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Abstract: A bistable [c2]daisy chain rotaxane bearing two mesogen
units was synthesized, and its liquid crystal phase diagram was
characterized. As a remarkable result, we demonstrate that,
depending on the contracted or extended state of its mechanical bond,
the system can convert between an isotropic and a smectic A
mesophase at constant temperature.

Introduction

Artificial molecular machines can generate controlled nanoscale
movements by using the precise mechanical actuation of their
internal components.*-®! For instance, molecular machines based
on mechanically interlocked molecules (MIMs), such as rotaxanes
and catenanes,®-8l have been implemented across various fields
of research, ranging from synthetic organic chemistry®* to
materials science.’>¥] Of particular interest, the interlocked
topology of [c2]daisy chain rotaxanes has been inspired by the
sliding movement that takes place inside a sarcomere, the basic
contracting unit of our muscles.'¥¥1 When made bistable,
[c2]daisy chain rotaxanes can undergo a molecular extension /
contraction switching process controlled by external stimuli (e.g.
pH,2°21 redox potential,?2 solvent, 23! or light2429]) [26:27]

In principle, when coupling many of these tiny MIMs with one
another in space and time, their movements can be transferred
and amplified from molecular to higher length scales,?® with the
potential to access an infinity of new dynamic and active systems
with responsive properties.l*>2%-31 A few seminal examples of the
amplifications of nanoscopic motions at meso- and macroscale
have been recently achieved in polymer and self-assembled soft
materials such as physical and chemical gels.[**32-3% However,
the collective actuation of MIMs remains to date much less
studied in fluid-oriented materials such as liquid crystals (LCs).
This would be of peculiar interest because LC mesophases
represent an anisotropic - while dynamic - environment(26-38l that
can in principle sense and translate the nanoactuations generated
by MIMs.B43 |n that direction, Sauvage and collaborators
reported for the first time in 2007 the formation of a [2]catenane
exhibiting a liquid-crystalline behaviour.*® In parallel, a

collaborative work between Kato’s and Stoddart’s teams led to the
first synthesis of a [2]rotaxane displaying LC properties.[* The
formation of a smectic A (SmA) mesophase over a wide range of
temperatures (10 — 150 °C) was characterized by combining
polarized optical microscopy (POM) and small angle X-ray
scattering (SAXS) experiments. Nevertheless, in the
aforementioned examples, the interlocked mechanical motions
did not modify the corresponding LC phase diagrams.

Now, we report the synthesis and the characterisation of a
[c2]daisy chain rotaxane decorated with two mesogenic units. By
analysing this system at various length scales, we demonstrate
that the actuation of the pH-sensitive mechanical bond triggers
the contraction and extension of the [c2]daisy chain topology, and
that such a switching molecular event can consequently shift the
LC phase diagram of the material.

Results and Discussion

We chose as mesogen a dendritic structure known to induce liquid
crystalline properties® and to decrease phase transitions
temperatures because of its fluoro-substituents.[*!! This dendritic
molecule, derived from gallic acid, contains rigid dendrons
composed of 2,3-difluoro-4’-(4-pentylcyclohexyl)-biphenyl
fragments attached through a flexible spacer based on a
triethylene oxide chain to the gallic moiety. Similar structures have
been used to induce the formation of liquid crystalline phases
when covalently bound to non-mesogenic functional molecules
such as catenanes and rotaxanes.®!!

Thus, we designed [c2]daisy chain rotaxane 9, which consists in
two main building blocks: pseudo[c2]daisy chain rotaxane 7, and
dendritic mesogen 6. The former was synthesized in 8 steps and
39% overall yield from commercially available 3-octyn-1-ol and
catechol, according to previous reports from the literature (see
ESI for detailed information).>481 For compound, 6, a Suzuki-
Miyaura cross-coupling reaction between commercially available
(4-ethoxy-2,3-difluorophenyl)boronic acid and 1-iodo-4-(4-
pentylcyclohexyl)benzene,*”! followed by a subsequent classic
ether cleavage with boron tribromide afforded compound 1 in high



yields (Scheme 1).181 Mono-O-alkylation of compound 1 using
triethyleneglycol di(p-toluenesulfonate) led to compound 2, which
was used as alkylating agent for the triple O-alkylation of methyl
gallate. The resulting methyl ester 3 was subsequently reduced to
the corresponding alcohol derivative 4 in very good yield. Then, a
chlorination reaction was carried out with compound 4 in the
presence of thionyl chloride leading to compound 5, which was
subjected to a nucleophilic substitution with sodium azide to yield
mesogen 6 (Scheme 1).
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Scheme 1. Synthesis of azide derivative mesogen 6. Reagents and conditions:
(a) i. Pd(PPha)a, K2COg, toluene/ethanol/water, 100 °C, 18h, 84%. ii. BBrs, dry
CHzCly, -78 °C, 2h -> 20 °C, 16h, 96%. (b) K2COs, KI, acetone, 60 °C, 24 h,
70%. (c) methyl gallate, K.CQOgs, 2-butanone, 80 °C, 24 h, 50%. (d) LiAlHa4, dry
THF, 20 °C, 6 h, 90%. (e) SOCIz, dry CHzClz, 20 °C, 2 h, 96 %. (f) NaNs, dry
DMF, 90 °C, 24 h, 80 %.

