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This paper reports a new molecular design concept for liquid crystalline (LC) molecules 
utilizing rotaxane structure formation.

In this molecular design, an ionic axle molecule threads through a ring molecule with 
flexible tails, forming a [2]rotaxane. Although neither the single axle nor the ring has any 
LC properties, the resulting [2]rotaxane exhibited thermotropic LC properties due to the 
integration of the mesogen core and flexible tails via rotaxane structure. In addition to 
diversifying the design approach for LC molecules, this molecular design concept enables 
the creation of highly functional materials that cross the rotaxane molecule with the 
ordered order of LCs.

Desired system functionality would include anisotropic rheology or mechanical properties, 
in which the higher-order structure of the LC controls the dynamic motions of rings in a 
rotaxane.

Future applications aim to create dynamic supramolecular LC molecules by developing 
this molecular design into pseudo-rotaxanes. This would create stimuli-responsive LC 
materials involving the reversible dissociation and aggregation of pseudo-rotaxane 
structure.
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Design of Ionic Liquid Crystals Enabled by [2]Rotaxane Structure 
Formation
Gosuke Washinoa, Takashi Kajitanib, Suzushi Nishimurac, and Atsushi Shishido*a,d

We report a new synthetic concept for converting isotropic ionic molecules into thermotropic ionic liquid crystals by forming 
[2]rotaxane structures. Our results demonstrate the synthesis of liquid-crystalline (LC) rotaxane from an ionic axle molecule 
as a mesogen core and a molecular ring as flexible tails, neither of which possess LC properties. The obtained [2]rotaxane 
exhibited an interdigitated smectic A phase at around 140 °C. A simple mixture of the axle and ring, which cannot form a 
rotaxane structure, did not show LC. A [2]rotaxane compound having a ring with shorter flexible tails did not show an LC 
phase, either.  These comparisons revealed that the integration of the mesogen core and sufficient length flexible tails into 
one molecule via rotaxane structure enables the emergence of LC nature. Our results prove that rotaxane structure serves 
as a connection to spatially introduce flexible tails into the mesogen core, pioneering a new approach to 
LC molecular design. 

Introduction
Ionic molecules1–3 exhibit ionic conductivity4 or redox5,6 
properties through ion–ion interactions or ion transfer. Ionic 
molecules showing a liquid-crystalline (LC) phase are called 
ionic LCs (iLCs)7–10, which possess both ionic and LC properties; 
ionic molecules can be arranged with the higher-order 
structure, leading to the improvement of material properties 
specific to ionic molecules on a macro scale11,12. Numerous LC 
molecules have been reported, and their molecular design 
strategies have been systematized13–18. For thermotropic LC 
molecules, a basic design concept is to introduce a mesogen 
core and a flexible tail into a single molecule19. Another LC 
molecular design is to induce phase separation by adjusting the 
balance of intramolecular hydrophilicity and hydrophobicity20. 
Regarding LC expression, iLCs have superior design versatility 
because counter ions21,22 can be taken advantage of in addition 
to conventional non-ionic design methods23. In particular, rigid 
organic cations, including viologen24,25 and pyridinium26, play a 
central role in the design of iLCs. 
    When combined with electron-rich donors, rigid cations also 
serve as acceptors to form charge transfer (CT)27,28 complexes. 
The intramolecular donor–acceptor interactions allow for 

