molecules of MeCN
and two molecules of water per monomer unit. Calculations

"
Figure 1. Ball-and-stick representation of the re-
peating metal-ligand unit in 3. Key: blue: 12+

. axle; red: DB24C8 wheel; dark blue: metal ion;

green: H,0; yellow: MeCN.

Figure 2. Space-filling representations of parallel chains of polyrotax-
ane 3 with solvent and anion removed for clarity (left) and a view
down the chains showing the channels filled with anions and solvent
(right). Key: blue: 12" axle; red: DB24C8 wheel; green: metal with
bound H,0 and MeCN ligands; yellow: anions and solvent molecules.
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Figure 3. Ball-and-stick representation of the coordination sphere of
the metal center in 5. Key: blue: 12 axle; red: DB24C8 wheel; green:
H,O; yellow: BF,.

from the X-ray structural parameters show that the accessible
void space in the channels occupied by anions and solvent is
33.9%; 13.2% for solvent only.['"]

Since, the linear 1D polyrotaxanes 3 and 4 contain an
octahedral metal ion in which the ancillary ligands are solvent
molecules (H,O and MeCN), we reasoned it should be
possible to induce higher orders of dimensionality by employ-
ing one or a combination of noncoordinating solvents,
anhydrous metal salts, and a greater amount of [2]pseudo-
rotaxane ligand. Ultimately, we were successful in increasing
the dimensionality by reacting two equivalents of 1[BF,], with
four equivalents of DB24C8 and one equivalent of
[Cd(H,O)][BF,], in MeNO,.l'>!l X-ray quality crystalline
material was produced in good yield (>80%) by vapor
diffusion of isopropyl ether into the reaction mixture. Figure 3
shows that the use of Cd" ions in the noncoordinating solvent
MeNO, results in an octahedral coordination geometry
comprising four [2]pseudorotaxane ligands in a square-planar
arrangement, one water molecule, and one coordinated BF,~
anion. Figure 4 (top) shows how propagation of these units
results in a 2D square net coordination polymer
{[Cd(H,O)(BF,)(2),][BF,]s(MeNO,);s}, (5) in which every
bridging ligand is a [2]rotaxane. The sides of the square net
are defined by Cd--Cd distances of 22.2 A, while the
interlayer spacings are 12.0 and 10.0 A, respectively, in an
AB alternating pattern down the ¢ axis (22.0 A). Figure 4
(bottom) shows how this pattern gives rise to openings that
are large infinite channels lined with crown ethers. These
channels are not completely perpendicular to the 2D net but
offset slightly as the 2D layers are knitted together by a series
of H--F and H--O hydrogen bonds, which utilize the Cd—OH,
unit of one layer, the neighboring Cd-BF, group in an
adjacent layer, and intervening solvent molecules (there are
15 noncoordinated molecules of MeNO, per Cd" ion).
Calculations estimate that the accessible void space occupied
by anions and solvent is 49.7 %; 38.0 % for solvent only.['"]

The stability of the polyrotaxane frameworks in 3-5 were
probed by thermogravimetric analysis.l'¥! This showed that
although the solid materials easily lost molecules of crystal-
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Figure 4. Top: A space-filling model showing four square-grids of 5.
(MeNO; solvent molecules and noncoordinated BF, anions are omit-
ted for clarity). Key: blue: metal-ligand lattice; red = DB24C8. Bottom:
Four layers of the grid are shown to emphasize the infinite channels
and the open framework of the solid (DB24C8 molecules, MeNO, sol-
vent molecules, and noncoordinated BF, anions are omitted for clari-

ty).

lization (MeCN at >70°C, H,O at >100°C, MeNO, from 30
to 100°C) and coordinated solvent molecules (H,O and
MeCN at >150°C), the rotaxane framework did not break-
down and lose crown ether until > 250°C. Presumably at this
temperature, there is complete decomposition of the metal-
ligand coordination polymer. This demonstrates that although
the crown is initially held in position by weak noncovalent
bonds in the template formation of the [2]pseudorotaxane
and only interacts with the polymer by way of these residual
noncovalent interactions, a covalent or strong metal-ligand
bond must be broken to release this component. Therefore,
incorporation of molecular machine-like units into solid-state
structures by self-assembly of metal-ligand coordination
polymers offers a viable route for creating functional
materials and there is nothing inherently unstable about the
individual rotaxane components.

From these preliminary results, we can conclude that
1) the design of open framework materials with interlocked
components can be expanded to include pyridinium axles and
crown ether wheels, and 2) interpenetration does not appear
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to be a problem as large square openings and infinite channels
are possible. Further detailed experiments are needed to
determine if the lack of interpenetration can be attributed to
the dynamic nature of the crown units in solution and during
crystallization. Future investigations will focus on the effect of
changing crown ethers on the physical properties of the
cavities and channels in these open framework materials.
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