The coupling of mesogen 6 with pseudo[c2]daisy chain rotaxane
7 was then achieved by a Copper(l)-catalysed Azide-Alkyne
Cycloaddition (CuAAC) “click reaction (Scheme 2).1454% Mixing
both compounds with an equimolar amount of Cu(CN)4PFs, 2,6-
lutidine under argon atmosphere in dry dichloromethane led, after
3hours of microwave irradiation (40 W), to the formation of
[c2]daisy chain rotaxane 8 in good yield. Subsequently,
compound 8 was subjected to a N-methylation reaction of the
triazole rings using methyl iodide as solvent under stirring for four
days, affording compound 9 in an excellent yield after a liquid-
liquid extraction and counterion exchange with a saturated
aqueous solution of ammonium hexafluorophosphate (NH4PF).

The reversible molecular actuation of the final [c2]daisy chain
between its extended state (9ext) and its contracted state (9cont)
was achieved by deprotonation/protonation of the ammonium
station using an excess of sodium hydroxide 1 M and of TFA,
respectively (see Sl). Such actuation was confirmed by recording
the *H NMR spectra of [c2]daisy chain 9 in both, extended and
contracted states, exhibiting all the expected signals (Figure 1). A
large set of broad signals from 7.20 to 6.20 ppm corresponds to
the aromatic protons Ha of the interlocked crown ether
macrocycles DB24C8 (Fig. 1b). The proximity of such protons due
to the m-m stacking interactions, as well as the formation of
interlocked stereoisomers which accounts for the unsymmetrical
substitution of the DB24C8,5°54 contribute to make this region
complicated. However, a slight downfield shift of these protons as
well as sharper peaks are observed for the contracted state 9cont
(Figure 1c), most likely due to the loss of such -1t interactions.
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Scheme 2. Synthetic route for [c2]daisy chain rotaxane 9.

Furthermore, remarkable differences in the chemical shifts of the
vinylic proton of the triazolium rings occur between the extended
and the contracted states. For 9ext, proton Hj (in blue) appears as
a singlet at 8.10 ppm. However, upon addition of an aqueous
solution of sodium hydroxide, contraction of the molecule occurs
leading to a noticeable downfield shift of this signal (9.10 ppm).
These observations are in agreement with actuation processes
observed for similar [c2]daisy chain molecules.*>52 Interestingly,
the signal corresponding to the benzylic protons H- (in green) that
appears as a singlet at 5.50 ppm in compound 9ext moves towards
the aromatic region between 6.70 and 6.50 ppm in the contracted
state. This particular behaviour suggests that the crown ether
macrocycle surrounds the benzylic protons of the gallic moiety, as
also supported by the upfield shift of the aliphatic protons Hs (in
pink) adjacent to the triazolium ring (from 2.80 ppm in 9ext to 2.40
ppm in 9cont). Such shift is an indication of the shielding effect
exerted by the magnetic field of the aromatic rings, which are
sandwiching these protons. An additional shielding effect can be
observed for the signal corresponding to CHj3 protons of the
triazolium ring (H4 in orange). This signal appears as a singlet at
4.10 ppm in 9ext, and is shifted upfield to 3.65 ppm in 9cont.
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Figure 1.
spectra of 9ex: (red) and 9cont (blue) recorded in CDCls at 26 °C (600 MHz).

Finally, we observe that the proton signals corresponding to the
polyether chains and to the alkyl substituents of the mesogen
remain very similar whether the molecule is in the contracted or
extended state. To confirm the contraction/extension event, we
also considered the use of 'H diffusion-ordered spectroscopy
(DOSY)®% to measure the diffusion coefficients of compound 9 in
both extended and contracted states. Diffusion NMR experiments
were measured on solutions of 9ext and 9cont in CDCl3 at 299 K
(Figure 1d). For 9ext, the calculated diffusion coefficient (D) was D
= 1.40 x 107'° m2.s?, while a higher diffusion coefficient was
determined for 9cont (D = 1.90 x 10° m2.s?). These values were
used to estimate the hydrodynamic radius of 9ex (28.0 A) and
9cont (20.7 A) based on the Stokes-Einstein equation,’® and are
consistent with the pH-triggered contraction, since compound 9ext
is 1.4 times larger than 9cont in solution. On the other hand, the
thermal stability of the three interlocked compounds was studied
by thermogravimetric analysis (TGA) displaying good thermal
stability with decomposition temperatures above 250 °C for 8, 9ext
and 9cont, (Figure S12).

