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Hierarchical Self-Assembly of Supramolecular Muscle-Like Fibers
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and Nicolas Giuseppone*

Abstract: An acid-base switchable [c2]daisy chain rotaxane
terminated with two 2,6-diacetylamino pyridine units has been
self-assembled with a bis(uracil) linker. The complementary
hydrogen-bond recognition patterns, together with lateral van
der Waals aggregations, result in the hierarchical formation of
unidimensional supramolecular polymers associated in bun-
dles of muscle-like fibers. Microscopic and scattering tech-
niques reveal that the mesoscopic structure of these bundles
depends on the extended or contracted states that the rotaxanes
show within individual polymer chains. The observed local
dynamics span over several length scales because of a combi-
nation of supramolecular and mechanical bonds. This work
illustrates the possibility to modify the hierarchical mesoscopic
structuring of large polymeric systems by the integrated
actuation of individual molecular machines.

Biomolecular machines are key elements of living organisms
that perform essential functions such as replication, synthesis,
transport, and motion."? Among several important charac-
teristics, some of these processes involve the integration of
molecular machines in order to amplify their motions at
a scale larger than their typical individual size. A well-known
example is related to the collective molecular motion
produced in muscular tissues because of their hierarchical
organization. Within sarcomeres, the coordinated movements
of thousands of myosin heads lead to the gliding of thick
myosin filaments along thin actin filaments. By polymerizing
these contractile sarcomere units longitudinally in myofibrils
and by associating these myofibrils laterally in bundled fibers,
macroscopic motions can be reached.”! It thus appears very
attractive to take inspiration from these biological processes
in order to design artificial systems displaying such a hier-
archical structuring for the amplification of molecular
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motions and for their implementation in nanotechnology
and materials science.[*)

The group of Sauvage reported in 2000 the first bioin-
spired molecular muscle based on a bistable [c2]daisy chain
rotaxane incorporating two coordination stations on its axle.
This individual machine can achieve a switchable contraction/
extension motion with an amplitude of 1.8 nm depending on
the nature of the coordinated metal ions (Cu' or Zn")."
Although a number of rotaxane-based molecular muscles
was subsequently developed,*! their integration within
oligomers and polymers was only recently envisioned to
access artificial muscle-like materials.* Our group de-
scribed the first amplification of such molecular motions up to
the microscopic scale by linking thousands of bistable
rotaxanes within single-chain polymers.'”) However, in
order to build contractile materials from molecular machines,
further hierarchical organization of these single-chain poly-
mers into higher-scale structures is required, as myofibrils do
when laterally packed in bundles of muscular fibers.*”! Here
we show that such a hierarchical structuring is possible within
a system incorporating supramolecular polymers based on
hydrogen-bonded [¢2]daisy chain rotaxanes.

Multiple hydrogen-bond motifs have been described for
the preparation of supramolecular polymers because of their
high directionality, kinetic lability, and ease of synthesis.>!*!
For instance, Lehn and co-workers implemented the
uracil:diaminopyridine recognition pattern to produce chiral
triple helices at the micrometric scale with liquid-crystalline
properties.'*¥] This heterocomplementary motif was then
used to produce a variety of morphologies (spheres, rods,
fibers) with a controlled degree of polymerization.!'"!

Inspired by this hydrogen-bond polymerization unit, and
in a continuation of our initial reports,'*!” we targeted the
synthesis of [c2]daisy chain rotaxane (12) with two diacetyl-
amino pyridine units as stoppers, and a complementary
ditopic linker (5) incorporating two 1-hexyluracil moieties
at its extremities (Scheme 1). Molecule 5 was also decorated
with branched alkyl chains to ensure solubility in organic
solvents!™ ™ and to provide additional van der Waals
interactions for stabilizing the primary hydrogen-bond pat-
tern in a cooperative self-assembly. We also envisioned that
a mismatch between the polar character of rotaxane unit 12
(presence of crown ethers and ion pairs) and the apolar
character of linker §, would favor lateral aggregations of the
single-chain supramolecular polymers driven by microphase
separation, thus reinforcing the cooperative mechanism of the
supramolecular polymerization.

