
873

Light-responsive rotaxane-based materials: inducing motion
in the solid state
Adrian Saura-Sanmartin

Perspective Open Access

Address:
Departamento de Química Orgánica, Facultad de Química,
Universidad de Murcia, 30100 Murcia, Spain

Email:
Adrian Saura-Sanmartin - adrian.saura@um.es

Keywords:
light irradiation; light-responsive materials; mechanical bond;
mechanically interlocked materials; rotaxanes

Beilstein J. Org. Chem. 2023, 19, 873–880.
https://doi.org/10.3762/bjoc.19.64

Received: 30 March 2023
Accepted: 05 June 2023
Published: 14 June 2023

Associate Editor: N. Sewald

© 2023 Saura-Sanmartin; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
Light-responsive rotaxane-based solid-state materials are ideal scaffolds in order to develop smart materials due to the properties
provided by the mechanical bond, such as control over the dynamics of the components upon application of external stimuli. This
perspective aims to highlight the relevance of these materials, by pointing out recent examples of photoresponsive materials pre-
pared from a rotaxanated architecture in which motion of the counterparts and/or macroscopic motion of the interlocked materials
are achieved. Although further development is needed, these materials are envisioned as privileged scaffolds which will be used for
different advanced applications in the area of molecular machinery.
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Introduction
Light turns out to be a suitable and tailorable stimulus in order
to develop materials showing improved functionalities, such as
those of smart materials [1-5]. The characteristics of light which
lead to an increased interest of several researchers are: (i) the
remote and simple switching tunability; (ii) the different possi-
bilities by varying different parameters, including irradiation
time, wavelength and intensity; and (iii) the clean and
nonthreatening performance.

In search of new organic molecular materials, the development
of a wide variety of suitable compounds is essential. The use of
stimuli-responsive molecules has paved the way for the prepara-

tion of advanced functional materials [6-10]. In this scenario,
mechanically interlocked molecules (MIMs) have postulated as
ideal scaffolds [11]. In particular, rotaxanes and pseudorotax-
anes have led to a greater number of applications due to their
inherent dynamics and the switching possibility through a
rational design [12]. Thus, rotaxane-based materials have at-
tracted the interest of the scientific community due to their en-
hanced properties and functionalities [13-17].

Although great strides have been made in the development of
photoresponsive rotaxanes [18-29], progress on interlocked ma-
terials working via photoirradiation is less abundant in the liter-
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ature. However, photoswitchable rotaxane-based materials have
shown very interesting machine-like operation modes, high-
lighting the macroscopic transport of iodomethane drops along
an inclined gold surface caused by light-triggered variations in
the polarophobicity of interlocked fumaramide-based films
[30]. Another application is the functionalization of meso-
porous silica nanoparticles with light-responsive rotaxane-based
molecular shuttles to control the uptake and release of target
molecules [31-34].

This perspective is focused on recent examples of light-respon-
sive rotaxane-based solid-state materials in which dynamics of
the components and/or macroscopic motion of the material are
accomplished, dividing the article into three main sections:
(i) photoresponsive rotaxane discrete crystals; (ii) photorespon-
sive rotaxane polymers; and (iii) photoresponsive metal-organic
rotaxane frameworks (MORFs). Besides to analyze selected
recent examples, a critical opinion on the state of the art is pro-
vided, including some future directions of this research field
and postulating light-responsive solid-state rotaxane materials
as tailorable scaffolds which will be used in a wide range of ad-
vanced applications.

Discussion
Photoresponsive rotaxane discrete crystals
A complete understanding of the crystallization mechanisms
accompanied by a rational design can lead to the obtention of
crystalline molecular materials which allow the dynamics of the
counterparts to take place [35-37]. Indeed, the motion of the
cyclic counterparts of rotaxanes in crystalline molecular solids
has been studied [38,39]. Rotaxane crystals bearing ferrocene
motifs experienced elongation and contraction along the axes in
a rapid and reversible manner by simply turning on and off a
laser light irradiation, thus providing enough free space in order
to allow an effective molecular motion in the crystal [40-43].