molecular self-assembly, leading to supramolecular systems29. 
For the synthesis of mechanically interlocked molecules 
(MIMs)30–33, known for rotaxanes34–37 and catenanes38,39, 
donor–acceptor interactions due to rigid cations are widely 
employed40,41. Mixing rigid cationic molecular axles, such as 
viologen or pyridine-ethane derivatives, with electron-rich rings 
like crown ethers yields a threading structure: pseudo-
rotaxane42,43. Capping both ends of the axle in pseudo-rotaxane 
with bulky substituents provides rotaxane40,44,45. Thus, rigid 
cations are important molecular components for both iLC and 
rotaxane design.  
    However, very few syntheses of LC molecules with rotaxane 
structure have been reported46–48. In 2006, Kato and Stoddart 
first reported an LC [2]rotaxane based on a cationic ring and 
electron-rich axle with dendric mesogenic stoppers16. Utilizing 
the dual roles of cations24 in the different research fields, Loeb 
and Eichhorn49 reported [2]rotaxanes exhibiting thermotropic 
LC phases where 1,2-bis(4,4'-bipyridinium)ethane42 core with 
flexible tails at both ends threads a dibenzo-24-crown-8 
(DB24C8) ring. In their design, the ionic axles alone, consisting 
of both a mesogen core and flexible tails, show a soft crystal but 
no LC phase without a ring. The DB24C8 on the axle thermally 
stabilized the axle by shielding the axles’ interaction, allowing 
the resulting [2]rotaxane to express a stable LC phase. The 
stability of iLC can be also tuned by the selection of counter ions 
depending on their size and hardness50. Considering functions 
previously reported on the iLCs51 and rotaxanes52–54, their 
combination is expected to create unique, synergetic functions. 
However, the synthesis examples remain limited to the concept 
that relies on the connection of a mesogenic axle with flexible 
tails and a ring. This approach requires the design of complex 
axle structures containing flexible tails and a mesogen core, 
leading to increased synthetic burden and limitation of 
molecular design freedom. This could hinder the efficient 
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design of functional iLCs and rotaxanes; thus, pioneering a new 
synthetic concept for LC rotaxanes is crucial for the growth of 
the field.
    Here, we report a novel approach to designing iLCs utilizing 
the rotaxane structure formation. We synthesized a [2]rotaxane 
with an axle molecule as a mesogen core and a ring molecule as 
only flexible tails (Fig. 1). The resultant [2]rotaxane showed a 
thermotropic LC phase with a smectic layer structure; by 
contrast, neither the axle nor ring had LC properties. The 
evaluation of a series of axle, ring, and rotaxane compounds 
confirmed that the rotaxane integrated with the axle with a 
mesogen core and ring with flexible tails enables the LC 
emergence. Our iLC synthesis concept utilizing rotaxane 
formation will expand the versatility of the iLC molecular design 
approach, leading to a further greater degree of molecular 
design freedom. 

Results and Discussion
Synthesis of Liquid-Crystalline Rotaxane

To demonstrate our design concept, we synthesized an iLC 
[2]rotaxane Rtx12 (Fig. 2a) consisting of a molecular ring R12 
(Fig. 2c) with four 12-carbon alkyl chains on a dibenzo-24-
Crown-8 (DB24C8) ring and an ionic axle molecule A1 (Fig. 2b) 
composed of a 1,2-bis(4,4'-bipyridinium)ethane (BDPE) core 
(See Scheme S1 for synthetic route). In this study, we selected 

bis(trifluoromethyl sulfonyl)imide (NTf2) as the counter anion to 
lower the phase transition temperature50. R12 was prepared by 
reacting a derivative of DB24C8 with four bromomethyl 
groups55 and 4-(dodecyloxy)phenol56, introducing four C12 
chains via phenyl ether groups into DB24C8. When adding R12 
to a solution of BDPE, a precursor of A1 without tert-butyl 
stoppers in CH3NO2:CHCl3 (2:1, v/v), the solution turned orange, 
indicating pseudo-rotaxane formation. To the reaction, 9 
equivalents of 4-tert-benzyl bromide were added and stirred at 
room temperature for 5 days to cap both ends of BDPE with a 
bulky tert-benzyl group, confining R12 on A1. An orange solid 
obtained after purification was characterized as Rtx12 by solid-
state UV–vis, nuclear magnetic resonance (NMR), and high-
resolution mass spectroscopy (HRMS) (Fig. S19–S23). In the 
collected UV-vis spectra, we observed the presence of a new 
absorption band centred at 422 nm in Rtx12, which was not 
observed in either single A1 or R12. This is attributed to the 
formation of a stable CT complex between the electron-poor 
BDPE core of A1 and electron-rich benzenic moieties of R12 in 
Rtx12. On the other hand, an equimolar mixture of A1 and R12 
did not show such a clear band as Rtx12. This result matches the 
fact that BDPE before capping with the tert-butyl group can 
form a threatening structure with the DB24C8 ring but cannot 
after capping due to steric hindrance. In the 1H NMR spectrum, 
every proton constituting Rtx12 was detected at appropriate 
chemical shifts with good integration ratios. This indicates that 
Rtx12 was successfully synthesized and isolated in a form 
consisting of a 1:1 equivalent of A1 and R12. In addition, to 
confirm the formation of rotaxane structure, we tracked the 
chemical shift of the axle A1 in three different states: A1 alone, 
in Rtx12, and a mixture with R12 (Fig. 2d). In Rtx12, a set of peak 
shifts of the A1-derived proton signal was observed, e.g., the α-
pyridinium proton a and the ethylene proton i displayed 
downfield shifts compared with bare A1 (Δδ = 0.35 and 0.40, 
respectively; see details in Table S1). This means the BDPE core 
of A1 receives strong electron donation from R12, increasing 
the effective electron density. In fact, the observed A1-derived 