Bis(uracil) linker 5 was synthesized in five steps using
Sonogashira couplings as key reactions (Scheme 1a). Initially,
branched alkyl bromide 1, prepared from commercially
available 2-hexyl-1-decanol using the Appel reaction, was
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Scheme 1. a) Synthesis of bis(uracil) linker 5. b) Synthesis of [c2]daisy-chain rotaxanes 12%* and 12°™ with 2,6-diacetylamino pyridine stoppers.

reacted with 2,5-dibromohydroquinone to yield bis(ether) 2.
Then, a first Sonogashira coupling with trimethylsilylacetyle-
ne followed by deprotection of the TMS (trimethylsilyl)
groups under basic conditions yielded bis(alkyne) 3 in
excellent yield. This molecule was finally coupled with 1-
hexyl-6-iodouracil 4 (prepared by procedures from the
literature)™! using another copper-free Sonogashira reaction
to yield bis(uracil) linker 5 with an ADA (acceptor—donor—
acceptor) hydrogen-bond pattern. On the other hand (Sche-
me 1b), rotaxane 12 was obtained in seven steps from
commercially available 4-bromo-2,6-diaminopyridine, which
was first acylated using acetyl chloride to yield the comple-
mentary DAD (donor-acceptor-donor) hydrogen-bond unit
6. This compound was then coupled under copper-free
Sonogashira conditions with alkyne 7! to provide derivative
8 in good yield. Successive saponification of the acetate under
mild conditions, activation of the resulting free alcohol with
methanesulfonyl chloride, and substitution of the mesylate by
sodium azide afforded DAD azide 9 (> 800 mg). This azide
was then engaged in a copper-catalyzed Huisgen 1,3-dipolar
cycloaddition reaction with pseudo-rotaxane 10! under
microwave activation to afford [¢2]daisy chain rotaxane 11 in
good yield and only two hours (instead of several days by
classical heating). Further methylation of the triazole units of
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11 yielded compound 12 quantitatively, which could be
deprotonated using a 1 M NaOH solution to provide rotaxane
12Cnnl'

The contraction/extension event associated with com-
pound 12 was characterized by 'H NMR spectroscopy at
a concentration of 107*M in a 4:1 mixture of CDCl;/CD;CN
(Figure 1a). As reported previously for other [¢2]daisy chain
rotaxanes, 'H NMR spectra of 12" and 12°™ correspond to
mixtures of diastereoisomers.'*?"'?! In the extended proton-
ated state (12"), the affinity of the electron-rich crown ether
is higher for the electron-poor secondary ammonium than for
the triazolium, and proton H; of the triazole ring displays
a characteristic resonance signal at 7.81 ppm. Upon deproto-
nation, the crown ether does not complex anymore the
deprotonated secondary amine and thus slides to the triazo-
lium cation, resulting in a contraction of the molecule toward
12" This event is confirmed by i) the shift downfield of the
triazolium proton signal H;, moving from 7.81 ppm (125%) to
8.92 ppm (12°°™) and ii) the broadening and downfield shifts
of benzylic proton H, and aromatic protons Hy located close
to the triazolium units (Figure 1a). Importantly, the reversi-
bility of this contraction was confirmed by adding two
equivalents of deuterated trifluoroacetic acid (Figure S4).
Further exchange of the counter ions using a saturated
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Figure 1. a) "H NMR spectra of monomers 125 and 12°™ in a 4:1
mixture of CDCl;/CD,CN. b) "H NMR spectrum of supramolecular
polymer 12%*:5 obtained from the 1:1 association of 12%* and linker 5
in a 4:1 mixture of CDCl;/CD,CN.

aqueous solution of NH,PF, yielded a '"H NMR spectrum
similar to the one of initial rotaxane 125,