The light-triggered crystal deformation of a series of [2]pseudo-
and [3]pseudorotaxanes have been reported by Horie and
coworkers [44]. It should be pointed out that although the ex-
amples highlighted in this section are pseudorotaxanes, the
supramolecular interactions between the counterparts are
retained, thus constituting stable intertwined species showing
analogous properties to those of rotaxanes. The pseudorotax-
anes 1 were constituted by a dibenzo-24-crown-8 cyclic compo-
nent and an ammonium-based thread functionalized with
azobenzene and ferrocene motifs (Figure 1a). The azobenzene
scaffolds play a dual role, both as the engine transforming
photoenergy into mechanical motion via trans/cis photoisomer-
ization upon UV light input and as a modulator of the crys-
talline packing by varying the para-substituent R1, which leads
to different flexibility. The crown ether derivative acts as a

Figure 1: a) Chemical structure of pseudorotaxanes 1; and (b) single-
crystal X-ray structure of rotaxane 1a (R1 = Me, R2 = R3 = H) showing
two interlocked molecules of the crystalline array [44]. Colour key of
the solid structure: light blue = carbon atoms; purple = nitrogen atoms;
red = oxygen atoms; and orange = iron atoms. Hydrogen atoms are
omitted for clarity.

chassis in order to fix the thread. A ferrocenyl group attached at
one of the ends of the linear component serves as a photosensi-
tizer allowing the absorption of visible light. The different sub-
stitution induced different types of deformations, such as
bending, jumping and curling, upon light irradiation. Interest-
ingly, the bending of the crystals could proceed in different
directions. As an example, crystals of pseudorotaxane 1a
(Figure 1b), having hydrogens as substituents R2 and R3 placed
at the ferrocenyl motif and macrocycle, respectively, and a
methyl group at the para-position of the ended-aromatic ring of
the azobenzene motif (R1), experienced an upward bending
using a 360 nm diode pump solid state laser irradiation source.
By irradiating crystals of 1a at 445 nm using a power of 4 mW,
a reversible curling motion was observed. Flipping motions
were induced enhancing the irradiation power to 12 mW. Note-
worthy, these crystals showed a 9600 times higher weight ratio
than its crystal weight due to the bending and expansion experi-
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enced by these crystalline molecular materials. These nanoma-
chines are useful in the development of small-scale nanotechno-
logical devices.

Photoresponsive rotaxane polymers
Polymers represent an ideal support for the integration of
rotaxane scaffolds [13,45]. Thus, advanced applications using
polymers bearing rotaxanes have been reported [46-51]. The in-
corporation of light-responsive motifs in rotaxane-based poly-
mers has also provided interesting properties which can be em-
ployed in some specific implementations.

α-Cyclodextin-based polyrotaxanes 2 having trithiocarbonate
stopper groups with an adjacent phenyl group were employed
for the construction of visible light-degradable supramolecular
gels (Figure 2a) [52]. Upon irradiation using a UV-light-emit-
ting diode (LED) and a visible LED as sources, the reversible
cleavage of the trithiocarbonate stoppers was accomplished,
thus allowing the dethreading [53] of the wheels to take place
by the shuttling of the macrocycles along the thread (Figure 2b).
Interestingly, the viscosity of the gels was progressively
reduced due to the decrease of the physical entanglement of the
polymeric chains via photodegradation. Thus, the viscoelas-
ticity of the rotaxane-based gels could be fine-tuned by modi-
fying the irradiation time. This visible-light photodegradation of
intertwined gels could lead to advanced functional materials
avoiding the UV phototoxicity for biocompatible implementa-
tions, such as protein patterning and tissue engineering.

Light-responsive metal-organic rotaxane
frameworks
The integration of the mechanical bond into metal-organic
frameworks (MOFs) [16,54] has allowed the dynamics of the
different counterparts in the solid state, as well as some ad-
vanced applications [55-61].