Fig. 1 Illustration of liquid-crystalline [2]rotaxane by the combination of an axle as a 
mesogen core and a ring as flexible tails

Fig. 2 Chemical structure of a) Rtx12, b) A1, and c) R12/R6. d) Partial 1H NMR (CD3CN/CDCl3, 1:1, v/v, 400 MHz) of Rtx12 (top), A1 (middle), and 1:1 mixture of A1 and R12(bottom). 
*Denotes protons of R12.
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chemical shifts in Rtx12 are consistent with those reported for 
[2]rotaxane (A1 � DB24C8)44 (Table S1), supporting that Rtx12 
has [2]rotaxane structure where R12 sits on the BDPE core42 of  
A1. On the other hand, when mixed with equimolar R12, A1 
proton signals overlapped with those of R12 without showing 
any significant peak shifts. Additionally, the equimolar mixture 
showed no significant absorbance in the solid-state UV–vis 
spectra (Fig. S23). This means that the mixture of A1 and R12 
forms no rotaxane structure, and R12 cannot move beyond the 
tert-butyl group. Furthermore, the 1H-1H NOESY NMR result 
showed the correlations between protons of the ionic core of 
A1 and those of the benzene moieties on the ring rim of R12, 
suggesting that R12 sits on the BDPE moiety of A1. Finally, ESI-
HRMS detected [Rtx12 + 2NTf2]2+ at m/z = 1402.1742 for, 
(C148H202F12N6O24S4, calc. 1402.1742; relative error 1.3 ppm) 
confirming the presence of Rtx12. All our analytical results 
consistently supported the successful synthesis of Rtx12. 

Phase Transition Behaviour of Rtx12

The phase transition behavior including LC properties of Rtx12 was 
characterized by differential scanning calorimetry (DSC, Fig S33), 
temperature-dependent X-ray diffraction (VT-XRD, Fig 3a), and 
polarized optical microscopy (POM, Fig 3b). In the DSC thermogram 
at the rate of 10 °C/min, no valid peaks were found in the 
cooling process. The following heating process showed multiple 
small exothermic peaks and then two broad endothermic peaks 
at 140 and 170 °C, respectively. In POM observation, when 
heated to 170 °C, Rtx12 displayed a fluidic dark field showing an 