Compound 12 was then mixed in a 1:1 ratio with
complementary linker 5 in order to form the corresponding
hydrogen-bonded supramolecular complex 125*:5. In a 4:1
mixture of CDCl/CD;CN and at a concentration of 107°mM,
"H NMR spectrum displays the characteristic features of
supramolecular association as protons NH, and NH, are
markedly shifted downfield, a typical signature for this
hydrogen-bonding pattern (Figure 1b). Similar spectroscopic
observations were made when linker 5 was mixed in a 1:1 ratio
with rotaxane 12°°™ in a 4:1 mixture of CDCIl,/CD,CN at
107*m, confirming the formation of supramolecular complex
12€°":5 (Figure S7b). When 'H NMR spectra of 125:5 and
12€":5 were recorded at concentrations higher than 4 x
10~*M, an important broadening of the signals was observed
(Figure S8), probably indicating the growth and the over-
lapping of polymer chains at this concentration.

To probe at a larger scale the formation of these
supramolecular polymers in solution, we further combined
static light scattering (SLS) and small-angle neutron scatter-
ing (SANS) experiments, which provide information in the
range of 1-300 nm (see section5 and Figure S9 in the
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Supporting Information). Investigations were performed on
4x107*m solutions at which interchain aggregation of the
polymer was suspected by '"H NMR spectroscopy. Qualita-
tively, for scattering vectors g ranging between 7 x 10~* and
3x10°A ' a pronounced increase in scattering intensity was
observed, confirming the formation of aggregates larger than
200 nm, as no low-¢ Guinier regime associated to the finite
size of the scattered objects is observed. The different slopes
in these two experiments also indicate that a structural change
occurs upon mechanical contraction/extension of the rotax-
ane, going from smooth two-dimensional objects 125*:5 (g~
slope) to three-dimensional assemblies with a rough interface
for 12°":5 (g2 slope). For q higher than 4x 107> A~!, both
solutions are similar and display only very low and almost flat
diffusion over the whole g- range accessible by SANS. This
observation highlights the formation of very dense aggre-
gates, the internal structure of which could unfortunately not
be determined. Thus, and although scattering experiments
cannot be used to determine the full structural parameters of
these polymers, they indicate the formation of large, dense,
but different self-assembled structures for 12¥*:5 and 12¢°":5
in solution.

To further determine the morphology of these supra-
molecular polymers, we performed imaging experiments,
namely transmission electron microscopy (TEM) and
atomic force microscopy (AFM). When prepared from
solutions at a concentration lower than 4 x 10~>M, monomers
5, 125 and 12" and corresponding polymers 12™:5 and
12¢°":5 did not show large supramolecular organization or
self-assembled architectures. However, for an initial concen-
tration equal or higher than 4 x 10 M, each one of the two
polymers displayed a particular mesostructure (Figure 2),
while monomers still did not show any kind of structuration.
Thus, the formation of such large objects results from the
cooperative main-chain supramolecular polymerization
afforded by the hydrogen-bond recognition pattern together
with the reinforcing lateral aggregations afforded by the rigid
linkers. By drop-casting the solution of 12™':5 uniform
structures of relatively soft entangled fibers with extended
lengths of several micrometers were revealed by TEM and
AFM (Figure 2b,d). AFM experiments further detailed that
these micrometric fibers arise from the lateral aggregation of
fibrils having a width of 3 nm (Figures 2 f and S10). Molecular
modeling confirms that such a diameter corresponds to
a single chain of hydrogen-bonded polymers (see section 8
in the Supporting Information). In a hierarchical structuring,
these single chains further bundle into wider fibers with
a diameter ranging from 10 to 20 nm. By comparison with
previously reported single-chain polyrotaxanes,'” one may
conclude that the supplementary lateral aggregation arises
mainly from additional non-covalent interactions because of
the presence of linker §, namely by n—m stacking and van der
Waals interactions. Along the same lines, additional AFM
imaging of neutral triazole-based 11:5 polymer (1:1 ratio)
under similar conditions (4:1 mixture of CHCI;/CH;CN at 4 x
107°M) also demonstrated the formation of closely related
supramolecular architectures, thus discarding a major influ-
ence of electrostatic interactions, which would originate from
the triazolium units, in the bundling process. Interestingly, for
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Figure 2. a,b) TEM images of supramolecular polymers a) 12°°™:5 and
b) 12%*:5 after drop-casting a 4x 10> M solution in a 4:1 mixture of
CHCl;/CH;CN on a TEM grid. c—f) AFM topography images of
polymers c,e) 12°°™:5 and d,f) 1255 directly scanned from the grids
prepared for TEM experiments. g,h) TEM images of g) in situ contrac-
tion of supramolecular polymer 12%:5 upon addition of two equiv-
alents of DABCO and h) in situ extension of 12°°™:5 upon addition of
two equivalents of trifluoroacetic acid.