Berna and colleagues prepared a copper-organic framework
(UMUMOF-(E)-3) containing the interlocked fumaramide
(E)-3 as the organic ligand (Figure 3a) [62], forming rhombohe-
dral grids connecting four different rotaxane derivatives to
distinct copper-paddlewheel clusters (Figure 3b). Upon irradia-
tion at 312 nm using a photoreactor equipped with UV lamps,
20% of the fumaramide stations were photoconverted into the
corresponding intertwined maleamides (Z)-3 in the solid state
(Figure 3a), leading to an enhancement in the porosity of the
metal-organic crystalline material. Noteworthy, a MOF having
(Z)-3 as the only ligand was also prepared, showing a faster
rotational dynamics of the threads within the crystalline array
compared to that of UMUMOF-(E)-3 due to the decrease of the
number of hydrogen bonds interactions between the counter-
parts, as determined by solid-state 2H NMR. Interestingly,

Figure 2: (a) Chemical structure of polyrotaxane 2; and (b) cartoon
representation of the light-triggered degradation of rotaxane polymer 2
[52]. The key colour of the cartoon representation is analogous to that
of the chemical structures.

UMUMOF-(E)-3 was employed as a molecular nanodispenser
of para-benzoquinone working through a cyclic operation mode
which involved three steps (Figure 3c): (i) an uptake of the mo-
lecular cargo was firstly accomplished by immersing the metal-
organic crystals in a 1.2 M solution of para-benzoquinone in
chloroform which leads to the loading of a 9.82% w/w of
quinone; (ii) photoirradiation at 312 nm over a period of 8 hours
which leads to the complete release of the cargo by the partial
photoconversion of the fumaramide motifs that change porosity
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Figure 3: a) Chemical structures of rotaxanes (E)-3 and (Z)-3; b) stick
representation of the solid structure of UMUMOF-(E)-3 showing a
rhombohedral metallogrid; and (c) cartoon representation of the opera-
tion mode of UMUMOF-(E)-3 as a molecular nanodispenser [62].
Colour key of the solid structure: light blue = carbon atoms; purple =
nitrogen atoms; red = oxygen atoms; and grey = copper atoms. The
key colour of the cartoon representation is analogous to that of the
chemical structures.

Figure 4: Stick representations of the solid structures of: (a) U-CB[8]-
MPyVB showing an interlocked ligand connected to two uranium clus-
ters; and (b) the intertwined photodimerized product within the crys-
talline array [63]. Colour key of the solid structure: light blue = carbon
atoms; purple = nitrogen atoms; red = oxygen atoms; and magenta =
uranium atoms.

and hydrogen bonding interactions of the counterparts; and
(iii) recovery of the starting material through a thermal treat-
ment, allowing the reusability of the nanodispenser. The molec-
ular cargo release was also possible by immersing the loaded
MOFs into different solvents, showing a clear dependence of
the polarity of the solvent and the rate of the delivery process.
This approach to incorporate photoresponsive rotaxanes within
MOFs paves the way for the development of novel molecular
machines operating in the solid state as response to light inputs.

In the examples discussed above, the light-activated motion of
the counterparts controls the changes in the material scaffold,
but macroscopic deformations of the material are also possible
by photo-triggered reactions of different components within
the interlocked arrangement. As an illustrative example,
cucurbit[8]uril-based pseudorotaxanes having a pair of
styrylpyridinium threads bearing carboxylic acid groups were
employed in the preparation of the uranium-organic framework
U-CB[8]-MPyVB (Figure 4a) [63]. The solid structure of the
MOFs shows the styrene-based derivatives coordinated in an
antiparallel manner through the carboxylic acid group placed at
the end of each thread, thus avoiding the dethreading process.
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Two identical intertwined scaffolds were formed differing in the
photoactivities due to different conformations. In the photoac-
tive arrangement, a single-crystal-to-single-crystal regioselec-
tive [2 + 2] photodimerization reaction was accomplished by
irradiating at 365 nm using a 6 W UV lamp. This light-trig-
gered reaction led to the photoconversion of the threaded
styrylpyridinium motifs into the corresponding interlocked
cyclobutanes (Figure 4b). Interestingly, the changes in the crys-
talline array as a consequence of this photodimerization within
the cucurbituril macrocycles also induced a macroscopic defor-
mation of the metal-organic material, promoting a photome-
chanical bending of the crystals. This photomechanical defor-
mation paves the way to the development of photoactuator
devices leading to envision advanced applications in optome-
chanics and microrobotics.

Outlook
The employment of light-responsive rotaxanes and pseudoro-
taxanes in the preparation of functional advanced materials
leads to envision a promising future with the development of a
plethora of improved functionalities and implementations. Al-
though this research area is not well-explored yet, improved
properties, as well as interesting applications have been re-
ported. Thus, macroscopic changes in the solid-state materials
have been carried out by light-induced responses of the
rotaxane scaffolds, resulting in mechanical bending and other
macroscopic transformations. But also, these changes have been
exploited to perform some advanced applications, such as the
development of molecular nanodispensers.