isotropic phase. Upon cooling from the isotropic phase, 
batonnets/fan-shape textures having clear fluidity appeared 
around 140 °C (Fig. 3b), confirming that Rtx12 is a thermotropic 
LC. While further cooling down to 20 °C, this texture gradually 
lost its fluidity and was immobilized. Rtx12 recovered the 
original flowable batonnets/fan-shape textures above 140 °C in 
the following heating process. Then, it transitioned to the 
isotropic phase again at 170 °C. Based on the DSC and XRD 
results, we assign the phase transition temperatures of Rtx12 
as follows. During the cooling process, Rtx12 do not show a 
clear first-order phase transition, but a gradual isotropic–
crystalline phase transition, showing an LC phase between them. 
In the heating process, Rtx12 exhibits partial crystallization 
below 125 °C, a crystalline–LC phase transition at 140 °C, and 
then an LC–isotropic phase transition at 170 °C. To characterize 
the type of LC phase and its detailed phase transition behaviour, 
we conducted VT-XRD scans of Rtx12 during the cooling process 
from 150 to 25 °C by every 5 °C under an argon atmosphere (Fig. 
3a). At 150 °C, Rtx12 exhibited strong diffraction peaks at 2θ = 
2.38 and 4.77°, corresponding to d-spacing of 37.1 and 18.5 Å, 
respectively (1:1/2 peak ratio). A halo peak centred at 2θ = 17.1°, 
fulfilling typical smectic phase features. Considering the XRD 
results with the battonets texture observed in the POM 
together, we conclude that Rtx12 exhibits a smectic A (SmA) 
phase. At 130 °C during the cooling process, several small 
diffraction peaks appeared in the broad range of 2θ = 6–25° in 
addition to those originating from the SmA phase, confirming 
the transition of Rtx12 from the SmA phase to the crystalline 
phase while maintaining a layered structure: soft crystal49. 
Subsequent cooling to 25 °C resulted in only a slight 
strengthening of the crystal-derived diffraction, and no 
significant structural changes were found in the X-ray 
diffraction. For further discussion on the phase transition 
behaviour upon cooling, we plotted the interlayer distance d 
calculated from 2θ corresponding to the first-order diffraction 
peaks in the XRD scans at each temperature (Fig. 3c). The plots 
clearly showed discontinuous change in d value at 130 °C, 
supporting phase transition from the SmA phase to the 
crystalline phase indicated by a change in XRD pattern. On 
further cooling, the d value significantly dropped again at 90 °C, 
but at the lower temperature, it was relatively stable overall. 
The XRD patterns of Rtx12 at 90 and 25 °C were identical to each 
other, whereas that of at 130 °C showed some difference (Fig. 
S34). Furthermore, POM images in the crystalline phase 
exhibited no significant changes, either. Taking these results 
into account, a crystalline–crystalline phase transition exists at 
90 °C. Then, in the XRD scanning upon heating from 25 to 150 
°C by every 5 °C, a wide range of small diffraction peaks derived 
from crystalline Rtx12 disappeared at 145 °C, indicating a 
crystalline to SmA phase transition. Together with the broad 
endothermic peak centred at 140 °C in DSC and textures 
observed by POM, we conclude that Rtx12 undergoes the 
crystalline–SmA phase transition at 140 °C upon heating. 
Further heating showed that Rtx12 exhibited an isotropic phase 
at 170 °C, as indicated by POM and DSC results. 
    To discuss the thermal stability of Rtx12, we collected Rtx12 
after DSC measurements at different maximum temperatures. 

Fig. 3 Phase transitions of Rtx12 upon cooling. a) XRD pattern of Rtx12. b) POM image 
of Rtx12 at 150 °C. c) Layer distance d of Rtx12 calculated from XRD data through 
cooling process.  
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Then we compared their 1H NMR spectra with those before 
heating (Fig. S35). No change was observed in Rtx12 heated at 
175 °C. However, unexpected broadening and emergence of 
small peaks were detected for Rtx12 heated up to 190 °C. This 
means RTx12 can maintain its molecular structure below 175 °C 
but involves decomposition risk above 175 °C. Indeed, 
endothermic peaks of Rtx12 in the DSC heating process 
disappeared once heated to 190 °C. Moreover, in the VT-XRD 
measurement at 175 °C, Rtx12 showed a diffraction pattern 
indicating an isotropic phase, but the decomposition was 
detected after the cooling process, suggesting that the isotropic 
phase would be thermally unstable. The phase transition 
behaviour of Rtx12 is summarized in Fig. 4. 
    Finally, to understand the molecular arrangements of Rtx12 
in the SmA layered structure, we performed DFT calculations 
(B3LYP, 6-31g(d.p)) of the stable structure of Rtx12 (Fig. S36). In 
the calculated structure, the ring molecule sits on the axle with 
an S-shaped conformation, which allows the flexible tails on the 
ring to stabilize in a similar direction as the mesogen core of the 
axle. The polarized infrared (IR) absorption spectra of the 
uniaxially oriented Rtx12 (Fig. S38) prepared by share 
application in the SmA phase state supported this result; Both 
the aliphatic alkyl moieties of the ring and the cationic nitrogen-
carbon moieties of the axle were aligned parallel to the shear 
direction. The total molecular length (L) of Rtx12 estimated in 
Fig. S36 is 51.9 Å, longer than the layer spacing d value 
calculated by XRD (37.1 Å). Thus, the SmA phase of Rtx12 can 
be classified as a double bilayer structure with interdigitated 
alkyl chains57, where flexible tails penetrate into adjacent 
phases (Fig. S39).

Mechanism of Liquid Crystallinity in Rtx12

To identify the elements of molecular structure that enable 
Rtx12 to exhibit a thermotropic LC phase, we conducted 
thermodynamic studies of three types of comparative 
compounds using DSC, POM, and VT-XRD. 