12¢":5, TEM and AFM analyses revealed the formation of
very different mesoscale morphologies. Discrete objects were
imaged, with smaller lengths comprised between 200 and
400 nm (Figure 2a,c). Additionally, the local probing of these
more rigid objects by high-resolution AFM revealed that their
internal structure is also built on the lateral aggregation of
about three-nanometer-thick single chain polymers (Fig-
ure 2¢), still in agreement with molecular modeling (see
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section 8 in the Supporting Information). These microscopy
experiments also match with scattering data, suggesting that
morphologies observed on surface are highly similar to the
ones already present in solution. Furthermore, the differences
of morphologies observed by microscopies for the extended
and contracted polymers can be confidently correlated to the
global actuation of the individual mechanical bonds. Indeed,
according to our previous work, to present molecular model-
ing (see section 8), and to related theoretical studies,'***! the
length of the [¢2]daisy chain rotaxanes should here change by
about 1.2 to 1.6 nm. Because of the double-threaded rotaxane
configuration, one can notice a limited degree of flexibility
and a higher rigidity of the polymer chain when the crown
ethers are located around the triazolium units. This telescopic
contraction is also intended to decrease the lateral association
between the main chains by providing a higher steric
hindrance in the proximity of monomer 5. Thus, the length
of the single chains can be affected directly by the actuation of
the mechanical bond, but also by the change in lateral
aggregation because of cooperative effects, in agreement with
microscopic observations. Finally, imaging experiments from
in situ extension and contraction of the polymer chains in
solution confirmed the overall trend in the actuation of the
system and its morphological transition by integrated
dynamic motions (Figures2gh). The insitu contraction of
125:5 using two equivalents of 1,4-diazabicyclo[2.2.2]octane
(DABCO) yielded smaller and more rigid structures, with
sizes comprised between 200-500 nm (Figure 2 g). The in situ
extension of 12°°™:5 using two equivalents of trifluoroacetic
acid (TFA) yielded soft entangled fiber structures of several
micrometers long (Figure 2h).

In conclusion, we have designed and synthesized the first
examples of muscle-like hydrogen-bonded supramolecular
polymers. They involve a [¢2]daisy chain rotaxane decorated
with 2,6-diacetylamino pyridine stoppers and a complemen-
tary bis(uracil) linker. In organic solvents, a hierarchical
association upon increasing concentration leads to large
bundles of fibers, as confirmed by NMR spectroscopy, light
and neutron scattering in solution, and microscopy tech-
niques. Importantly, we have shown that a local actuation
between extended and contracted rotaxanes gives rise to
morphological variations of the self-assemblies at mesoscale.
These experiments demonstrate the possibility to bundle
single-chain contractile supramolecular polymers into stiffer
fibers, and to integrate thousands of molecular machines over
switchable hierarchical mesostructures. This work represents
an important step towards understanding the amplification of
molecular motions at higher length scales, and for ultimately
targeting artificial muscle-like materials using bottom-up
approaches.
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