Despite the divergence of materials discussed in this perspec-
tive, there is a common link between these examples, the incor-
poration of rotaxane struts having photoresponsive units which
trigger a motion in the solid state. The rotaxane discrete crys-
tals experience a series of macroscopic deformations which are
induced by the different dynamics of the counterparts upon light
irradiation. In the highlighted polymeric example, a light input
photodegrades the stoppers, allowing the dethreading process
through the shuttling of the macrocycle along the linear compo-
nent. The highlighted examples of MOFs include two different
types of motion: (i) a different rotation rate of the threads by a
light-driven exchange between geometric isomers of a rotaxane
scaffold; and (ii) a macroscopic bending of the crystalline array
by a photo-triggered dimerization reaction of two identical
linear components within the macrocyclic counterpart. Thus, in
all the discussed examples, a light input leads to the observa-
tion of motion into condensed phases, both at the level of inter-
twined components and in terms of macroscopic changes.

Despite these promising results reported so far, there are some
issues which should be overcome, such as the photostationary

equilibrium of some light-responsive intertwined materials and
the industrial scale-up production usually hindered by the low
yield of the interlocked molecules. Thus, future research efforts
should be focused on the development of novel synthetic meth-
odologies to access to such interlocked architecture, as well as
the use of different templates [64-69]. The use of pyridyl-acyl
hydrazone rotaxanes in the construction of light-responsive
interlocked materials is envisioned as a promising approach to
circumvent both issues, since these interlocked molecules are
obtained in high yields (over 80%) and show great photocon-
version (up to 98%) [18].

A rational design of the different components integrating the
light-responsive interlocked materials turns out to be manda-
tory in order to develop fine-tuned machine-like operations in
the solid state. One of the main directions of this research field
should be focused on the integration of new photoswitchable
scaffolds which allow both the formation of the intertwined
species and the arrangement of the solid materials. In this
regard, the functionalization of different templates already
tested in solution chemistry is envisioned as the main strategy,
incorporating different units that allow the integration within
the corresponding materials. Thus, the incorporation of coordi-
nating groups (i.e., pyridines or carboxylates) in the molecular
design will allow the integration of such rotaxanes in MOFs
[70], while other substituents will be necessary to prepare dif-
ferent materials [11].

Towards biocompatible applications [71], the use of visible
light irradiation as input which leads to the desired function is a
necessary requirement. In this scenario, the incorporation of
photosensitizer motifs is a suitable strategy to allow such a per-
formance. Towards this direction, one potential strategy is the
approach followed by Feringa and co-workers [72], in which
palladium-porphyrin photosensitizer-based struts were em-
ployed within a metal-organic material, allowing the use of
green light as irradiation source because of the effective energy
transfer between these struts and the photoresponsive linkers.

The use of ditopic interlocked building blocks, such as that em-
ployed to form mainly a cyclic hetero[4]pseudorotaxane from a
self-complementary [2]rotaxane [73], is also envisioned as a
strategy that will be employed in the future to dynamically
change the properties of the material, leading to photochemical-
ly breakable and regenerative polymers showing a similar be-
haviour to that observed in diarylethene MOFs [74].

The range of materials in which light-responsive rotaxanes have
been incorporated in order to induce motions of the counter-
parts in the solid state or macroscopic deformations of such ma-
terials is limited. Thus, the development of other materials in-
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corporating photoresponsive rotaxanes is expected. In this
scenario, this research field will take inspiration from the re-
ported works focused on other types of materials incorporating
rotaxanes and pseudorotaxanes, such as covalent organic frame-
works [75], carbon nanotubes [17], metal-coordinated mono-
layers and multilayers [76,77], and dendrimers [78], among
others.

The future development of light-responsive rotaxane-based ma-
terials will benefit from advances in the areas of photorespon-
sive materials and molecular machinery operating through light
stimuli. Thus, the construction of smart materials by the
rotaxane approach leads to envision a promising future in the
area of photoresponsive materials incorporating molecular
machines.
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