    Firstly, we confirmed that each molecular component alone 
of Rtx12, the axle A1, and the ring R12 showed no LC phase (Fig. 
S440–S46). Their phase transition behaviour is summarized in 
Fig. 4. The axle A1, a bare tetravalent cation, melted at 186 °C 
on heating, accompanied by partial decomposition, and then 
was vitrified upon cooling. R12 exhibited a stable crystalline–
isotropic phase transition upon heating and cooling. Neither 
molecular component of Rtx12 exhibited an LC phase. Secondly, 
an equimolar mixture of A1 and R12 was evaluated. As 
confirmed by the NMR and UV–vis results, this mixture cannot 
form a rotaxane structure due to the bulky end stoppers of A1; 
therefore, it serves as a comparison having the same chemical 
composition as Rtx12 but forming no rotaxane structure. This 
mixture also exhibited no LC phase. Upon cooling down from 
isotropic temperatures, POM and XRD observations (Fig. S47–
S48) suggested independent A1 vitrification and R12 
crystallization during the cooling process. This result supports 
the idea that the LC nature of Rtx12 is enabled by its rotaxane 
structure. Finally, to understand the role of alkyl side chains 
equipped with a ring in the rotaxane, we prepared two other 
rotaxanes for comparison: a [2]rotaxane with simple DB24C8 
without any side chains (Rtx0)44 and a [2]rotaxane with shorter 
C6 side chains (Rtx6). Rtx0 melted at 203 °C due to an isotropic–
crystalline phase transition and did not show any LC phases on 
either the heating or cooling process (Fig. S49–S50). Rtx6 also 
showed no LC phase but an isotropic to crystalline phase 
transition at a lower temperature than Rtx12 (Fig. S51–S52). 
This indicates that sufficiently long flexible tails to the mesogen 
core stabilize the LC phase, as in conventional rod-like LCs. It is 
worth noting that all rotaxanes with A1 as the axle decreased 
their phase transition temperature compared to bare A1, 
realizing stable phase transitions.
    Through the three types of comparative experiments, we 
conclude that the rotaxane structure formation of the axle and 
ring molecules is critical to the LC phase exhibition. In other 
words, the rotaxane structure acted as a joint to physically unite 
the mesogen core and flexible tails, separated but necessary 
components for the LC expression. Application of this molecular 
design concept to pseudo-rotaxanes without stoppers is now 
under consideration. The design strategy of functional 
rotaxanes will enable us to make the facile synthesis of complex 
functional molecules utilizing physical bonding.

Conclusions
We have presented a new design concept for ionic liquid crystal 
(iLC) molecules, utilizing [2]rotaxane structure formation. We 
prepared the ionic axle molecule as a mesogen core and the ring 
molecule as flexible tails and then synthesized [2]rotaxane by 
combining them. Here, we integrated the mesogen core and 
flexible tails via rotaxane structure. The resulting [2]rotaxane 
was a thermotropic LC, showing a smectic A phase. In contrast, 
neither the axle nor ring possessed an LC nature. In a series of 
evaluation of comparison samples, we found that the rotaxane 
structure serves as a connection spatially linking the mesogen 
core and flexible tails, which enables LC phase emergence. This 
approach could be more versatile because iLCs can be instantly 

R12 Cr Iso
41 (-140)

67(153)

Rtx12 Cr SmA Iso’ Decomp.
> 190

130a 155a

140 (3.0) 170 (6.7)

Rtx0 Cr Iso
200 (42.5)

152 (-4.7)

Rtx6 Cr Iso
153 (1.4)

37 (-0.5)

A1 Cr Iso’
186 (42.3)

Glass

Fig. 4 Phase transition temperatures of the rotaxanes, axle, and ring in °C and their 
enthalpies in kJ/mol (in parentheses) based on DSC thermograms. Note the 
superscript of a means the estimated figure from VT-XRD results. Cr, crystalline phase; 
SmA, smectic A; phase; Iso, isotropic phase; Iso’, thermally unstable isotropic phase; 
Decomp., thermal decomposition.
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obtained by mixing axles and rings. For example, the synthesis 
of pseudo-rotaxane systems is currently under investigation. 
This approach to designing complex functional molecules based 
on the physical linking of relatively simple molecules through 
rotaxane formation will open a new pathway for designing soft-
robotic and flexible electronic materials and devices. 
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