We subsequently studied the LC properties of 9ext and 9cont by
experimental  techniques including differential  scanning

3

(a) pH-triggered contraction/extension event of [c2]daisy chain rotaxane 9. (b) *H NMR spectra of 9ex and (c) 9cont in CDCls and (d) DOSY NMR

calorimetry (DSC) and variable temperature polarised optical
microscopy (POM) (Figure 2, S4 and S5). For 9ext, an exotherm
between 165 and 175 °C is coherent with a liquid-crystal to
isotropic phase transition. For 9ext, upon cooling the sample from
the isotropic state, a liquid crystalline texture was observed from
~175 °C (Figure 2b). The phase transition behaviour of compound
9cont Was similar to the one of 9ex, but displaying a shift towards
lower temperatures and starting from ~155 °C (Figure 2c and S4).
Additionally, shear-induced alignment of the LC texture of the
mesophase was observed by POM, confirming the LC behaviour
of [c2]daisy chain rotaxanes 9ext and 9cont down to room
temperature (Figure 2d-e). DSC experiments also indicated that
no glass transition was detected down to -10°C for both extended
and contracted species (Figure S13). One can mention that other
systems containing similar dendritic mesogens also exhibit very
large LC domains and DSC thermograms with low intensities of
the LC-Iso phase transitions.[*%5%
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Figure 2 (a) Phase transition behaviours of extended and contracted
[c2]daisy chain rotaxanes 9ext and 9cont, as determined by DSC experiments.
(b-c) Typical POM images of (b) 9ext and (c) 9cont under crossed polarizer in the
LC phase. By cycling the heating and cooling processes 3 times, the measured
temperatures of transition did not vary. (d-e) Typical POM images under crossed
polarizer of (d) 9ext and (e) 9cont in the LC phase after shearing at 45°.

To further identify the LC phases, small angle X-ray scattering
(SAXS) experiments were carried out on [c2]daisy chain
rotaxanes in both the extended and contracted states. Both
compounds 9ex: and 9cont exhibit in the 0.05 to 0.25 A g-range
three reflections assigned as (100), (200), and (300) and are
characteristic of a SmA mesophasel®®! (Figure 3a-b). Importantly,
a noticeable change in the interlayer distance was recorded
between the extended and contracted daisy chain, in agreement
with an actuation of the MIM in the LC phase (Figure 3c-d).
Theoretical energy-minimized models of both [c2]daisy chain
rotaxanes 9ext and 9cont Were computed at the Molecular
Mechanics MM2 level (Figure 3e-f). The calculated distance
between the ammonium and triazolium stations (approx. 8.0 A)
agrees with the change of the interlayer distance found by SAXS
due to the contraction/extension movement triggered by the
displacement of the crown ether macrocycle along the axle. The
loss of the lamellar packing was also confirmed by SAXS at
temperatures above the SmA to isotropic phase transition (Figure
S15).
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Figure 3. SAXS patterns of (a) 9ext and (b) 9cont at 25 °C. (c-d) Schematic
representation of the lamellar assembly in the SmA phase of (c) 9ext and (d)
9cont.(e-f) Molecular modelling of (€) 9ext and (f) 9cont. The calculated distance
between the ammonium and triazolium stations is = 8.0 A and corresponds to
the change of size between the contracted and extended [c2]daisy chains .
Hydrogen atoms omitted for clarity.

Conclusion

We designed, synthesized, and characterised a pH-responsive
bistable [c2]daisy chain rotaxane containing two mesogen
stoppers. The pH actuation of the bistable interlocked molecule
was confirmed by 1D and 2D NMR techniques. The LC phase
diagrams of this MIM was characterized by POM micrographs,
DSC, and SAXS profiles. It was shown that the extension of the
[c2]daisy chain results in a ~20 °C decrease of the SmA domain
compared to the contracted states. SAXS measurements indicate
that this change of the transition temperature is associated to a
variation of the characteristic interlamellar distance of the SmA
which corresponds to the sliding distance of 8.0 A within the
[c2]daisy chain. As a consequence, around 170 °C, the rotaxane
can express either a SmA or an isotropic phase depending on its
mechanical state. To the best of our knowledge, this work
represents the first example of [c2]daisy chain architecture with
LC properties. It also demonstrates that, at a given temperature,
variation of the LC properties can be tuned by the actuation of
MIMs, expanding their interest in the field of soft materials science.

Supporting Information

All general methods, synthetic protocols and additional
experiments can be found in the Supplementary Information.
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